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SYNOPSIS

Losses to plant pathogens pose a major threat to food security, bringing about serious economic and
societal burdens across the globe. The Food Agriculture Organization of the United Nations (FAO)
predicts a global economic loss of around 220 billion dollars per year, with around 20-40% of crop
production lost to plant diseases (FAO - News Article: Climate change fans spread of pests and
threatens plants and crops). In the face of climate change, rapidly evolving pathogens can easily
overcome resistance provided by traditional pesticides. Consequently, a thorough understanding of the

plant immune system is of paramount importance to breed disease-resistant crops.

As a strategy to counteract pathogen invasion, infected plant cells “die in self-defence” eliciting a type
of cell death known as the hypersensitive response (HR) (Mur et al., 2008). Tight regulation of HR is
critical for confinement of the immune response exclusively to the pathogen ingress site. However, our
understanding of how cell death zonation is achieved and how by-stander cells respond to infection
remains fragmentary. In the first chapter of my PhD thesis, we explored how HR triggered by
pathogenic bacteria is spatiotemporally regulated at the transcriptional level in the plant model
Arabidopsis thaliana. Results from this data set allowed us to identify bona fide transcriptional indicators
of HR. Moreover, we provide for the community a fluorescent reporter transgenic line that displays a
strong spatiotemporally resolved signal specifically in cells destined to undergo HR (Salguero-Linares
et al., 2022). Use of this reporter line for specific and-or high-throughput techniques involving single-

cell “omics” will enable further dissection of the spatial aspect of plant immunity.

Over the last decade, accumulating evidence suggests that plant proteases play crucial roles during
HR (Salguero-Linares & Coll, 2019). While animal caspases are major regulators and executioners of
animal programmed-cell death, plants lack caspases and instead, their genomes encode for an ancient,
structurally related group of proteases termed metacaspases (Tsiatsiani et al., 2011; Uren et al., 2000).
In the second chapter of my PhD, we analyzed in detail the role of Arabidopsis metacaspase 1 (AfMC1)
in plant immunity. In this study, we report that the lack of AftMC1 results in autoimmunity, exacerbated
by introducing a point mutation in the catalytic cysteine of the protease. Through a combination of
genetic, biochemical and cell biology experiments we show that catalytically inactive AfMC1 may act as
a sticky docking platform for immune-related components, including immune receptors, possibly
preventing their timely turnover. Based on these data and previous findings, we infer that AtMC1 might
directly or indirectly control the homeostasis of immune receptors and therefore, interfering with the

wild-type function of the protease has negative impacts on plant growth.

Finally, in Chapter 3 we biochemically characterized AtMC1 as part of a study of the group showing
that the protein is dynamically recruited into stress granules during various forms of proteotoxic stress
(Ruiz-Solani N. et al., 2023 unpublished). Our laboratory and others have long been trying recombinant
isolation of AftMC1 in vitro. However, previous efforts to express and isolate this protease in
heterologous systems proved unsuccessful due to the high insolubility of its full-length version. To
circumvent this issue, we removed certain domains predicted to be intrinsically disordered and

aggregation-prone and successfully expressed and isolated the protease (van Midden et al., 2021).
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This major step forward allowed us to prove that AfMC1 exhibits a strong and evolutionary conserved
capacity to clear protein aggregates, including those formed by pathological protein forms that cause a
diversity of life-threatening diseases in humans. The implementation of recombinant proteins with high
aggregate-clearance activity may open new avenues for therapeutic intervention in diseases caused by
misfolded proteins.

In the last five years, the plant science community has particularly withessed a quantum leap in our
understanding of the plant immune system thanks to mechanistic studies on plant immune receptors
and signalling pathways regulating and leading to HR. Leveraging this knowledge to engineer disease
resistance in staples and economically important crops will be a priority in the years to come. | hope
that the works and conclusions drawn from this thesis can contribute to future endeavours to achieve

such an ambitious goal.
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RESUMEN EN ESPANOL

Los patdgenos vegetales representan una gran amenaza para la seguridad alimentaria, causando
alrededor del 20-40% de pérdidas en la produccion de cultivos. En un contexto de cambio climatico,
los patdgenos que evolucionan rapidamente pueden superar facilmente la resistencia proporcionada
por los pesticidas tradicionales. En consecuencia, comprender exhaustivamente el sistema inmune de

las plantas es de suma importancia para generar cultivos resistentes.

Como estrategia para contrarrestar la invasién de patdgenos, las células vegetales infectadas
desencadenan un tipo de muerte celular regulada conocida como la respuesta hipersensible (HR). La
regulacion de la HR es esencial para confinar la respuesta inmune exclusivamente al lugar de ingreso
del patégeno. Sin embargo, nuestra comprensién de como se logra la zonificacion de la muerte celular
y como las células vecinas responden a la infeccion es fragmentaria. En el primer capitulo de mi tesis,
exploro como la HR se regula espacio-temporalmente a nivel transcripcional en la planta modelo
Arabidopsis thaliana. Estos resultados nos permitieron identificar indicadores transcripcionales
genuinos de la HR. Ademas, proporcionamos a la comunidad una linea transgénica reportera
fluorescente que muestra un fuerte sefal espacio-temporal en células destinadas a sufrir HR. El uso
de esta linea reportera para técnicas especificas que involucren estudios "O0micos" de células

individuales permitira una mayor diseccién del aspecto espacial de la inmunidad vegetal.

En la dltima década, evidencias crecientes sugieren que las proteasas desempefian papeles cruciales
durante la HR. En el segundo capitulo de mi tesis, intento desentrafar el papel de la metacaspasa 1
(AfMC1) de Arabidopsis, un tipo de cisteina proteasa, en la inmunidad vegetal. Aunque originalmente
se describié como un regulador positivo de la HR en plantas jovenes, plantas adultas que carecen de
AtMC1 exhiben una activacion constitutiva de la inmunidad en condiciones basales, actuando por
consiguiente como un regulador negativo de la inmunidad. Mutaciones en el sito catalitico de la
proteasa desencadenan una autoinmunidad grave. A través de una combinacién de experimentos
genéticos, bioquimicos y de biologia celular, mostramos que la versién cataliticamente inactiva de
AfMC1 actia como un sitio de acoplamiento pegajoso para componentes relacionados con la
inmunidad, incluidos receptores inmunes, posiblemente evitando su oportuna degradacion. En base a
estos datos y a la literatura previa, inferimos que AftMC1 podria controlar directa o indirectamente la
homeostasis de los receptores inmunes. Por lo tanto, interferir con la funcién de la proteasa wild-type

tiene impactos negativos en el crecimiento de la planta.

Finalmente, participé en una segunda linea de investigacion en la que intentamos entender la funcion
de AIMC1 ante el estrés proteotoxico. AfMC1 es dinamicamente reclutada a condensados
citoplasmicos altamente conservados, conocidos como granulos de estrés, regulando la senescencia
(Capitulo 3). Para caracterizar bioquimicamente esta funcion, eliminamos ciertos dominios previstos
de ser altamente propensos a la agregacion y logramos expresar e aislar la proteasa de forma

recombinante. Esto nos permiti6 demostrar que AtMC1 tiene una gran capacidad, evolutivamente
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conservada, de limpiar agregados de proteinas, incluidos los formados por formas de proteinas
patologicas que causan enfermedades mortales en los humanos. La implementacién de proteinas
recombinantes con alta actividad de limpieza de agregados puede abrir nuevas vias para la

intervencion terapéutica en enfermedades causadas por proteinas mal plegadas.

En los ultimos cinco afos, la comunidad cientifica de plantas ha presenciado un gran avance en nuestra
comprension del sistema inmune vegetal gracias a estudios mecanisticos en receptores inmunes y
vias de senalizacion que regulan y conducen a la HR. Aprovechar este conocimiento para lograr
resistencia a enfermedades en cultivos basicos y econémicamente importantes sera una prioridad en
los préximos afos. Espero que los trabajos presentados en esta tesis puedan contribuir a futuros
esfuerzos para lograr esos ambiciosos objetivos.
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RESUM EN CATALA

Els patdogens vegetals representen una gran amenacga per la seguretat alimentaria, causant al voltant
del 20-40% de pérdues en la produccio de cultius. En el context actual de canvi climatic, els patdgens,
que evolucionen rapidament, poden superar facilment la resisténcia proporcionada pels pesticides
tradicionals. Per tant, entendre exhaustivament el sistema immunitari de les plantes és de gran

importancia per generar cultius resistents.

Com a estrategia per combatre la invasié de patdgens, les cél-lules vegetals infectades desencadenen
un tipus de mort cel-lular regulada coneguda com a resposta hipersensible (HR). La regulacié de la HR
és essencial per confinar la resposta immunitaria exclusivament al lloc d'entrada del patogen.
Actualment, el nostre coneixement de com es produeix la zonacié de la mort cel-lular i com responen
les cel-lules veines a l'infeccio és escas. En el primer capitol de la meva tesi, he explorat com la HR es
regula de manera espaciotemporal a nivell transcripcional a la planta model Arabidopsis thaliana.
Aquests resultats ens van permetre identificar marcadors transcripcionals especifics de la HR. A més,
proporcionem a la comunitat una linia transgénica reportera fluorescent que mostra una forta senyal
espaciotemporal en cél-lules destinades a patir HR. L'Us d'aquesta linia reportera per técniques
especifiques que involucrin estudis "0mics" de cél-lules individuals permetra una major comprensié del

caracter zonal de la immunitat vegetal.

En la darrera década, un nombre creixent d’estudis suggereixen que les proteases desenvolupen
papers fonamentals durant la HR. En el segon capitol de la meva tesi, he estudiat el paper de la
metacaspasa 1 (AftMC1) d'Arabidopsis, un tipus de cisteina proteasa, en la immunitat vegetal.
Originalment, es va descriure a la AtIMC1 com un regulador positiu de la HR en plantes joves, per
contra, les plantes adultes que no tenen AftMC1 mostren una activacio constitutiva de la immunitat en
condicions basals, actuant aixi com un regulador negatiu de la immunitat. Les mutacions en el lloc
catalitic de la proteasa desencadenen una autoimmunitat greu. A través d'una combinacio
d'experiments genétics, bioquimics i de biologia cel-lular, mostrem que la versié cataliticament inactiva
d'AftMC1 actua com una plataforma d'acoblament per a components relacionats amb la immunitat,
inclosos receptors i.possiblement, evita la seva correcta degradacié. Basant-nos en aquestes dades i
en la literatura anterior, inferim que ’AtMC1 podria controlar directa o indirectament I'homeostasi dels
receptors d’immunitat. Per tant, interferir amb la funcié de la proteasa wild-type té un impacte negatiu

en el creixement de la planta.

Finalment, he participat en una segona linia d'investigacié on hem intentat entendre la funcié d'AtMC1
en condicions d'estrés proteotoxic. AIMC1 és dinamicament reclutada a condensats citoplasmatics,
coneguts com granuls d'estrés, regulant la senescencia (Capitol 3). Per caracteritzar bioquimicament
aquesta funcié, vam eliminar alguns dominis predits com a altament propensos a I'agregacié i vam
aconseguir expressar i aillar la proteasa de forma recombinant. Aixd ens va permetre demostrar que
AfMC1 té una gran capacitat, evolutivament conservada, de netejar agregats de proteines, inclosos els

formats per formes de proteines patologiques que causen malalties mortals en humans. La
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implementacié de proteines recombinants amb alta activitat de neteja d'agregats pot obrir noves vies

per a la intervencio terapéutica en malalties causades per proteines mal plegades.

