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This entry provides an overview of the available biosensors for following plant immune response, reported uses

of more than one biosensor in the same chassis, biosensors applied to crops, and challenges of their use in

plants.
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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 L. 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 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
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 (Figure 1). It is translated as a single peptide chain, with two fluorescent 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 Ca2* 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 Forster resonance
energy transfer (FRET) and Ca?* binding can be detected through the change of the fluorescence intensities (.
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
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as DII-VENUS (Figure 1). This is a fusion protein of two domains, of which DIl 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/26S 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.
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Figure 1. Diversity of available biosensors for following immune response in plants. During the first stage of the
immune response, Ca?* influx in the cytosol can be monitored with diverse reporter proteins. They can be Férster
resonance energy transfer (FRET) based, employing two FPs linked by calmodulin-sensing domain, e.g.
Cameleons B, or colourful GECOs (genetically encoded Ca?* indicators for optical imaging) ¥, 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) 8 and glutaredoxin 1 (Grx1-roGFP2) I, H,0,
and glutathione sensors, respectively, that were used to distinguish the patterns of these two molecular species in
the cytosol, chloroplast and mitochondria upon illumination &, 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 Jas9-
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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 biosynthesis, 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 &, ET presence can be followed with translational reporter, joining 3-UTR
mRNA of EBF2, repressor of ET-responsive genes, and coding sequence of FP 19 Other hormones, such as
auxin and gibberellins (GA), can also be followed with degron-based sensors, employing DIl domain of Aux/IAA
repressor (in case of auxin ) and DELLA repressor (in case of GA [12)). 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 [22]) promoter as a detector. On the other hand, GA can be followed with
FRET-based direct biosensor exploiting interaction between GID1 and DELLA repressor 14, Interplay of immune
response and plant’'s growth and development can be followed with biosensors of cell division, employing cyclins,
e.g. CycB I8 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 [l Signaling proteins are presented as orange, enzymes as brown-red and
transcription factors as grey ovals, respectively; metabolites are presented as rhombs 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. 7 with author’s permission.

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 (FPs) 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 28 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) 131, The latter was improved to version DR5v2 with higher expression

and sensitivity and therefore enables detection with better spatial resolution 221,

Recently, another type of indirect biosensor was developed to follow translational regulation of mMRNA transcripts in
the presence of ethylene. In this biosensor, the detector module is the ethylene-responsive 3'-UTR part of mMRNA
coding for EBF2, while the coding sequence is translated into reporter protein GFP (Eigure 1). The mechanism of

this biosensor is based on the action of C-terminal peptide of EIN2, which is cleaved when the concentration of
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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 [L9(11]120]

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 importance for the plant research community. They revise the type
of available biosensors and the recent results obtained &, the use of biosensors to monitor plant hormones [2422]
(23] the principles of most widely used biosensors in plants (24 and quantitative measurements with biosensors 22,
Some reviews are focused on biosensors of a single analyte such as abscisic acid (ABA) 28, auxin £, Cca2* [28]
ethylene (ET) 29, gibberellins (GA) 22 and reactive oxygen species (ROS) B9, The span of the developed
biosensors goes hand in hand with advances of methodology, which exploits various principles and physical
properties 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. B, The Fluorescent Biosensor
Database 32l 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 thaliana. 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, 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.

2. Genetically Encoded Biosensors for Following Plant
Immune 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 [B3I34I33] 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 2438 |n 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. 7)), thus adding another layer of regulation. Therefore, these are the best candidate analytes to follow

general immune response (Figure 1).
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Ca?* 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 Ca2* influx into the plant cell cytosol. Ca?* signatures are
also induced in the nucleus, mitochondria or chloroplasts and there is a complex interplay between Ca2* and other
messengers and their signaling pathways [28. Moreover, it has been shown that Ca%*-mediated signaling is also
involved in negative regulation of plant immunity B2, 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 % to a wide range of designed fluorescent reporters employing
calcium-binding domain CaM, e.g. FRET-based Cameleons (Figure 1) B4l single fluorophore GCaMPs
(composed of circularly permutated enhanced GFP, CaM and M13 peptide) 42 and GECOs (genetically encoded
CaZ* indicators for optical imaging) & (Eigure 1), and even GFP-aequorin, exploiting bioluminescence resonance
energy transfer (BRET) 48, Ca2* response is fast and thus demands constitutively and strongly expressed direct
biosensors, enabling subcellular &, tissue and whole-plant imaging of calcium release reaching very high temporal

resolution measured in seconds 441,

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 transcriptional activity with the complex dynamics of these signaling
molecules “3I48] Several related biosensors have been successfully used in plants (reviewed in Choi et al. 27 to
help unravel the spatiotemporal redox signaling occurring during plant defense response. 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 organelles, such as mitochondria #2 and chloroplasts 9. Fusion partners
known to be targets of redox transitions by glutathione (Eigure 1) & or H,0, (Eigure 1) [¢! were also designed and
recently used for time-resolved measurements of both molecular species in the cytosol, chloroplasts and
mitochondria [&l. This allowed for better understanding of the role of the mitochondria in sensing and signaling the
cellular redox challenge in response to abiotic stress Bl deciphering the role of redox state in intercellular
transport 59 or exploring the central role of glutathione in mediating redox signaling 22, Another genetically
encoded redox sensor used in plants is HyPer, based on circularly permutated YFP coupled with the H,O,-
sensitive domain of OxyR, a transcription factor found in Escherichia coli B2l. 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. thaliana, known to be reduced in vivo by thioredoxin 4. Still, available H,0, 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
[30]

Recent advances in the development of plant biosensors (see review Novak et al. [2) have helped to better
understand dynamics of plant signaling, in particular in developmental processes 22, 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 28,
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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
35S promoter. The synthetic sensor TCS and its improved variants TCSnew (TCSn) 8 and TCS version 2
(TCSv2) B have been widely used in the model plant A. thaliana. Recently, a new synthetic transcriptional
reporter for ABA was designed as six repeats of ABA-responsive elements (ABRE) from RD29A or ABI1 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 69,

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 (Eigure 1), while promoters of genes involved in JA
biosynthesis (e.g. 12-oxo-phytodienoic acid reductase 3, OPR3), 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 Ethylene insensitive 3
(EIN3) binding site attached to the minimal CaMV 35S promoter [81l. So far, this has been used in combination with
either luciferase or GUS due to its low strength (2%, Lately, some new promoters responding to ABA, auxin,

cytokinin, SA and JA were identified in A. thaliana as promising candidates for transcriptional reporters 621,

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 14, In fact, the first FRET-biosensors were
developed for ABA measurement and were published 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 83, The Jas9-
VENUS biosensor uses the Jas motif of Jasmonate-ZIM-Domain (JAZ) proteins that are targeted to degradation via
the ubiquitin/26S proteasome 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, FEigure 1) that
was used in the model plant A. thaliana and revealed asymmetric distribution of GA and GA signaling during root

gravitropic growth 12, StrigoQuant is also a degron-based but luminescent reporter which includes two luciferases,
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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 (€8],

Both direct and indirect biosensors are now frequently designed along with their nonresponsive 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 nIsGPS1 and nlsGPS1-NR (gibberellin) &2, Jas9-VENUS and mJas9-VENUS [l DIl and mDI! (e.g.
R2D2: DII-3xVENUS and mDlI-ntdTomato) 29, TCS and TCSm &,

Other useful biosensors of immune response are those following the activity of mitogen-activated protein kinases
(MAPKSs) 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) (261681 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. thaliana and its
mutants (62,

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 cycle: AtpCYCBL1;1::CYCB1;1-tYFPnls (Eigure 1), also available in fusion with GUS (151 or
CYCD6;1, driving S-phase of DNA replication: CYCD6:1::GFP 19, Recently, a three-component biosensor was
designed to follow the whole cell cycle in A. thaliana . It contains a multigene cassette expressing fusions of
CDT1a-eCFP, HTR13-mCherry and N-CYCB1;1-YFP, each under the control of the native promoter of the first
fusion partner. CDT1la 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-CYCB1;1 is expressed
during the late G2 and prophase and metaphase of mitosis /1. 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 GFP, which fluoresces only when reconstituted with two

missing beta-strands. These become available after the cleavage of their fusion by a specific protease 2,