En els darrers cinc anys, la comunitat cientifica de plantes ha presenciat un gran progrés en la nostra
comprensio del sistema immunitari vegetal gracies a estudis mecanistics dels receptors d'immunitat i
vies de senyalitzacié que regulen i condueixen la HR. Aprofitar aquest coneixement per aconseguir
resisténcia a malalties en cultius basics i economicament importants sera una prioritat en els proxims
anys. Espero que els treballs presentats en aquesta tesi puguin contribuir a aconseguir aquests

ambiciosos objectius.
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Abstract

Eukaryotes are endowed with sophisticated innate immune systems to recognize non-self and
halt pathogen proliferation. Activation of cell death at the site of attempted pathogen ingress is a
common strategy used by plants and animals to restrict pathogen proliferation and trigger immune
responses in the surrounding tissues. As such, immunogenic cell death shares several features
in both plants and animals that will be discussed in this article, namely: i) it is triggered by
activation of NLR immune receptors -often through oligomerization-, ii) it results in disruption of
the plasma membrane (PM)/endomembrane integrity driving an imbalance in ion fluxes and iii) it
results in the release of signalling molecules from dying cells.

Keywords: cell death, immunity, pathogen, NLR, PAMPs, DAMPs



1. Pathogens are perceived by immune receptors

Immune receptors of the nucleotide-binding leucine rich-repeat (NLR)-type constitute
fundamental elements of the plant and animal innate immune systems. Animal NLRs respond to
and mediate interaction with pathogen- or danger-associated molecular patterns (PAMPs or
DAMPs) (7). In plants, the task of pathogen recognition is divided between intracellular NLRs and
cell surface pattern-recognition receptors (PRRs). While plant NLRs recognize secreted pathogen
effectors or their activity within the host cells, PRRs recognize PAMPs (2). Animal and plant NLRs
share a similar multidomain architecture within the core nucleotide-binding and oligomerization
domain (NOD) and the leucine-rich repeat (LRR) domains. However, there is substantial diversity

at the C- and N-terminal accessory domains (3).

In plants, NLRs are categorized based on their domain composition at the N-terminus and their
function during the immune response. NLRs carrying a coiled-coil (CNLs) or a Toll/Interleukin 1-
receptor (TIR)-type domain (TNLs) can act as sensor NLRs by perceiving effectors, whereas a
subset of CNLs function as helper NLRs by amplifying the downstream immune signal emanating
from sensor NLRs or PRRs (4-7). In animal NLRs, N-terminal domains belong to the death-fold

superfamily and mainly include Pyrin and CARD domains (8) (Fig 1).

2. NLRs are activated by oligomerization

NLR activation in both plants and animals involves oligomerization through their N-terminal
domains. In mammals, PAMP or DAMP-triggered NLR oligomerization leads to the assembly of
the so called “inflammasomes”. These supramolecular structures are comprised of a varying
number of NLR molecules depending on the nature of molecule trigger and provide a platform for
recruitment and activation of caspases either directly or indirectly through the adaptor protein
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) (717).
Caspase-dependent processing of pro-interleukins (ILs) and gasdermins (GSDMs) ultimately

results in pyroptosis (Fig 1) (described in section 3).

Upon pathogen effector perception, plant NLRs also assemble into multimeric protein complexes
termed “resistosomes” (12-15). In the case of CNLs, pentameric oligomerization leads to
resistosome activation and a concomitant structural switch that results in a funnel-shaped
structure that acts as a PM localized cation-selective channel permeable to Ca?* (12, 13, 16, 17).
Altered ion fluxes may act as an important determinant of pathogen-triggered cell death. This
indicates that whilst certain plant immune receptors (sensor CNLs) can act as both sensors and

executors of cell death, most animal NLRs require accessory molecules to drive cell death (718)
(Fig 1).

Plant TIR-NLRs oligomerize into tetrameric protein complexes exhibiting NADase activity
(nicotinamide adenine dinucleotide hydrolases) in their TIR domains (19). By-products or “info-

chemicals” derived from TNL-mediated hydrolysis of the metabolic co-factor NAD* can directly



bind to heterodimers formed by plant lipase-like proteins with ENHANCED DISEASE
SUSEPTIBILITY 1 (EDS1), promoting interactions with helper NLRs (9, 70). Certain helper NLRs
can oligomerize into a pentameric resistosome capable of forming pores at the PM and driving

ion flux imbalances in a similar way to sensor CNLs (20-22) (Fig 1).

While activated plant resistosomes/NLRs in plants are executors of cell death and localize at the
PM membrane (CNLs and hNLRs) where they exert its pore-forming activities, activated animal
NLRs (NLRP3 inflammasome) remain cytoplasmic acting as molecular scaffolds for recruitment
and activation of accessory molecules that ultimate mediate plasma membrane disruption (Fig
1).

3. Imnmunogenic cell death exists in different flavors

In plants, the term hypersensitive response (HR) is used to define a local, pathogen-triggered
type of cell death mediated by NLR activation. HR restricts pathogen growth and hence it is an
important component of plant immunity (23, 24). Broadly, HR involves production of reactive
oxygen species, nitric oxide and an increase of intracellular calcium, likely mediated by formation
of PM pores by resistosomes (12-15, 17) (Fig 2). Still, how NLR activation and calcium influxes
connects to downstream cell death programs as well as the role of proteolytic enzymes and
organelles such as the chloroplast, mitochondria and the vacuole in this process remains largely

unknown.

In animals, pyroptosis, necroptosis and ferroptosis, unlike apoptosis, are pro-inflammatory
cell death programs that involve release of lytic content to the extracellular space and rupture of
the plasma membrane prior to cellular demise (Fig 2). Besides their morphological resemblance,

their triggers and biochemical executors of the cell death pathways differ (25).

Pyroptosis is activated upon detection of PAMPs or DAMPs by inflammasomes. These multi-
protein complexes act as platforms for the activation of caspases that cleave GSDM unleashing
its pore-forming domain to form an oligomeric pore at the PM (77). Pore formation through
GSDMD results in cell size increase and subsequent burst, releasing intracellular proteins to the

extracellular space.

Necroptosis involves ligand-mediated activation of RECEPTOR-INTERACTING PROTEIN
KINASE 3 (RIPK3) that phosphorylates the pseudo-kinase MIXED LINEAGE KINASE DOMAIN-
LIKE (MLKL) (26). Phosphorylation drives interaction of MLKL with the PM where it oligomerizes
and forms a necroptotic pore (26). Pore formation also results in the release of intracellular
content, including pro-inflammatory ILs, eventually leading to cellular demise. Interestingly, plants
possess a conserved protein family resembling animal MLKLs that participate in immunity,

indicating a potentially common mode of action with animal MLKLs (27).



Ferroptosis is a lytic, pro-inflammatory cell death that involves iron-dependent peroxidation of
lipids associated with loss of PM integrity and ion influxes (28) (Fig 2). In plants, a ferroptosis-like
process has been reported in response to NLR-mediated recognition of a fungal pathogen (29).
Conservation between plant and animal ferroptosis may unfold as the mechanisms and players

of the process become fully elucidated.

Apoptosis is an immunologically silent form of cell death in which gradual dismantling of the cell
content leads to morphological features such as cytoplasmic shrinkage, chromatin condensation
and DNA fragmentation (30). As opposed to other cell death programs, PM integrity is retained
throughout the cell death process. Eventually, membrane blebbing results in cell fragmentation
giving rise to “apoptotic bodies” that are engulfed and eliminated by phagocytes (Fig 2). Apoptosis
initiation culminates in activation of effector caspases and concomitant cell death (25). Inhibition
of caspases is an important target for pathogens to prevent apoptosis and maintain their
replicative niche. It is thus not surprising that caspases have evolved as versatile molecular
switches that can resort to pro-inflammatory cell death when apoptosis is blocked. In fact, an
increasing number of immunogenic cell death modalities, deeply interlinked between them, is

emerging as a central determinant of tissular/systemic responses (37).

4. Loss of plasma membrane/lendomembrane integrity is a key step of immunogenic cell
death

Loss of plasma membrane/endomembrane integrity is a common hallmark between plant and
animal immunogenic cell death. In animals, pore formation at the PM constitutes an execution
step of pro-inflammatory cell death and it involves GSDMD and MLKL in pyroptosis and
necroptosis, respectively. During pyroptosis, the N-terminal portion of GSDMD, cleaved by
caspase-1, directly inserts into the PM, where it self-associates and forms ring-shaped pores (~20
nm) (32). These large pores allow the release of pro-inflammatory molecules (cytokines, alarmins)
and cause cell lysis. In the case of necroptosis, phosphorylated MLKL interacts with the PM,
although the pore structure remains unresolved. Therefore, its oligomeric state in membranes
and how it mediates permeabilization remain not fully elucidated. MLKL pores drive calcium and
sodium influx and potassium efflux from the cell followed by water influx, resulting in a cell burst
typical of necroptosis (33, 34). Ferroptosis also involves loss of integrity and partial rupture of the

PM, which has been associated with iron-dependent peroxidation of phospholipids (28).

In plants it has been demonstrated that CNL pentameric resistosomes can drive membrane pore
formation. Oligomerization of CNLs results in a structural switch of the N-terminus of each
monomer that then projects out of the resistosome plane. The funnel-shaped structure can insert
into membranes forming a small pore (~1 nm) that can act as a cation-selective channel
permeable to Ca2* (16, 17, 20). Pore formation and subsequent Ca?* influx may activate a cell

death programme as described for ferroptosis. In sum, current evidence suggests that transient



or permanent pore formation at the PM and permeabilization constitutes a common mechanism

to execute cell death both in plant and animal cells.

5. Dying cells release signalling molecules important for immunity

Immunogenic cell death results in the release of signalling molecules, which activate immunity in
surrounding/distal tissues and is therefore an important mechanism to counteract invading
agents. In animals, immunogenically dying cells release DAMPs such as nuclear HIGH MOBILITY
GROUP BOX 1 PROTEINS (HMGB1), ATP or circulating free DNA (cfDNA), among others. In
addition, pyroptotic and necroptotic cells release pro-inflammatory cytokines. DAMP release
appears tightly controlled and not a mere consequence of cell lysis as originally considered. In
this sense, a growing body of evidence indicates that different types of lytic cell death will release

a distinct signature of pro-inflammatory molecules (29, 35).

During plant immune responses a broad range of DAMPs and phytocytokines are released from
infected/damaged cells and activate defence responses locally and in surrounding tissues (36,
37). DAMPs include nucleotides, sugars, and amino acids, whilst phytocytokines comprise
endogenous signalling peptides actively generated upon maturation of the propeptide by a
protease and subsequently perceived by cell surface receptors. Expression of phytocytokine
precursors is in fact upregulated upon MAMP treatments or pathogen attack, constituting an early
immune response (38). Among phytocytokines, those peptides that do not contain a secretory
signal may reach the extracellular space after cell lysis or via not yet identified mechanisms.
Research in recent years has evidenced that multitude of phytocytokines may in fact regulate
immune responses, although very few have been characterized to date, such as some PLANT
ELICITOR PEPTIDES (PEPs) or RAPID ALCALINIZATION FACTORS (RALFs) (37).