3. Getting a Broader View and Deeper Understanding: More
Than One Biosensor in 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
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three-way interactions cannot be inferred from the response to a single stress Z3Il74 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. X2 investigated the
interdependence 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-
GECO1) 181 and the FRET-based ABA reporter ABAleon2.1 emitting in cyan/yellow (84l Taking advantage of the
high sensitivity of GECOs, a dual sensor for monitoring Ca?* 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-GECO1) in a single construct B, The dual GECO sensor was shown to be a useful tool to monitor
Ca?* signal response to biotic and abiotic stress of Medicago truncatula and A. thaliana roots 2. Another example
of dual sensors is the use of transgenic A. thaliana plants simultaneously expressing DR5::3xVENUS-N7 1 and

TCS::GFP B reporters to study the spatial patterns of auxin and cytokinins, respectively (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. thaliana genome could result in epigenetic silencing
effects [/, 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 [BY, 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?*, protons, chloride, the glutathione redox potential, and H,O, in A. thaliana
roots (84,

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 2. Apart from StrigoQuant 88, 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 B4, NanoLUC is smaller than other luciferases, does not use ATP
and allows higher temporal resolution 2 Light produced from another luciferase, GeNL, performs high

transmittance through plant tissue when used with appropriate substrate (€8],
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In order to follow various molecules and more aspects of a response in a spatiotemporal manner, different
approaches can be used simultaneously. We can exploit the options of non-genetically encoded biosensors such
as nanosensors which are applied onto the surface, such as carbon nanotubes that change their fluorescence
when exposed to higher H,0, concentrations BZ. It has also been shown in A. thaliana, wheat and maize that
plants can be fumigated with permeable fluorescent probes that irreversibly react with ROS B8, Microbial
biosensors, such as Acinetobacter sp. ADPWH_Jux, can use SA as a sole carbon source and can therefore be
exploited for SA detection (Eigure 1) . 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 allow 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 [, potato
virus X B9 cowpea mosaic virus U or potato virus Y [22. 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 231941 However, the use of lacZ-labelled Rhizobium
leguminosarum to study infection and nodule development in legumes 23 and the efficiency of luminescent
Ralstonia solanacearum reporter 28l 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 Ill secretion
system into the plant cells 27, Moreover, some FP-tagged fungi are also available, such as Magnaporthe oryzae
081991 Fysarium graminearum 19 and Fusarium solani 19 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 developed 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
(2021 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. thaliana protoplasts, which can
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provide much faster but less accurate results. However, this restricts the span of the observable genes to those
that have orthologues 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 193l) Agrobacterium
rhizogenes-mediated transformation of roots provides an alternative approach 294 These can suffice for following

various aspects of root development, interaction with microbiota and nodulation.

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. thaliana (Table 1).

Interestingly, multiparameter imaging has already been used in roots of legumes to follow relations between auxin
and cytokinin signaling during root growth and nodulation. 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 293, 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 (13, To detect the spatial correlation between inoculation with symbiotic bacteria Mesorhizobium loti and
cytokinin or auxin response, DsRed-marked bacteria were applied to roots of L. japonicus expressing either
TCSn::YFP-NLS 298] or DR5::GUS 127 piosensor, respectively. 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 198! (Table 1).

Table 1. Examples of genetically encoded biosensors applied to crops. Comments are added to those biosensors

that were used in multiparameter imaging.

Analyte Biosensor Crop Transformation Comments Reference
Lotus
Ca?* NES-YC3.6 , _ stable 109
japonicus
NLS-YC3.6 L. japonicus stable 109
NRCG-GECO1 Medicago roots - dual sensor localized in 2
transient nucleus and cytoplasm
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Analyte Biosensor Crop Transformation Comments Reference
truncatula
roots - 110
NupYC2.1 M. truncatula )
transient
aequorin potato stable [11d)
aequorin tomato stable —
YC3.6 tomato stable 13
ROS roGFP1 tomato stable -
ROS:
chl-roGFP2 potato stable 115]
GSH
ROS: roots - 116
HyPer M. truncatula ]
H202 transient
Brachypodium
auxin DII-VENUS stable 117
distachyon
Hieracium
DRS5::nIsGFP stable 18

piloselloides

) ) roots - 119
DR5::GFP-NLS L. japonicus )
transient
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Analyte Biosensor Crop Transformation Comments Reference
] ] roots - inoculated with DsRed- 107
DR5::GUS L. japonicus ) o
transient tagged rhizobium
roots - co-expressed with
DR5::mCherry-NLS L. japonicus ) . [L3]
transient TCSn::YFP-NLS
roots -
DR5::tYFPnls L. japonicus ) [15]
transient
roots - co-expression of DII-tYFPnls
R2D2 L. japonicus ) . [L3]
transient and mDII-NLS-DsRed
DII-VENUS-NLS maize stable [L20]
DR5rev::mRFPer maize stable 121
DR5::GUS M. truncatula stable [L22]
DR5::VENUS-N7 M. truncatula stable -
DR5rev::GFP M. truncatula stable 122
DR5::GUS poplar stable L
DR5rev::3XVENUS-
potato stable [125)
N7
DR5rev::3xVENUS- ) 196
N rice stable
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Analyte Biosensor Crop Transformation Comments Reference
DII-VENUS rice stable 126
Senecio
DR5::GUS stable 127
vulgaris
roots - co-expressed with 105
DR5::GFP-NLS soybean ]
transient TCSn::tdTomato-NLS
roots - co-expressed with
DR5::tdTomato soybean ) ) (108)
transient sUbi::GFP
DR5::GUS tomato stable -
DR5rev::3xXVENUS- 129
tomato stable
N7
DR5rev::mRFPer tomato stable [130]
o roots - 131
cytokinin TCSn::VENUS-H2B barley )
transient
roots - co-expressed with
TCSn::YFP-NLS L. japonicus ) P [15]
transient DR5::mCherry-NLS
) ) inoculated with DsRed- 106
TCSn::YFP-NLS L. japonicus stable o
tagged rhizobium
TCSn::GUS rice stable —

2. Sadanandom, A.; Napier, R.M. Biosensors in plants. Curr. Opin. Plant Biol. 2010, 13, 736—743.

3. Miyawaki, A.; Llopis, J.; Heim, R.; McCaffery, J.M.; Adams, J.A.; Ikura, M.; Tsien, R.Y.; Michael
McCaffery, J.; Adams, J.A.; Ikura, M.; et al. Fluorescent indicators for Ca2+ based on green

fluorescent proteins and calmodulin. Nature 1997, 388, 882—-887.
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Analyte Biosensor Crop Transformation Comments Referencelepinski,
t high
TCSn::tdTomato- roots - co-expressed with 105
soybean )
NLS transient DR5::GFP-NLS
'NSOrs
TCSv2::3XVENUS tomato stable —
TCSv2::GUS tomato stable Lot
lics
cell [125]
o CycB1;1::GUS potato stable
division rement
lings.

Front. Plant Sci. 2013, 4, 506.

BESlgaldie NL3Y,dUE hgelBw Nigizaboh. ; JBI0I0, fudsdrerpagkaMi.; valtanrehlizblieh ; ditpluigtespbctively;
NREGheRcanderibls-MiillesBshiigsete, GO Meyep v d.1Chiaieplrsirderixggephpdtoaxiclative giress;
tY Fealis esphh adpges YF i 22 rank 45 Bidaiz aitbe sisubc etkbe; opwrdmenisosdant Bnyaiok02 Yfusion of
DIl kin@@8%e repeat VENUS yellow fluorescent protein) and mDII-ntdTomato (fusion of mDII and nuclear tandem
YMGLERT /e oG ProfRBloMRE A, RIBSREIRE RER P90 9eSRIBRT Rre I K §28
nu%rnlaf?ll.z?ﬂﬁgﬁ ré?f\siedﬁlngl %fé%rgév § rg‘él ff:%/ﬁ&oée(':?aa f}}dtr(l)'ﬁg)@go %%Ves using a genetically modified
biosensor strain of Acinetobacter sp. ADP1. Plant J. 2006, 46, 1073-1083.
H )
1%; Ghallenges of Plant Biosensors’ Pevelopmentand Use
Thél%g'.’i@ti%rﬂj %H&E%’%ﬁ:?"%%wag 'ﬂs’é‘gaﬁdﬁgﬂﬁs&g”%g&aﬂ ]tﬁé?ir %égaﬁﬁ%em can be challenging and
1abtprad reswés @e WianGys Btraaintfrwaid taQntepeh dNilk Re; \BaTmaiertyref BnsgepopdetedtdebbasHeen
perforajindva PRIN. 'aAdhs O IMlasienandpdigfisieris|tosiaeerdationpeae dizavemspthesiornivaging  of

phaspgiiaiiegnisteufeiE NS CwlinonbepeBedgiisgien limited to whole plant imaging which does not allow

high _sfoatial resolution, while leaf tissue close-ups with subcellular resolution are rare. Besides some general
12. Lotke, C.; Zwiewka, M.; Heilmann, |.; Van Montagu, M.C.E.; Teichmann, T.; Friml, J. Asymmetric
instrumentation constraints, for instance focus drift and. u