An exciting avenue for future research is whether specific DAMPs/phytocytokines emanate from
dying cells and if so, how do they communicate with neighbouring cells and whether specific
signatures exist depending on the particular plant-pathogen interaction. Also, it remains unclear
what is the exact effect of phytocytokines in neighbouring cells: do they promote cell death or they
are rather acting as pro-survival molecules acting for example in tissue repair? In coming years
we may witness how increasing knowledge on plant HR is translated into disease resistance in
the field, in the same way that basic knowledge on pro-inflammatory cell death in animals is
leading to novel therapeutics.
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Figure 1. Domain architecture of NLR immune receptors and general activation
mechanisms of resistosomes and inflammasomes in plants and animals, respectively.
NLRs are modular tripartite immune receptors comprised of a N-terminal signalling domain, a
NOD and LRR domain. In plants, NLRs are broadly classified into sNLRs and hNLRs based on
their function during the immune response. Sensors are divided into CC- or TIR-NLR whereas
helpers carry a CC domain at their N-terminus. Upon pathogen perception, CNLs oligomerize into
a pentameric wheel-like structure whereas TNLs oligomerize into a tetrameric structure
collectively known as resistosomes. Whilst CNLs can sense pathogen effectors and execute cell
death by acting as permeable Ca?* channels with no need of hNLRs, TIR domains from TNLs act
as NAD+ hydrolases generating by-products or small molecules that bind to EDS1 complexes.
Allosteric changes in EDS1 complexes allow interaction with hNLRs. Oligomerization of certain
hNLRs into a pentameric resistosome with Ca2*channel activity at the PM drive ion flux
imbalances that resultin HR-cell death (9, 70).

In animals, the N-terminal domain of NLRs generally harbor either a CARD or a PYRIN domain.
Upon recognition of DAMPs or PAMPs, animal NLRs nucleate into heteromeric inflammasome
complexes. For instance, the pyrin-containing NLRP3 inflammasome is comprised of a sensor
NLR (NLRP3), the adaptor protein ASC and caspase-1. Oligomerization of NLRP3 through
homotypic interactions at the NOD recruits the ASC through a PYD-PYD interactions.
Conformational changes in ASC allows recruitment of caspase-1 through CARD-CARD
interactions, enabling caspase-1 activation. Proteolytically active caspase-1 subsequently
cleaves GSDMD and pro-ILs which are released into the extracellular space. Insertion of the N-
terminal pore-forming domain of GSDMD into the PM leads to nonselective ion fluxes that
ultimately results in cellular demise.
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Figure 2. Overview of cell death types and their general features in plants and animals.
During HR cell death in plants, ROS accumulation and calcium channel activity exerted by plant
resistosomes drive Ca?* entry into the cytoplasm. How intracellular Ca?* spikes lead to
downstream cell death features such as loss of chloroplast and mitochondrial and eventually
cellular demise is currently unknown. DAMPs and phytocytokines are released from
infected/damaged cells and activate defence responses in neighboring cells via perception by
surface receptors. Although differentially regulated at the molecular level, pyroptosis and
necroptosis are both pro-inflammatory forms of cell death that involve release of cellular content
to the extracellular space (DAMP release and inflammatory cytokines). In both cell death
modalities, rupture of the plasma allows for the influx and efflux of ions altering homeostasis in
the cell. Ferroptosis is an iron-dependent mode of cell death in which peroxidation of lipids cause
plasma membrane damage with partial rupture allowing entry of Ca?*ions and release of DAMPs
to the extracellular space. Apoptosis is a non-inflammatory and silent form of cell death in which
membrane integrity is maintained during cellular dismantling. Cell shrinkage, chromatin
condensation and DNA fragmentation are typical hallmarks of apoptosis. Importantly, plasma
membrane blebbing leads to apoptotic bodies that are eventually engulfed and eliminated by
phagocytes.
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Abstract

The hypersensitive response (HR) is a plant defence reaction triggered by activation of immune receptors upon
pathogen recognition. It results in rapid cell death at the attempted invasion site, confining the pathogen and sending
signals to distal parts of the plant that can in turn activate defences for subsequent attacks. HR cell death is a highly
controlled phenomenon, requiring the concerted action of diverse plant proteases and regulatory mechanisms to
keep it efficient yet confined. Research in the last decade has significantly contributed to a better understanding of
the mechanisms leading to HR, although our knowledge about the pathways that regulate this form of programmed
cell death (PCD) still remains incomplete. In this review, we explore current knowledge of plant proteases as HR regu-
lators. Proteases are key regulatory enzymes that not only serve degradative purposes, but also have very important
signalling roles. In animals, caspases have been shown to be the major regulators and executioners of PCD. Plants do
not have caspases, and instead PCD is carried out by the activities of caspase-like and other protease belonging to
different protease classes. We summarise the mechanistic roles of plant proteases whose roles in HR regulation are
relatively well understood, which includes members of the cysteine, threonine, and serine protease families.

Keywords: Defence, hypersensitive response, immunity, pathogens, programmed cell death, proteases.

Introduction

Due to their lack of physical mobility, plants must defend them-
selves against rapidly evolving pathogens. Unlike animals, plants
do not possess an adaptive immune system with mobile de-
fender cells, and thus they rely on the innate immunity of each
cell for effective defence responses (Jones and Dangl, 2006). In
what is known as gene-for-gene interactions, plant resistance
(R) gene products, such as surface-localised and intracellular
nucleotide-binding leucine-rich repeat (NB-LRR) immune
receptors, perceive avirulent (avr) pathogen-derived gene prod-
ucts, also known as effector proteins, often leading to a form
of confined programmed cell death (PCD, also known as regu-
lated cell death), known as the hypersensitive response (HR).
The first reports of HR date back to the beginning of the
20th century when H. Marshall Ward described a variable

discoloration of leaves that turned from yellow to brown/
black when infected with the leaf rust Puccinia dispersa (Ward,
1902). Additional studies at the time on the plant pathosystems
Chrysanthemum—Uredo (Puccinia) chrysanthemi and wheat—P glu-
marum (leaf yellow rust) also reported a similar cell death phe-
nomenon upon pathogen infection (Gibson, 1904; Marryat,
1907). However, it was not until 1915 that the term ‘hyper-
sensitiveness’ was used by Elvin C. Stackman to convey an
‘abnormal rapid cell death’ in cereal crops when attacked by
black stem rust fungus (P graminis) (Stakman, 1915). Since the
plant exhibited hypersensitiveness at the fungal entry sites, the
fungus was unable to develop normally, and thus the plant was
deemed resistant. This phenotypic definition of HR has re-
mained largely unchanged over the years, though in certain

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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pathosystems we now know that HR is often uncoupled from
resistance (Coll ef al., 2011).

Defining HR cell death has not been an easy task due to its
mixed morphological and biochemical features, which partly
resemble several other forms of cell death in both plants and
animals (Mur ef al., 2008). In mammals, up to 12 types of PCD
modalities have been described so far (Galluzzi et al., 2018).
Amongst them, the best characterised is apoptosis, which is
a non-inflammatory process mainly regulated by caspases, in
which the following features are observed: cytoplasmic shrink-
age, chromatin condensation, nuclear fragmentation,and plasma
membrane blebbing; these ultimately lead to the formation of
intact vesicles (apoptotic bodies) that are engulfed and digested
by phagocytes (Galluzzi et al., 2018). Whilst certain features
such as cytoplasmic shrinkage and chromatin condensation are
also observed during HR, other events such as phagocytosis
of apoptotic bodies after cellular death do not occur in plants
(Table 1).As a result, the resemblance of specific aspects of HR
to apoptosis is not sufficient to consider HR as an apoptotic-
like cell death. On the other hand, HR presents the majority of
morphological features of plant regulated-necrosis cell death in
which mitochondrial swelling, shrinkage of the protoplast, and
early rupture of the plasma membrane are observed, and these
features can also be found in other types of mammalian PCD
such as pyroptosis and necroptosis (Table 1) (Galluzzi et al.,
2018). However, characteristics reminiscent of plant vacuolar-
cell death such as enlargement of the vacuole and rupture of
the tonoplast are also exhibited during HR (van Doorn et al.,
2011). When considering the cytological features of HR, it is
also of great importance to consider the nature of the invading
pathogen. For instance, vacuolar rupture can be an effective
measure to restrict viruses that proliferate in the host cytoplasm
(Hatsugai et al., 2004). By contrast, fusion of the tonoplast with
the plasma membrane allows discharge of antimicrobial com-
pounds to the intercellular space where bacterial pathogens
tend to proliferate (Hatsugai et al., 2009). In summary, HR 1is
an atypical and confined plant cell death modality that occurs
at the site of successful recognition of pathogens, and it gen-
erally displays the following hallmarks: cytoplasmic shrinkage,

mitochondrial swelling, chromatin condensation, chloroplast
and plasma membrane disruption, and vacuolisation (Table
1). Interestingly, necrotrophic pathogens such as the fungus
Cochliobolus victoriae can hijack the HR machinery through the
delivery of toxins that target the plant cell in order to kill it and
feed on cell remnants (Lorang et al.,2012). In the course of this
cell death, expected features that resemble necrosis (protoplast
shrinkage and a transition of mitochondrial permeability) are
displayed, although membrane and tonoplast integrity is main-
tained (Curtis and Wolpert, 2004).

Despite its discovery more than a century ago, a thorough
understanding of the mechanisms regulating HR is lacking. In
the last few decades, a growing body of evidence has indicated
that plant proteases are involved in pathogen perception and in
the induction of effective local and systemic defence responses,
which are often accompanied by a HR -related cell death con-
fined to the site of the attempted pathogen ingression (Rooney
et al., 2005; Coll et al.,2010; Bozkurt et al.,2011).

Proteases are ubiquitous enzymes required for the correct
functioning of living cells. Operating at the post-translational
level, proteases catalyse irreversible hydrolytic reactions in
which peptide bonds of target substrates are cleaved, giving rise
to new protein products (van der Hoorn, 2008). Whilst ori-
ginally believed to act solely as destructive enzymes, we now
know that proteases can also influence the activity of other
proteins, regulate protein fate and localisation, modulate pro-
tein—protein interactions, and contribute to processing of cel-
lular information through signal transduction (Turk, 2006).

Based on the MEROPS database, an integrated information
resource of proteases (http://merops.sanger.ac.uk), there are
five mechanistic classes of proteases found in living organisms
according to the catalytic residue involved in the cleavage of the
substrate peptide bond, namely cysteine, aspartate, threonine,
serine, and metalloproteases (Rawlings ef al.,2018). In the case
of cysteine, threonine, and serine proteases, the orchestrated
action of a catalytic triad comprised of a nucleophile (Cys,
Thr, or Ser), a base (usually His), and in certain cases an acid
(Asp), allows cleavage of the peptide bond (Lopez-Otin and
Bond, 2008). A second classification in the MEROPS database

Table 1. Hallmarks of PCD in animals (apoptosis, necroptosis and pyroptosis) and plants (HR, regulated necrosis and vacuolar) , based

on Mur et al., (2008)

Characteristics Animal PCD Plant PCD Vacuolar cell death
Apoptosis Necroptosis Pyroptosis HR Regulated necrosis
Cytoplasmic shrinkage v X X v v
Cytoplasmic swelling X v v X v X
Chromatin condensation v X v v X v
Mitochondrial swelling X v v v v X
Vacuolization X X X v X v
Chloroplast rupture na na na v v X
Plasma membrane blebbing v X X X X X
Plasma membrane rupture X v v v v X
Tonoplast rupture X X X v X v
Nuclear fragmentation v X v X X v
Apoptotic bodies v X X X X X

Although additional cell death modalities exist in animals, we considered the three types listed to be the most representative for conveying comparisons

with HR in plants. na, not applicable.
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discriminates between clan types (usually denoted by a letter),
where proteases fall into distinct categories depending on their
protein tertiary structure. Within each clan, a third and final
subdivision is made into distinct families of proteases based on
their evolutionary relationships (Rawlings et al., 2018).

As occurs in animals, plant proteases are directly implicated
in the regulation of host responses to pathogen infection,
including PCD.This review is intended to highlight the crucial
functions of the distinct classes of plant proteases in the regula-
tion of HR. Due to space limitations, we only concentrate on
proteases whose mechanistic roles in HR regulation are well
understood, namely members of the cysteine, threonine, and
serine protease classes.

Cysteine proteases: PLCPs, VPEs, and
metacaspases

In mammals, apoptosis requires an evolutionarily conserved
group of cysteine proteases termed caspases. Since particular
characteristics are shared between animal apoptosis and
defence-related hypersensitive cell death in plants, it was rea-
soned in the past that a certain level of conservation of the mo-
lecular components involved in PCD should be present across
kingdoms (del Pozo and Lam, 1998). However, although cer-
tain structurally unrelated plant proteases have been shown to
exhibit caspase-like activities in the course of defence-related
HR (del Pozo and Lam, 1998; Chichkova et al., 2004; Hatsugai
et al., 2004), no caspase homologues are found within plant
genomes. Plant genomes encode approximately 140 cysteine
proteases, which fall into five distinct clans. In the context of
plant—pathogen interactions, the CA clan, comprising prote-
ases with a papain-like fold named papain-like cysteine pro-
teases (PLCPs), and the CD clan, comprising proteases with a
caspase-like fold, have been well documented (Misas-Villamil
et al., 2016). Biochemical tools such as specific protease in-
hibitors as well as activity-based probes have been pivotal in
the discovery of many cysteine proteases implicated in plant
defence by monitoring their protease activity (van der Hoorn
and Kaiser, 2012). Here, we will discuss the role in HR of three
PLCPs (Cathepsin B, Rer3, Pip1), three metacaspases (AtMC1,
AtMC2 and AtMC4), and the vacuolar processing enzymes
(VPEs).

PLCPs

PLCPs are released as pre-proteases bearing a signal peptide
at the N-terminal end, an auto-inhibitory domain or pro-
domain, and the catalytic domain (bearing the catalytic triad
Cys, His, and Asn). A granulin domain with unknown function
is usually present at the C-terminus. PLCPs are predominately
secreted into the apoplast, a major battleground in which the
fate of either a successful pathogen infection or an effective
plant defence response is dictated (Fig. 1) (Du et al., 2016).
Early evidence for a role of Cathepsin B (CathB) in PCD
came from studies in animals where it was shown to activate
caspases (Kingham and Pocock, 2001) and CathB knock-out
mice exhibited impaired apoptosis (Guicciardi et al., 2001).

Plant CathB was subsequently shown to be involved in the
regulation of defence-related HR and basal disease resistance
(Gilroy et al., 2007; McLellan et al., 2009). In plants, CathB is
activated upon secretion in the apoplast. Through the use of
specific animal CathB inhibitors and virus-induced gene si-
lencing (VIGS) in potato CathB (StCathB), Gilroy et al. (2007)
demonstrated that the HR elicited by two bacterial pathogens,
Erwinia amylovora and Pseudomonas syringae pv. tomato (Pst)
DC3000, was remarkably impaired in the absence of CathB,
resulting in enhanced disease susceptibility in Nicotiana bentha-
miana (Fig. 1). Likewise, transient co-expression of the patho-
gen-derived effector Avr3a from Phytophthora infestans and the
potato NB-LRR R3a resulted in compromised HR when
CathB transcript levels were reduced (Table 2) (Armstrong
et al.,2005) Conversely, VIGS of CathB in N. benthamiana did
not attenuate HR following perception of Cladosporium fulvum
effector Avr4 by the plant receptor-like protein Ct-4 (Gilroy
et al., 2007). In Arabidopsis, although required for basal resist-
ance to Pst, AtCathB1-3 genes are dispensable for avirulent
R-gene mediated resistance to strains carrying the effectors
AvrB and AvrR ps4. Interestingly, AtCathB1-3 genes act redun-
dantly to positively regulate HR development triggered by Pst
strains expressing AvrB, owing to the fact that atcathb triple-
mutants, but not double- or single-mutant atcathb lines, exhibit
nullified HR (Fig. 1 and Table 2) (McLellan et al., 2009). Taken
together, these observations indicate that CathB is not a uni-
versal HR regulator and its role in defence-related HR seems
to be pathogen-specific.

The tomato cysteine proteases,Rcr3 and PHY TOPTHORA
INHIBITED PROTEASE 1 (Pipl), are two interesting ex-
amples of secreted PLCPs that mediate pathogen perception
in the apoplast. These pathogenesis-related proteases are tar-
geted by phylogenetically unrelated pathogens and appear to
be under strong diversifying selection (Shabab et al.,2008).The
fungal pathogen C. fulvum secretes the effector Avr2 into the
apoplast. Avr2 binds to and inhibits Rer3 and Pipl, forming
Avr2-Rer3 and Avr2-Pipl complexes, respectively (Fig. 1)
(Rooney et al., 2005; Shabab et al., 2008). Avr2-mediated per-
turbations of Recr3 are perceived by the LRR-containing
receptor-like protein (RLP) Cf-2, triggering HR which, in
this case, results in full resistance to C. fulvum (Fig. 1, Table 2)
(Rooney et al., 2005). Interestingly, rcr3 mutant lines do not
exhibit higher susceptibility compared with tomato lines miss-
ing the Cf-2 gene cluster, implying that Recr3 inhibition does
not contribute to virulence (Dixon et al., 2000). Moreover,
Pipl accumulates to higher levels compared to Rer3 in the
apoplast upon treatment with salicylic acid or in response to
diverse pathogen infections. Hence, in agreement with the
‘decoy’ model, it can be hypothesised that Recr3 evolved as
a decoy to perceive effector-mediated perturbations and
that the original operational target of Avr2 is Pipl (Shabab
et al., 2008; van der Hoorn and Kamoun, 2008). In addition
to C. fulvum, the oomycete Phytophthora infestans and the root
parasitic nematode Globodera rostochiensis are also able to in-
hibit Rcr3 via secretion of apoplastic effectors, namely EPIC1
and EPIC2B, and Gr-VAP1, respectively (Lozano-Torres et al.,
2012; Song et al., 2009). However, whilst the weak interaction
between EPICs and Recr3 is not sufficient to trigger HR,
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Fig. 1. Mechanistic roles of cysteine, serine, and theronine proteases in the regulation of hypersensitive response (HR) cell death in plants. The cysteine
(orange), serine (green), and threonine (blue) protease activities highlighted in this review are represented separately in three schematic cells. Bacteria

are represented in light pink, viruses in light grey, and fungi in white. Cysteine proteases (bottom cell). Papain-like cysteine proteases (PLCPs):

the Avr2 effector from C. fulvum binds to its virulence-host target Pip1 and the host decoy cysteine protease Rcr3. The formation of the Avr2—-Rcr3
complex is sensed by the immune receptor Cf-2, leading to HR. CathB is necessary for HR cell death induced by P, syringae carrying the effector AvrB.
Metacaspases: P, syringae carrying the AvrRpm?1 effector is perceived by intracellular immune receptors, which trigger activation of AAMC1 and HR. This
AtMC1-mediated cell death event is genetically inhibited by AtMC2. AtMC4 is required for HR triggered by P, syringae carrying the AvrRpt2 effector and
by £ moniliforme mycotoxin FB1. Vacuolar processing enzymes (VPEs) are involved in TMV-induced HR, and in fungal mycotoxin FM1 and bacterial
harpin-triggered HR. Serine proteases (upper left cell). Saspases are thought to be constituents of a proteolytic cascade upstream of Rubisco cleavage
and victorin-induced cell death in response to treatment of A. sativa leaves with victorin. Phytaspases are imported from the apoplast to the cytosol upon
TMV-induced cell death and are required for HR. Threonine protease (upper right cell). The PBA1/B1 subunit of the proteasome is required for fusion of
the vacuolar membrane with the plasma membrane upon infection with avirulent P syringae carrying the AvrRpm1 or AvrRpt2 effectors. This membrane
fusion facilitates discharge of anti-microbial hydrolytic enzymes, ultimately leading to HR.

formation of a complex between the allergen-like effector
Gr-VAP1 and Rer3 is sensed by the guardian Ct-2, which ul-
timately induces HR at the attempted site of infection (Table
2) (Rooney et al., 2005; Song et al., 2009; Lozano-Torres ef al.,
2012). Consequently, Recr3 provides a striking example of an
antagonistic evolutionary arms race in which a plant PLCP
has evolved as a decoy to trap diverse pathogen effectors into
a recognition event.