. gibberellin S|9nallng regulates vacuoglar trafficking of PINgyxin transporters during roaot

illumination and fime-consuming hi h—qualttjyslma e acquisition ,_Imaging of FPs in plants is affected by

gravitropism. Proc. Natl. Acad. Sci. USA 2013, 110, 3627-3632. o
fluorescent compounds found in cuticle, cell walls, plastids and vacuoles, such as lignin, chlorophyll and other
13gtdtmaser. ReMuredt dontpagems GenEraibioyd, JadkdrouAid Anarodeiis| 6epEass iaxjpessivnodflvepsiderit
repgRaES Apatairing thatutedardmighipaciive syathetiawon sesponse elgaenitol et Salcldss, Bor
exah998-A @Al their imaging of GFP-tagged plasmodesmata, Liu et al. reported strong reflection from the cell
P RIZDEN KRR S PRI RIS RIRT MR BTSSR AR TV GiBB AR g radiees — - TheY
el RS I TR HEISHRG UGBS IR PRSI PoR M ipyrer densiy of transformed cell
compared to agrobacteria-mediated transformation. As microscopy is very time consuming it is in some cases not

1ihe Nadirisei vt Mhorelovgaaily inRed0k Q- Ah 108K Bt Bl BiBR S s HPMERA NG AsCoMifiAHBR BNFromoter

phytohormone signaling in legume roots and root nodules. Front. Plant Sci. 2019, 10, 1000.

stable Taser power in the first couple of hours, uneven
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1 dBerze K. Mayseate Prdadex p inating tipAutooibit exfyfl uoredee rfa ki oseasirg farf stuchyingjsloidage neplicates
simatttivadadprote eldciasesf iorpdahtsnénoihtdMot. fGthe? 6R0e 28 @bservation 1371381 byt lacks spatial

lr?.sﬂlﬂ&%rﬁ, T.; Pompe-Novak, M.; Baebler, S.; TuSek-Znidari¢, M.; Kladnik, A.; Kriznik, M.; Blejec, A.;
rSCak, M.; re, K.; Dusak, B.; l. Precjsjon tr riptomi f viral focj r Is th ial
To %ﬁ 0 g Cp?arit’s dyﬁgarlniec’ res’pon%séath’rouér?tsgace a%c Sfl%e tw?tﬂ%?g'tﬂ%so'lﬁ%o%, \t/rllég1 prggllenﬁvo(?asﬁllgz Sh% F'dtlge

lation of immune-sjgnalin n nd jdentifies RBOHD n important player i
adJr%glsJe t artly, we cuanea%lﬁe\?e ogti(r;n%l %il% v%twgrc}pe??mageo acqu?lssltign an Org%eg mag,/%n ai[gg region of

intelrré%??]RD&SI%lgégtﬁgrﬁw,egme %?ng tr?ct)(t) %W%?SYsaHgigr%FaFP\érglgpé ‘t]jif%(r)enq’s]fr%é["églésSE)Gg\}ércome the
1@ oBiknSof Kovn SWRCatAHer Latiel | & diade ddsitugSyetiveti ORescptidersiinstie dve rovemsendfobiastesge vdth
hig® Expiessivondf MlardsSant pA&iN3 0THig 83commonly achieved with the help of minimal CaMV 35S promoter.
15 R P e B R I ViR, G PTer o T WanerS "B ISE R GRS s avRifildnere
repgaty L InSHERIC PSRl 3 SSIA BRSNS & EIR%T0T ARHEIRA AHUPES, 07—p1bigher expression
can also be achieved with the use of proper combinations of 5-UTR and 3'-UTR enhancer regions 2421 compatible
20 ernanRAes MueB®4d.Bs BIeRBROYS: AdbiMaBHoiRe Fiviene WHIRRIFaRRNplSRI e RIS under
the[ERRAILEES RN ANGRENSRS an BdMethedsse@4Rndr £Y0RER Between the two can amplify its activity [144]