VPEs

VACUOLAR PROCESSING ENZYMEs (VPEs) are
cysteine proteases of the CD clan C13 family that cleave their
substrate after asparagine or aspartate residues (Thomas and
van der Hoorn, 2018). Despite their low sequence similarities,
VPEs are evolutionarily related and share structural homology
to caspases (Misas-Villamil et al., 2013). Moreover, they exhibit
caspase 1-like activity. By means of VPE inhibitors and VIGS

experiments, it has been shown that the HR triggered by
tobacco mosaic virus (TMV) in N. benthamiana carrying an N
resistance gene requires active VPEs (Fig. 1, Table 2) (Hatsugai
et al.,2004).A prerequisite of HR is the rupture of the tonoplast
through vacuolar collapse and the subsequent release of hydro-
lytic enzymes to the cytoplasm. Notably, vacuoles of TMV-
infected plants deficient in VPEs are similar to wild-type plants,
suggesting that VPEs are necessary for tonoplast disruption
(Hatsugai et al., 2004). Besides their role in TMV-triggered cell
death,VPEs are also required for a HR -like cell death triggered
by the bacterial elicitor harpin and by fumonisin B1 (FB1),
a toxin naturally produced by the maize necrotrophic fungal
pathogen Fusarium moniliforme (Fig. 1, Table 2) (Kuroyanagi
et al., 2005; Zhang et al., 2010). Remarkably, a necrotrophic
pathogenic strategy to induce cell death and a HR-like cell
death response mediated by the host as a plant defence strategy
are both mediated by VPEs. However, VPEs are not universal
HR regulators. HR-like cell death induced by elicitors such
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Class Protease Protein ID Clan and family  Plant species HR or HR-like  Subcellular Regulatory  References
(UNIPROT) cell death localisation  role in HR
trigger
CYSTEINE Cathepsin Q404183, CA/PLCP,C1 N. bethamiana, Pst (AvrB); Apoplast Positive Gilroy et al.
B F4HVZA, A. thaliana E. amylovora; (2007); McLellan
Q93VC9, Pst DC3000 et al. (2009)
Q94K85
Rer3 Q8S333 CA/PLCR,C1 Solanum C. fulvum; Apoplast Positive Rooney et al.
lycopersicum G. rostochiensis (2005); Lozano-
Torres et al. 2012)
Pip1 Q15612 CA/PLCR,C1 S. lycopersicum  C. fulvum Apoplast Positive Shabab et al.
(2008)
VPE Q39119, Cb/ N. bethamiana, TMV; Mycotoxin Vacuole Positive Hatsugai
Q60G64, Legumain,C13 A. thaliana FB1; Bacterial et al. (2004);
QB0G63 harpin Kuroyanagi et al.
(2005); Zhang
et al. (2010)
AtMCH1 Q7XJE6 CD,C14 A. thaliana Pst (AvrRPM1); Cytoplasm Positive Coll et al. (2010)
H. arabidopsis
AtMC2 Q7XJES CD,C14 A. thaliana Pst (AvrRPMT1); Cystoplasm Negative Coll et al. (2010)
H. arabidopsis
AtMC4 064517 CD,C14 A. thaliana Pm.alAvrRpt2); Cystoplasm Positive Watanabe and
Mycotoxin FB1 Lam (2005)
THREONINE  PBA1 F4JRY2 PB,T1 A. thaliana Pst (AvrRPM1); Cystoplasm Positive Hatsugai et al.
Pst (AvrRpt22) (2009)
SERINE Saspase - SB,S8A A. sativa Victorin Apoplast Positive Coffeen and
Wolpert (2004)
Phytaspase =~ C7E4J6 SB,S8A N. tabacum, ™V Apoplast/ Positive Chichkova et al.
Oryza sativa Cytoplasm (2010)

as fungal nepl1 and oomycete boehmerin do not require VPE
activity (Zhang et al., 2010). Moreover, in the course of com-
patible interactions between the oomycete obligate biotroph
Hyaloperosnospora arabidopsis (Hpa) and Arabidopsis, the activity
of a host VPE (YVPE) is increased upon infection, leading to
enhanced disease susceptibility. Since sporulation of Hpa on
vpe mutant plants is significantly reduced, it can be hypoth-
esised that VPEs play a role during compatible interactions
that is independent of cell death (Misas-Villamil et al., 2013).
Collectively, it can be concluded that the role of VPEs in host
pathogen-triggered PCD also appears to be dependent on the
pathosystem.

Metacaspases

Together with VPEs in the CD clan, and belonging to the C14
family, are metacaspases (Rawlings er al., 2018). Metacaspases
are an ancient group of cysteine proteases found in protozoa,
fungi, plants, and bacteria, and they are predominantly known
for their pivotal roles in PCD in non-metazoan organisms
(Minina et al., 2017). From an evolutionary point of view,
metacaspases are distantly related to animal caspases, although
bioinformatic analyses predict close structural homology to
animal caspases at the catalytic domain, which harbours a cas-
pase-like His-Cys catalytic dyad and a caspase-hemoglobinase
fold (Tsiatsiani ef al., 2011). With regards to their biochemical
features, metacaspases are quite distinct compared to caspases,

owing to their lack of aspartate specificity and their preference
for substrate cleavage after Arg or Lys residues (Vercammen
et al., 2004; Watanabe and Lam, 2005; Gonzalez et al., 2007).
Metacaspases are classified into type I and type II based on
their domain architecture. In plants, type I metacaspases bear
an N-terminal pro-domain extension that is absent in type
II metacaspases. Type II metacaspases, on the other hand, pos-
sess an extended linker region between catalytic subunits and
the C-terminus (Tsiatsiani ef al., 2011). Evidence for a direct
role of metacaspases in HR have come mainly from studies in
Arabidopsis, in which an up-regulation of type I metacaspase
1 (AtMC1) upon pathogen infection was initially reported
(Zimmermann et al., 2004). Subsequently, genetic analysis of
the function of AtMC1 through knock-out mutants revealed
that it is required for the HR-like runaway cell death phe-
notype of the lesion mimic mutant lesion stimulating disease 1
(Isd1) (Coll et al., 2010). In parallel, atmc1 plants exhibit sup-
pression of HR triggered by infection with an avirulent strain
of Pst DC3000 (AvrRpm1) (see Fig. 1) or an avirulent strain of
the oomycete Hyaloperonospora arabidopsidis (Hpa) (Table 2). Of
note, pathogen growth is unaffected in atmc1 plants, provid-
ing another example of HR uncoupled from disease resistance.
Interestingly, AtMC2, a closely related type I metacaspase in
Arabidopsis, genetically serves the opposite function of AtMC1
by negatively regulating HR, as AtMC2 overexpression phe-
nocopies the nullified HR phenotype of atmcl mutant plants,
whereas atmc2 mutants show exacerbated HR (Fig. 1, Table 2).
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Remarkably, whilst the function of AtMC1 is dependent on its
catalytic activity, AtMC2 exerts its negative HR regulation in
spite of the presence or absence of its cysteine catalytic residue
(Coll et al., 2010).

Given that it is such a potent HR mediator, plant cells must
ensure appropriate AtMC1 activation under different stress
scenarios. Consequently, besides the negative regulation of
AtMC1 mediated by AtMC2, plants have evolved alternative
means to keep AtMC1 at bay under basal conditions. LSD1
negatively regulates AtMC1 by directly interacting with the
LSD1-like zinc finger region of the N-terminal pro-domain
of AtMC1 (Coll ef al., 2010). Presumably, this interaction with
the pro-domain impedes autoprocessing of AtMC1, thus pre-
venting its activation. Furthermore, AtSERPINT1 functions as
a ‘suicide inhibitor’ by covalently and irreversibly inhibiting
AtMC1 (Asqui et al., 2018).

In parallel to type I metacaspases, the constitutively expressed
Arabidopsis type II metacaspase AtMC4 has been found to
contribute to the HR-like cell death response triggered by
fungal mycotoxin FB1 and avirulent Pseudomonas syringae pv.
maculicola ES4326 carrying AviRpt2 (Pma AviRpt2) (Fig.
1, Table 2) (Watanabe and Lam, 2005). Two independent
knock-out mutant lines of AtMC4 display attenuated and de-
layed HR-like cell death upon mycotoxin treatment and Prma
(AvrRpt2) infection, respectively. Conversely, AtMC4 overex-
pressor lines treated with mycotoxin FB1 induce a more pro-
nounced HR-like cell death when compared to wild-type
plants. Notably, during mycotoxin FB1-induced HR-like cell
death, catalytic activity and self-processing of AtMC4 in the
cytosol is of critical importance to exert a wild type-like cell
death response (Watanabe and Lam, 2011).

Although solid evidence for the implication of AtMCI1,
AtMC2, and AtMC4 in HR regulation exists, the molecular
mechanisms by which metacaspases exert their pro-death
function during mycotoxin FB1 treatment and downstream of
NB-LRR activation is far from clear. Future determination of
the physiological substrates of metacaspases during the course
of pathogen infection by means of protein degradomics stud-
ies will be of critical importance to enhancing our fragmented
knowledge of HR.

Threonine proteases: PBA1 subunit of the
proteasome

The ubiquitin—proteasome system (UPS) is a protein degrad-
ation system that has long been known for its role in many
fundamental cellular processes, including plant immunity
(Ustun et al., 2016). Ubiquitinated proteins destined for deg-
radation are recognised and degraded by the 26S proteasome,
an ATP-dependent protease complex comprised of 31 sub-
units that are further subdivided into two subcomplexes, the
20S core protease (CP) and the 19S regulatory particles (RPs).
Owing to its caspase 3-like activity, one of the subunits of the
CP subcomplex, PBA1/p1, has been heavily scrutinised in the
context of HR (Hatsugai et al., 2009). PBA1/f1 is a threonine
protease that belongs to the PB clan and T'1 family of cysteine
proteases in Arabidopsis (Thomas and van der Hoorn, 2018).

In the course of an avirulent bacterial infection, the central
vacuole of plant cells fuses with the plasma membrane. By
doing so, anti-microbial hydrolytic enzymes can be released to
the apoplast where bacteria proliferate (Hatsugai et al., 2009).
Upon infection of Arabidopsis with avirulent Pst DC3000
carrying AvrRpt2 or AvrRpml1, inhibition of the PBA1/f1
subunit of the proteasome through caspase 3 and proteasome
specific inhibitors impedes the fusion of the vacuolar mem-
brane with the plasma membrane, which is believed to prevent
discharge of anti-microbial enzymes into the apoplast (Fig. 1,
Table 2). In the same manner, Arabidopsis PBA1/f31-silenced
plants exhibit the exact same phenotype. Consequently, HR is
remarkably reduced in Arabidopsis PBA1/B1-defective plants
compared to wild-type controls, and such impairment is de-
pendent on the caspase 3-like activity of PBA1/f1 (Fig. 1,
Table 2). Of note, concomitant with the reduction of HR is an
increase in plant susceptibility to the avirulent bacterial strains
(Hatsugai et al., 2009). Other catalytic subunits of the prote-
asome such as PBB and PBE do not exhibit caspase-3 like
activity, although silencing of PBB and PBE replicates the HR
suppression observed in PBA1/f1-deficient plants (Hatsugai
et al.,2009). Finally, a subunit of the RP subcomplex, RPN1a,
is required for effective resistance to powdery mildew and mil-
dew-induced cell death. Perturbation of other subunits of the
proteasome such as RPT2a and RPN8a also impair powdery
mildew resistance and mildew-induced cell death (Yao et al.,
2012). However, rpn1a mutant Arabidopsis plants infected with
avirulent Pst (AvrRpt2) and Pst (AvrRPS4) display normal HR
induction compared to the wild-type, suggesting a function of
the RPN1a subunit during induced cell death that is specific
to powdery mildew (Yao et al., 2012).

Subtilisin-like proteases: saspases and
phytaspases

Given the importance of caspases in animal PCD processes,
over the past few decades there has been a considerable effort
to find caspase-like proteases in plants. A thorough examin-
ation of caspase-like activities in plants has led to the conclu-
sion that, although they share a minor structural resemblance
to animal caspases, the majority of caspase-like activities dis-
played in plants can be attributed to subtilisin-like proteins or
subtilases (Vartapetian ef al., 2011). Subtilases are serine prote-
ases, belonging to the SB clan and S8A family, which rely on
the catalytic triad aspartate, histidine, and serine for execution
of their catalytic activity (Rawlings et al., 2018). In the con-
text of HR, saspases and phytaspases represent two examples
of serine proteases that might play indirect and direct roles,
respectively, in the regulation of cell death upon biotic attacks
(Cofteen and Wolpert, 2004; Chichkova et al., 2010).

Saspases

The necrotrophic fungus Cochliobolus victoriae, the causa-
tive agent of Victoria Blight of oats (Avena sativa), produces
the host-selective toxin victorin. Acting in a gene-specific
manner, victorin triggers a form of cell death reminiscent of
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HR. Proteolysis of Rubisco, an in vitro substrate of victorin,
has been demonstrated to be inhibited by caspase-specific and
general inhibitors of cysteine and serine proteases (Navarre and
Wolpert, 1999). In parallel, purification of two specific caspase-
like activities of protein extracts from victorin-treated A. sativa
followed by substrate cleavage assays of caspase-like synthetic
tretrapeptides has suggested the existence of a proteolytic sig-
nalling cascade upstream of Rubisco cleavage (Coffeen and
Wolpert, 2004). Purification of active proteolytic enzymes
followed by N-terminal sequencing has revealed two pepti-
dases that share extensive homology to diverse plant subtilases,
in particular rice subtilisin-like serine proteases. As a result,
the term ‘saspases’ was coined, referring to its serine catalytic
residue and their ‘aspase” activity (Coffeen and Wolpert, 2004).
Alike animal caspases, saspases appear to serve a processing
enzymatic function rather than a degradative one, owing to
their low activity towards general protease substrates, includ-
ing Rubisco. Collectively, it appears likely that, in the pres-
ence of victorin sensitivity, saspases may be constituents of a
proteolytic cascade that leads to Rubisco cleavage and PCD.
Interestingly, saspases localise to the extracellular fluid at the
early stages of victorin-induced PCD, in what appears to be
a tightly regulated secretion event rather than a consequence
of PCD (Fig. 1). As a result, the subcellular localisation of sas-
pases and Rubisco makes it unlikely that they cleave Rubisco
directly (Coffeen and Wolpert, 2004; Vartapetian et al., 2011).
Unfortunately, besides the intriguing biochemical data on sas-
pases, no direct genetic evidence for their involvement in HR
has been identified to date.

Phytaspases

An alternative approach to search for caspase-like proteases
was based on the previous knowledge that the Agrobacterium
tumefaciens-encoded protein VirD2 is cleaved by human cas-
pase 3 at D* within a TATD motif (Chichkova et al., 2004).
VirD2 from A. tumefaciens harbours a nuclear-localisation sig-
nal (NLS) and assists in the transfer of single-stranded DNA
fragments (T-DNA) into the genome of the plant (Tinland
et al., 1995). Since the NLS of Vir2D is essential for success-
ful nuclear uptake of foreign DNA, Chichkova et al. (2004)
hypothesised the existence of a plant protease capable of cleav-
ing VirD2 in a caspase 3-like manner. In order to test this
hypothesis, Vir2D was utilised as a substrate to detect a ‘plant
caspase’ that operates in the course of a TMV infection in
N. tabacum plants carrying an N resistance gene, and they found
a caspase 3-like activity that was exclusively present in plants
undergoing TMV-induced PCD. Subsequent purification of
the protein responsible for the activity in tobacco and rice fol-
lowed by mass spectrophotometry analysis suggested that the
protein was a subtilisin-like protease of the S8 family, which
was thereafter named phytaspase (Chichkova et al., 2010). This
enzyme is comprised of a signal peptide, a pro-domain, and
a protease-associated domain within its peptidase domain
(Vartapetian et al.,2011). In vitro cleavage assays further demon-
strated the aspartate specificity of phytaspases. Moreover, muta-
tional analysis on the catalytic Ser’ of recombinant protein
corroborated a Ser’”’-dependence for substrate cleavage and

maturation of the protease, thus demonstrating autocatalytic
processing of the pro-enzyme (Chichkova et al., 2010).

With regards to their role in HR and defence, several lines
of evidence suggest that phytaspases are required for TMV-
triggered HR in tobacco plants harbouring an N resistance
gene (Chichkova et al., 2010). Transgenic tobacco plants over-
producing phytaspases exhibit enhanced HR upon TMV in-
fection. By contrast, impairment of phytaspase production in
silenced plants results in an attenuation of HR triggered by
TMV (Fig. 1, Table 2). Notably, this latter phenotype can be
restored by heterologous expression of rice wild-type phytas-
pase but not by its catalytically inactive mutant (Chichkova
et al., 2010). In this pathosystem, HR triggered by phytaspases
appears to serve a protective function, as demonstrated by the
fact that in contrast to phytaspase-silenced plants, which tend
to accumulate high levels of TMYV, phytaspase-overproducing
plants have reduced TMV accumulation compared to wild-
type control plants (Chichkova et al., 2010).

In contrast to animal caspases that retain an intracellular lo-
calisation, phytaspases seem to be constitutively synthesised as
zymogens and processed into pro-domainless mature forms
that are secreted to the apoplast (Fig. 1). Intriguingly, upon
viral infection, phytaspases shuttle their subcellular localisation
into the cytoplasm where they may cleave intracellular sub-
strates required to induce HR, pointing towards a spatial regu-
lation of their activity (Chichkova et al., 2010). This re-entry
into the cytoplasm would be needed to explain the observed
VirD2 cleavage by N. tabacum phytaspase. Such protease re-
distribution is exclusive to phythaspases since other apoplastic
proteases that exhibit caspase-like activities, such as CathB, are
confined in the apoplast throughout the entire course of a viral
infection (Gilroy et al., 2007;Vartapetian et al., 2011).

Concluding remarks

More than a century since the discovery of HR, we are still
far from understanding the mechanisms by which this type
of PCD is carried out. However, research over the last decade
has significantly contributed to a better understanding of the
proteases involved in this phenomenon, largely due to the
successful efforts of the expanding plant protease community,
which has developed many tools and methods to efficiently
examine their functions, modes of action, and substrates.

We now know that plants do not have caspases. Their struc-
tural relatives in plants are important both for HR and for
other types of PCD, but they have a different mode of action.
Plants have evolved several different caspase-like activities cata-
lysed by other families or even by classes of proteases. These
caspase-like activities in plants are not only involved in HR,
but also in processes not related to cell death. In this review,
we have only considered the functions of a few proteases in
HR belonging to the cysteine, threonine, and serine protease
families, which are the best characterized. Even so, for most
of them we still do not know the substrates or their upstream
regulators. In addition, several other plant proteases that have
been directly or indirectly linked to HR await characterisa-
tion. Our current knowledge of the process of HR consists
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of various protease activities in different cell compartments of
different plant species infected by different pathogens. These
diverse pieces of the HR puzzle will hopefully be brought to-
gether over the coming years, thanks to the concerted efforts
of the plant protease community.
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ABSTRACT

Recognition of a pathogen by the plant immune system often triggers a form of regulated cell death tradi-
tionally known as the hypersensitive response (HR). This type of cell death occurs precisely at the site of
pathogen recognition, and it is restricted to a few cells. Extensive research has shed light on how plant im-
mune receptors are mechanistically activated. However, two central key questions remain largely unre-
solved: how does cell death zonation take place, and what are the mechanisms that underpin this phenom-
enon? Consequently, bona fide transcriptional indicators of HR are lacking, which prevents deeper insight
into its mechanisms before cell death becomes macroscopic and precludes early or live observation. In this
study, to identify the transcriptional indicators of HR we used the paradigmatic Arabidopsis thaliana-Pseu-
domonas syringae pathosystem and performed a spatiotemporally resolved gene expression analysis that
compared infected cells that will undergo HR upon pathogen recognition with bystander cells that will stay
alive and activate immunity. Our data revealed unique and time-dependent differences in the repertoire of
differentially expressed genes, expression profiles, and biological processes derived from tissue undergo-
ing HR and that of its surroundings. Furthermore, we generated a pipeline based on concatenated pairwise
comparisons between time, zone, and treatment that enabled us to define 13 robust transcriptional HR
markers. Among these genes, the promoter of an uncharacterized AAA-ATPase was used to obtain a fluo-
rescent reporter transgenic line that displays a strong spatiotemporally resolved signal specifically in cells
that will later undergo pathogen-triggered cell death. This valuable set of genes can be used to define cells
that are destined to die upon infection with HR-triggering bacteria, opening new avenues for specific and/or
high-throughput techniques to study HR processes at a single-cell level.

Key words: Arabidopsis thaliana, cell death indicator, effector-triggered immunity, hypersensitive response,
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Molecular Plant
INTRODUCTION

Plants are rich sources of nutrients for pathogens with con-
trasting lifestyles (Dangl et al., 2013). As opposed to animals,
plants do not possess a circulatory system with mobile cells
specialized in pathogen defense (Jones and Dangl, 2006).
Because their cells are fixed by their cell walls, plants rely on
each cel’'s autonomous immunity and on systemic
signals emanating from infection sites to distal cells to prime
the plant for future pathogen encounters (Ausubel, 2005).
Instead of a somatic adaptive immune system that produces
antigen receptors on demand, plant cells are equipped
with  extracellular pattern recognition receptors and
intracellular nucleotide-binding leucine-rich repeat immune re-
ceptors (NLRs) that recognize microbe-associated microbial
patterns and pathogen effectors required for virulence, respec-
tively (Couto and Zipfel, 2016). Pattern recognition receptor
activation brings about a broad defense response called
pattern-triggered immunity (PTI), whereas NLR activation trig-
gers a potentiated and prolonged immune response called
effector-triggered immunity (ETI) that reinforces defense out-
puts observed during PTI (Yuan et al., 2021a; Ngou et al.,
2021b). ETI often culminates in macroscopic localized cell
death at the attempted pathogen ingress site, known as
hypersensitive response (HR) cell death or immune-related
cell death (Olvera-Carrillo et al., 2015; Balint-Kurti, 2019;
Salguero-Linares and Coll, 2019).

Regulated cell death has a crucial role in animal and plant im-
mune responses. Extensive research in the animal field sup-
ports the notion that the immune system is highly dependent
on cell death for a robust and tightly controlled immune
response to occur (Lu et al., 2014; Nagata and Tanaka, 2017).
In plants, our knowledge about the biochemical and genetic
pathways regulating cell death, particularly in the context of
immunity, is still very limited. To shed light on how HR is
orchestrated in plants, most efforts have been directed
towards understanding how NLRs are mechanistically
activated and identifying molecular components upstream or
downstream of NLRs that are required for HR to occur (Wang
et al., 2019a, 2019b; Dangl and Jones, 2019; Ma et al., 2020;
Ngou et al., 2021a).

Plant NLRs can be broadly classified into TNLs (toll/interleukin
receptor-nucleotide binding site-type leucine rich-repeat) and
CNLs (coiled coil domain-nucleotide binding site-type leucine
rich-repeat)based on their domain composition; TNLs contain
a Toll/interleukin-1 receptor, whereas CNLs harbor a coiled-
coiled domain at their N-terminal end (Jones et al., 2016).
Groundbreaking research has shown that, in plants,
pathogen perception leads to NLR oligomerization, which
ultimately results in cell death and immunity (Wang et al.,
2019a, 2019b; Ma et al., 2020; Forderer et al., 2022).
Oligomerized forms of CNLs can form pores at the plasma
membrane that act as Ca*-permeable channels (Wang et al.,
2019a, 2019b; Jacob et al., 2021). Some TNLs, in turn, can
oligomerize upon activation to reconstitute a holoenzyme that
triggers cell death by a mechanism that is not fully elucidated
but may involve their nicotinamide adenine dinucleotide™
hydrolase and their 2/,3-cyclic adenosine/guanosine
monophosphate synthetase activities (Ma et al., 2020; Martin
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et al.,, 2020; Yu et al., 2021). How oligomerization translates
to immune signaling and HR remains to be defined.