HONRYFEKNES SfiQU dreqvienty AP Rees BYIRilRRCIA%A Plant hormone analysis: Tissue- and cell-specific

approaches. Annu. Rev. Plant Biol. 2017, 68, 323-348.
The proper choice of localization can also heighten SNR. The signal in plant cytoplasm is weak, variable among

2201 VaaR 5 RAVIPBAIMANE SIgnalig BMFRATIR TS i ORNRlIGERRHALS PhINFIEPRHALAR 8Rd also
haReleaiion ofdwifPiRepérRt BioteORRafAd3 uole and apoplast should be pH stable, a condition
28MShBANRY YELehhHPEA IURRES PP BadoITer i NEIHRSROR. 9k SATIREE 9 18994 SeaRR AP and
HYRSEnUBIS fsiARegudRiRIA BRGNS HHon aneMdnEiRIERskHe dy FRARFCEVSPpIAAEHBRAYN Sy PelafRd
HyBerixgsdrave their redox-non-sensitive and pH-sensitive counterparts and can be used in parallel as a control of
pH effect on measurements 2471, However, we have not found any report on their use in plants so far. Nucleus and
2 dARSIDH AT BRI S YEEE drawmbLlRg HINL 2Bl R RAES LSRNl A a6 ing when

taggéo evi ﬁotra?theBrlorlfugggr bgg%gtiénogig%g?_(ﬁﬁg) or nuclear exportation signal (NES), while the mutants

26 BHssimp flo0 S 3cRoh bvsANSFivIm the MIWB o Mahtictivevireaging witly fuoregestmidiobensunersAfinu.

Rev. Plant Biol. 2012, 63, 663—706.
Higher analyte specificity is also helpful when dealing with low SNR. This can be reached with a chimeric
Gl iRl AR 198k ASRRR ARRLSIGRARIR RS AALALLATISS AT HINSSA AN SN can

theﬁalf'éfte0|i'n e(? e@é %\;Il‘tgl’ %_g#alyte’s availability for endogenous targets, which was the case in ABA sensors

ATe\reaviexk v 5088, erniSduap denidbslly @leadeatthitas boeltsdomctienuttiodineeen-of Disest tinpensars
mugh alsmobérioikiddoid SThVRRILM|siiBepTEations of temporal dimension of the analyte availability in vivo (671,

2B\ SERR N BYRESmtan 32 ARG LR RURACA ARNRH e A RIANLIBHA VAL CRIGHA by the
expsrfe%,rs]%lrl\mcg'r‘ép(l)zrzt(gr' plij’rgltéi%g) ® ’a%rgdb%]c"ZESrﬁf':\liv%?c'h can be overcome by the promoter exchange 149 or the

29s@Riiera oA adoinonAIE T He niestingsuiing gradigher Spatiessiopdralntistribeftoritdugbbatellirsddiated
enhglegenaevéldpment. Curr. Opin. Plant Biol. 2019, 47, 9-15.

3 P ARSI o7 ARG v L BREP iRt i MRIHING B iy RS ARAS

d

r

z. L, .In.viv%ﬁps and
| € of guantification. Cell résponses
are'RIPKRQICNHA! flgorescent defection o, plants Eresent aeprpaches,and fiur

blljc;[seﬁs ?srséanea%ﬂ\r{g denamic
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quaviithiod sSr2dhitg 408 O2shbdally when high spatiotemporal resolution and quantitative data are needed for
.bi [152] A g is a. le. lute intensi tric_bi for Ca?*
ORI EINRRER D ovecka M 8 amnd 874D 285 Sj,oﬁﬁé%‘n%é”s‘?ﬂﬁ'r%”é%.ﬁcg phant cell o 2

imaging as.it enaple asur f olyte in yivo concentration 1581, Non-FRET ratiometric biosensors use a
AR CSBRARE PRISICT LS 19%'¢5 8!
duet of reporter proteins, one as a reporter of analyte and another as a reporter of expression in a certain cell or

Sl epvsithria. c4BRexebidarasaaRicRiaseNsmRRaRASEa A¥aaba eRlinpdR cepsaREVR b AMhoter.

ExpNAGIARAHZ 0 g viral constitutive promoter CaMV 35S can experience silencing or patterns in dividing cells

crn BitdrsEareioNg oL RARRNIS IV aTk FRSHILEIV/RIPRRE'S, SUEMMVASNERVBFRThGSY BRI |Diquitin
ProfieiRiSu el oY AR SHPRESRP M ETRIE N SPeERe P B heopeP e a8eis o g vel options HoAIESS. On the
other hand, it is possible to opt for separation of two or more reporters at the protein stage. One possibility is co-
3 felSHSIRE s SN aton B SIS PISRATY pERBLOESSCr RO RGN T v RN GRE pe el id 1RTRR08L

butrpe%jé{hastlgt?agﬁﬂﬁgtth@'B—Lfgrl%nﬁg r(l)y th%eL}fjs rggn? S%tgholsle%gg‘r%Cez\%hﬂ:%g@%Zéﬁect its folding or function.

3Bnis/earndbeliowerkonBdhotiathkeB. . sPhentide iinkae véigvisse saegriinbenilegrousi paptidessa WARSE, or
minténisie dideAsemiaha@edlc20ad: 2bijity489.-$508ronized expression of two proteins can also be obtained
3%)/ Lésing a polyprotein_vector sd/stem that is based on a pair ?f self-excising mini-inteins, called dual-intein domain,

Barr, R.; Jones, J.D.G. Role of plant hormones'in plant de ence responses. Plant Mol. Biol. 2009,
WhICB aﬂ%v:\é tQ',eS Ergelease of both proteins (shown for tripartite sfGFP) . 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

mdesalsLseRavindran, P.; Kumar, P.P. Plant hormone-mediated regulation of stress responses.
BMC Plant Biol. 2016, 16, 86.

To alleviate the problems_associated with fluorescence imagirég in plants, one can also use luciferases as the

38. Yuan, P.; Jauregui, E.; Du, L.; Tanaka, K.; Poovaiah, B.W. Calcium signatures and signaling

reporter domain in biosensor. One of the drawbacks of luciferases is the need for_external apRI|8c§1tlon of the

events orchestrate plant—-microbe interactions. Curr. Opin. Plant Biol. 2017, 38, 173—183
substrate which might not readily penetrate into plant tissue. To overcome this issue, autoluminescent N.

srveyhalh bant eapelndiiddrf bp thSeherlohor RAMEGHS biblukftssteh@ge figtadingan wiantimwmass
prof@SRONSE] Fnars, prdteEmseeae ko IeseRINISH® 4ralex@atodingsMeshanissns ablawPhisialc2 @lal

luciBdih, f/stacABBic acid. Treatment with methyl jasmonate, ethylene and wounding caused higher luminescence

A RNFHOMR., Camphiif xS Sinits, &N FaNS TS 09 S ARt BIARE U RS TR REHiHG o
accgiflinds 1 APy TOicRERBRIC AR EIERNE G YRS hIQYRTiEARTERS"RFature 109%, ¥BS528P 856"

avoiding exogenous substrate application, was explored in the reporter RUBY which produces red betalain

WigMIAD 1R tn S0 BKyhMs HiYodferatlORifis bioHiRReR: FathiGP Fonl- Brostilr GRAC bxble SBINGIRE  the
corftRICHPAIS HIGRA T Y IARIASAIC CRIGME DYPATRIST LY 2RIPREI guatd GRlISRIRN Jr 3R
clee;\?ng? aép_t%fg@

42. Nakai, J.; Ohkura, M.; Imoto, K. A high signal-to-noise Ca2+ probe composed of a single green
| 6. ConchudingeRemarks2001, 19, 137-141.

43. Xiong, T.C.; Ronzier, E.; Sanchez, F.; Corratgé-Faillie, C.; Mazars, C.; Thibaud, J.B. Imaging long
Biosensors have become indispensable tools. to. gain new insights in molecular b|olog[))/ with hlg?:h spatiotemporal
distance propagating calcium signals in intact plant leaves with the BRET-based GFP-aequorin
resolution. When beln? transferred to plants, especially crops, the community experiences challenges. However,

reporter. Front. Plant Sci. 2014, 5, 43. _ _ - o
overcoming these challenges is more and more supported by new achievements in synthetic biology, imaging and

Adlariopataidviiabiemiesis ahdaudirday atandn; disciviNesZimn@niarKoayé.do, HpWeeks AedGHERdSllY,
tradkbiamatent igasyte ipagedistanes, calchare-basplddpiandetaiase HignalingldSstipiasend0ils 36w, ready
for Tlébatdrhbter imaging. Therefore, this approach should now be used to obtain (quantitative) data with high
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