In the context of signaling downstream NLR activation or ETI,
large-scale transcriptional studies have highlighted the impor-
tance of phytohormone networks for high-amplitude transcrip-
tional reprogramming to mount a fast and efficient response
(Mine et al.,, 2018). Comparisons of host transcriptional
responses elicited by PTI and ETI suggest minor qualitative
differences in the repertoire of differentially expressed genes
(Navarro et al., 2004; Mine et al., 2018). These studies also
support the recently evidenced assumption that ETI and PTI
share immune signaling components (Yuan et al., 2021g;
Ngou et al., 2021b; Pruitt et al., 2021). However, a central
key question remains unexplored: which early transcriptional
signatures differentiate cells that recognize the pathogen and
will undergo HR from bystander cells that will remain alive
and will activate defenses to fight the pathogen? A few
studies underscore the importance of zonation during HR
(Betsuyaku et al., 2018; Giolai et al., 2019; Lukan et al.,
2020). At the hormonal level, it has been shown that salicylic
acid (SA) plays a major role at pathogen-inoculated spots
that will later undergo HR, whereas the jasmonic acid (JA)
signaling pathway is activated in cells surrounding the central
SA-active cells (Dorey et al., 1997; Betsuyaku et al., 2018).
Precision transcriptomics during the immune response
elicited by the potato Ny-1 gene against potato virus
Y revealed the importance of SA accumulation and genes
involved in generation of reactive oxygen species for efficient
confinement of macroscopic cell death lesions caused by po-
tato virus Y (Lukan et al., 2020). The cell wall polymer lignin
has also been shown to participate in HR zonation by
forming a physical barrier around the infection site upon
pathogen recognition that presumably contributes to
confining the invading agents and restricting colonization
(Lee et al., 2019). A transcriptional meta-analysis of develop-
mental versus HR cell death in plants could only reveal robust
indicators of developmental cell death but not HR cell death
(Olvera-Carrillo et al., 2015). We realized that the limitation of
previous large-scale transcriptomic analyses lacked the spatial
dimension of HR (Lewis et al., 2015; Mine et al., 2018) because
dying cells were not compared with bystander cells, and the
focus was not on identifying specific cell death markers but,
rather, on bulk-analyzing the ETI response at the inoculated
area.

A systematic gene expression analysis of the zonation of HR
overtime would help us to understand the process of HR at
the molecular level and, importantly, would allow definition of
bona fide transcriptional markers of the process. With this pur-
pose, we generated RNA sequencing (RNA-seq) data to sys-
tematically analyze and compare the transcriptional programs
taking place at the zone of inoculation/pathogen recognition
that will undergo HR versus the surrounding area that will stay
alive and activate immunity. We show unique and time-
dependent differences in the repertoire of differentially ex-
pressed genes (DEGs) and expression profiles derived from tis-
sue undergoing HR and that of its surrounding tissues. We
generated a pipeline based on pairwise comparisons between
time, zone, and treatment that enabled us to define 13 robust
transcriptional HR markers and a fluorescent transgenic
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reporter line. These valuable sets of genes can be used to
define cells that are destined to die upon pathogen recognition
before onset of cell death becomes macroscopically visible,
opening new methods to study the involved processes by live,
cell-specific, and/or high-throughput techniques.

RESULTS

Zonally dissected Arabidopsis transcriptomes upon Pto
AvrRpm1 infection reveal unique spatiotemporal gene
expression

In our experiments, we used the paradigmatic interaction be-
tween Arabidopsis thaliana Col-0 (hereafter Arabidopsis) and
the bacterial pathogen Pseudomonas syringae pathovar tomato
(Pto) carrying the effector AvrRpm1 (hereafter Pto AvrRpmf1),
which triggers restricted HR at the site of inoculation upon
recogniton by the CNL RPM1 (RESISTANCE TO
PSEUDOMONAS SYRINGAE PV MACULICOLA 1) (Mackey
et al., 2002). To zonally dissect HR and its surroundings, we
syringe-infiltrated a limited area (roughly 3-4 mm) at the side
edge of Arabidopsis leaves with a mock solution or Pto
AvrRpm1. Collected tissue from this area was designated as
the “IN” zone. To ensure proper separation between IN and
OUT zones, a buffer zone expanding 1 mm next to the IN
area was discarded, and a parallel region expanding 1-2 mm
toward the vein was designated as “OUT” (Figure 1A). We
collected tissue 0, 1, 2, 4 and 6 h post-inoculation (hpi), ex-
tracted RNA, and assessed transcript abundance by RNA-
seq. Under these conditions, macroscopic cell death started
to appear at 4 hpi in the Pto AvrRpm1-inoculated samples, as
visualized by trypan blue staining (Figure 1B). As expected,
this cell death is concomitant with a dramatic drop in
photosynthetic efficiency of photosystem |l (Fv (variable
fluorescence)/maximum fluorescence in the dark-adapted
state [Fm] ratio) and electron transport rate (ETR) at the IN
area (Figure 1C; Berger et al., 2007).

To determine whether the obtained RNA-seq data complied with
our working hypothesis of spatiotemporal gene expression regu-
lation, we performed a principal-component analysis (PCA)
(Supplemental Figure 1A and 1B). We observed that, at the IN
area, Pto AvrRpm1-treated samples separated from their mock
controls from 2 hpi onward. At the OUT area, however, only Pto
AvrRpm1-treated samples at 4 and 6 hpi separated from mock
controls. Overall, the PCA confirms that the biggest changes in
gene expression are produced at IN, particularly at 4 and 6 hpi,
whereas at OUT, there is a subtler modulation that is most
pronounced at 4 hpi.

Next we identified DEGs between bacteria and mock-
inoculated samples (DEGs; false discovery rate [FDR] < 0.05
and |log2FC| > 2), characterizing the transcriptional changes
occurring at each tissue area at every time point. We found a
total of 5495 DEGs at the IN zone and 1785 at the OUT zone
(Figure 2A; Supplemental Table 1). Enrichment of Gene
Ontology (GO) terms was examined in every group of DEGs
at each specific time point (Supplemental Figure 2;
Supplemental Table 2). Upregulated genes at the IN area
were enriched in immunity- and phytohormone-associated
processes (Supplemental Figure 2A). Immunity-related GO
terms associated with PTl and ETI, such as “plant-type hyper-
sensitive response” and “pattern recognition receptor

Molecular Plant

signaling pathway,” appeared at initial stages of infection (1
and 2 hpi), whereas at later stages (from 2 hpi onwards), there
is enrichment of GO terms associated with more general de-
fense and abiotic stress processes, such as ‘“defense
response to bacteria” and “response to wounding,” respec-
tively (Supplemental Figure 2A). Regarding phytohormone-
related processes, we observed an enrichment in SA-related
GO terms from 1 hpi onward, confirming the importance of
SA at the HR/IN area (Dorey et al., 1997; Zheng et al., 2015).
In contrast, GO terms associated with JA were particularly
overrepresented at later time points (4 and 6 hpi), in
accordance with previous findings demonstrating that SA can
activate JA signaling through a non-canonical pathway pro-
moting ETI (Liu et al.,, 2016). GO terms related to other
defense/stress-related phytohormones, such as ethylene and
abscisic acid, were also enriched at 4 and 6 hpi
(Supplemental Figure 2A).

Among downregulated genes at the IN zone, an enrichment in
GO terms related to photosynthesis and chloroplast biology
occurred at late time points (4 and 6 hpi) (Supplemental
Figure 2B). This correlates with the drop in photosynthetic
efficiency shown in Figure 1C, which is part of the defense/
yield trade-off to derive resources for immune responses and
shut down production of sugars and nutrients because they
might serve as a source for pathogen survival and multiplication
(Lu and Yao, 2018).

Strikingly, at the OUT area, we only observed differential expres-
sion at late time points (4 and 6 hpi), with an overall reduction in
the number of DEGs compared with the IN area (Figure 2A).
Upregulated genes were enriched in GO terms associated with
hormonal regulation, particularly the JA signaling pathway
(Supplemental Figure 2C). Downregulated genes at the OUT
area did not show any enriched GO term, possibly because of
the low number of genes.

To identify genes exclusively upregulated (FDR <0.05 and |
log2FC| > 2) at the IN or OUT areas, we first generated Venn dia-
grams representing the number of genes modulated at each time
point upon infection (Figure S3). This analysis confirmed that
upregulation at IN and OUT mainly occurs at 4 or 6 hpi
(Figure S3); therefore, we selected these two time points to
identify genes that are exclusively upregulated at each tissue
area (Figure 2B). Specifically, we found a total of 1840 genes
being upregulated exclusively at IN, 1117 genes upregulated at
IN and OUT, and 221 genes being exclusively upregulated at
OUT (Figure 2B; Supplemental Table 3). Among the
overrepresented GO terms found in genes exclusive to the IN
area were “defense response to bacterium,” “response to
molecule of bacterial origin,” and “response to salicylic acid.”
We also found various GO terms associated with responses to
several other stresses, such as salt, oxygen-containing com-
pounds, sulfur compounds, heat, and hydrogen peroxide
(Figure 2C; Supplemental Table 4), which is not surprising
considering that the tissue is undergoing cell death. In contrast,
overrepresented GO terms in genes exclusively upregulated at
the OUT area included “regulation of defense response” and,
interestingly, “response to wounding” and “response to
jasmonic acid” (Figure 2C; Supplemental Table 4). These JA-
related genes follow a very distinct expression pattern with an
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A Area Treatment

Time (hpi)

Figure 1. HR in plants can be spatiotempo-
rally dissected.

MOCK:

& 10mM MgCl,

INFECTED:

sﬁ Pto AvrRpm1

0 (A) Experimental design of the study. A limited area
(3-4 mm) at the side edge of 4-week-old A. thaliana
1 Col-0 leaves was syringe infiltrated with Pto

2 AvrRom1 at 2.5 x 107 CFU/ml (infected) or a 10 mM
MgCl, solution (mock), and samples were collected
at 5 different time points after infection: 0, 1, 2, 4
4 and 6 hpi. Upon infiltration, the edge of the infil-
trated area was marked, and the total area infil-
trated was designated IN. A 1-mm buffer zone right

6

0 hpi 1 hpi 2 hpi 4 hpi

. next to the IN zone ensured proper separation be-
6 hpl tween the IN and OUT area, which was the parallel

10mM MgCl,

region that expanded from the edge of the buffer
zone to 1-2 mm toward the vein. Three biological
replicates per area, treatment, and time point
were collected and subjected to RNA-seq analysis.
(B) Analysis of macroscopic cell death upon infec-
tion with Pto AvrRpm1 or 10 mM MgCl, solution.

Pto AvrRpm1 ‘ s oy I | ,

Leaves were infected as described in (A) and sub-
sequently stained with trypan blue. Scale bar,
3 mm.

(C) Representative images of mock- or Pto
AvrRm1-treated plants subjected to pulse ampli-
tude modulation (PAM) chlorophyll fluorescence

B

c 0 hpi

measurement to monitor photosynthesis. Scale
bar, 3 mm. Photosynthetic efficiency (Fv/Fm ratio)
and electron transport rate (ETR) were measured

in the infiltrated area (IN) and the neighboring tissue
(OUT). Measurements were taken at 0, 1, 2, 4, and
10mM MgCl, 6 hpi. Results are representative of 6 different mea-
surements of each tissue area from 6 different
plants. Letters indicate statistically significant dif-
ferences in Fv/Fm ratio or ETR values following a
two-way analysis of variance (ANOVA) with Tu-
Pto AvrRpm1 key’s honestly-significant-difference (HSD) test (o =
0.05). Exact p values are provided in Supplemental
Table 5.
IN ouT Q IN ouT visualize the behavior of the remaining OUT-
0.9+ 5 specific genes throughout the course of
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0.8 1e=s « alewwe = = L4s5lésn 5 Bl[™sx o the infection, we generated heatmaps
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0.41 B 3 2 & 3 expression patterns and whether particular
012 4 —6- 012 4 6 T 15 012 a 6 012 4 & biological processes were associated with
Time (hpi) o Time (hpi) those patterns. We first analyzed gene

early peak at 1 hpi at the IN and OUT areas and a second peak
at 4 hpi of higher intensity in the OUT zone (Supplemental
Figure 5; Supplemental Table 4). Although further experimental
validation would be required, these data reveal expression
patterns of a set of genes that could potentially be used
as OUT markers along with previously reported markers, such
as VSP1 (Chung et al., 2008; Betsuyaku et al., 2018). To better

expression profiles using Fuzzy c-means, a

soft partitioning algorithm that offers robust
clustering with regard to noise by variation of a fuzzification
parameter that limits the contribution of ill-behaved profiles
to the clustering process (Olsen et al., 2006; Kumar and
Futschik, 2007). Based on this, we could define three and
five distinct and non-overlapping clusters for Pto AvrRpm1-
treated samples in the IN and OUT areas, respectively
(Figure 3; Supplemental Figure 8; Supplemental Tables 6 and
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7). Genes within each cluster were subsequently re-clustered
in mock-treated samples, producing two distinct sub-clusters
(Figure 3; Supplemental Figure 8; Supplemental Tables 6
and 7). This procedure provided a more detailed overview

Gene number
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Figure 2. Spatiotemporal dynamics of the tran-
scriptomes reveal time- and zone-dependent
gene expression signatures upon infection.

(A) DEGs (FDR < 0.05 and |log2FC| > 2) in Pto AvrRpm1-
infected plants compared with mock-treated plants at
each time point at the IN (left) and OUT (right) areas. Red
denotes upregulated genes, and blue indicates down-
regulated genes. Yellow indicates genes with an FDR of
less than 0.05 but |log2FC| < 2, whereas gray indicates
genes not complying with FDR or log2FC criteria.

(B and C) Genes exclusively upregulated (FDR <0.05 and
log2FC > 2) at IN or OUT areas of infection at 4 and 6 hpi.
(B) Venn diagram showing sizes of gene sets that are
upregulated (FDR < 0.05 and log2FC > 2) upon bacterial
infection at 4 and/or 6 hpi at IN, OUT, or both areas.

(C) GO terms representing enriched biological processes
derived from genes exclusively upregulated at IN or OUT
areas at 4 and/or 6 hpi. The most specific term from each
family term provided by PANTHER was plotted along with
the corresponding gene number, fold enrichment (FE),
and FDR (Bonferroni correction for multiple testing) rep-
resented as logqo. Only GO terms with an FE above 2
and FDR below 0.05 were plotted.

of the differences and similarities of trajectories
between treatments over time and reflected
the well-documented wound response that
takes place in mock-treated tissue (Mine et al.,
2018; Giolai et al.,, 2019; Vega-Munoz et al.,
2020).

At the IN area of infection, cluster | exhibited a
pattern of upregulation from 0-2 hpi and mild
downregulation from 2-6 hpi (Figure 3A). Genes
near its centroid (membership score value
[MSV] > 0.7; see Methods) are mainly associated
with immune-related GO terms (Supplemental
Figure SBA; Supplemental Table 8). Genes in this
cluster followed two distinct trajectories in the
mock-treated samples. Mock sub-cluster 1.1
showed a steady increase throughout the experi-
ment, and mock sub-cluster 1.2 exhibited a
typical wounding immune-related response com-
mon in infected samples, peaking at 1 h and
rapidly returning to steady-state levels (Savatin
etal., 2014).

Cluster 1I-IN includes genes with a sharp
increase in expression at 4 hpi (Figure 3A).
Many of the genes following that trajectory
are involved in protein degradation processes
(autophagy, protein targeting to the vacuole,
proteasome-mediated  degradation)  taking
place in response to infection (Supplemental
Figure S6A; Supplemental Table 8). Sub-
clusters from mock-treated samples predomi-
nantly followed a similar steady trajectory

throughout the experiment, which points to an infection-
specific effect of upregulation on protein turnover because of
infection at the IN area (Figure 3A; Supplemental Figure7A;
Supplemental Table 10).
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Figure 3. Gene expression profile clus-
tering reveals three distinctive expression
patterns at the IN and OUT areas of infec-
tion

(A and B) Non-overlapping clusters derived from
Pto AvrRpm1- and mock-treated plants for IN (A)
and OUT (B) areas. Standardized expression to Z
scores (y axis) is calculated by subtracting the
mean and normalizing to standard deviation. The
trajectory that defines the overall expression

profile of each cluster through the course of the
infection is shown in red for Pto AvrRpm1-treated
plants. Genes derived from Pto AvrRpm1-treated
samples were re-clustered for mock-treated

samples, and their trajectories are represented
in gray. Because the expression profile of these

genes in mock-treated samples was very distinct
among the overall number of genes, they were
divided into two sub-clusters represented as
dotted or dashed gray lines. The number of genes
that constitute each cluster is indicated below
each cluster. Genes comprising each cluster
along with their MSV can be found in
Supplemental Tables 6 and 7.

area (Figure 3B; Supplemental Figure 7B;
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Supplemental Table 11).

Cluster 1I-OUT in Pto AvrRpm1-treated
samples follows an expression pattern
with two sharp upregulation peaks at 1
and 4 hpi (Figure 3B). These trajectories

Cluster llI-IN exhibits an expression pattern of steady downre-
gulation from 0-4 hpi, followed by a slight recovery of expres-
sion from 4-6 hpi (Figure 3A). This cluster includes mostly
genes belonging to GO terms related to photosynthesis
(Supplemental Figure 6A; Supplemental Table 8). In this
case, mock-treated samples sub-cluster into two distinct pat-
terns of expression. sub-cluster 3.1 follows a similar pattern as
infected samples, and sub-cluster 3.2 shows a transient
decrease of expression at 1 h, followed by a recovery phase
from 2-6 hpi (Figure 3A). Our data show that only certain
components of the photosynthetic machinery are specifically
affected by the pathogen treatment (Supplemental
Figures 6A and 7A; Supplemental Table 10).

At the OUT area of infection, cluster | includes genes that
display a sharp peak of expression at 4 hpi (Figure 3B). From
this cluster, genes near the centroid belong to GO terms
associated with metabolism, hormonal regulation, and
wounding response, among others (Supplemental Figure 6B;
Supplemental Table 9). Interestingly, JA- and SA-responsive
genes, which are known to act antagonistically and coopera-
tively during ETI (Liu et al., 2016; Betsuyaku et al., 2018),
seem to be highly enriched in the OUT area. Genes
comprising the mock-derived sub-clusters follow a similar
trend of steady expression throughout the time course of the
experiment, suggesting that the peak of high expression is a
specific response to the bacterial infection in the surrounding

are followed by genes associated with JA-

related processes and wounding, which is
a very specific pattern exclusively found at the OUT zone
(Figure 3; Supplemental Figure 6B; Supplemental Table 9). The
early peak at 1 hpi shared between mock and infected samples
could account for a wounding response elicited early at the
area surrounding the syringe-infiltrated area, whereas the peak
at 4 hpi appears as a late response that occurs specifically at
the tissues surrounding the pathogen inoculation area (Figure 3;
Supplemental Figure 6; Supplemental Table 11).

In cluster IlI-OUT, the trajectory of genes from Pto AvrRpm1-
treated samples does not remarkably differ from mock treat-
ment (Figure 3B). Genes that comprise this cluster mainly fall
into GO terms associated with the photosynthetic machinery
(Supplemental Figure 6B; Supplemental Table 9). These data
indicate that photosynthesis at the OUT area of infection does
not seem to be altered by pathogen infection as opposed to
the IN area (Figure 3B; Supplemental Figures 6 and 7),
correlating with the zonal photosynthesis efficiency values
shown in Figure 1C and as reported previously (Berger et al.,
2007).

Novel zonal HR transcriptional indicators can be
elucidated from pairwise comparisons between time,
treatment, and area

To identify robust HR markers that are exclusively upregulated
at the site of cell death (IN area), we conducted a pipeline of dif-
ferential expression analysis that consisted of concatenated
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Figure 4. Identification of HR markers specific for the IN area of infection.
(A) Schematic of the sequence of filters applied to identify indicators. Four filters were concatenated, considering the three variables of our experimental
design: time, treatment, and tissue area. Briefly, in the first filter, we selected genes differentially upregulated from 0-4/6 hpi (FDR < 0.05 and log2FC > 2)
at the IN area (red) upon bacterial infection. From the genes that passed this first filter, we selected those that were exclusively upregulated (FDR < 0.05
and log2FC > 2) because of bacterial infection at the IN area at 4/6 hpi. Subsequently, from the genes that made it into the third filter, we selected those
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pairwise comparisons considering the three variables in our
experimental design: time, treatment, and area (Figure 4A).
Because the highest degree of differential expression between
treatments took place at 4 and 6 hpi (Figure 2A), we carried out
the comparisons at these two time points independently.
First we focused on the time variable and selected genes that
were confidently upregulated at the IN area of Pto AvrRpm1-
infected plants at 4 and/or 6 hpi compared with 0 hpi (first filter:
FDR < 0.05 and log2FC > 2). Then we removed genes also
upregulated at 4 and/or 6 hpi at the IN area in mock controls
(second filter: FDR < 0.05 and log2FC > 2). Because we aimed
to find genes only upregulated at the IN/cell death area, we
next removed genes that were upregulated by bacterial
inoculation at the OUT area at least to half of the levels of the
IN zone (third filter: FDR < 0.05 and log2FC < 1). Finally, from
the genes that met those three criteria, we kept those that were
differentially upregulated at the IN compared with the OUT area
in Pto AvrRpm1-infected plants (fourth filter: FDR < 0.05 and
log2FC > 2) (Figure 4A).

Atotal of 32 genes passed all 4 filters, constituting a set of poten-
tial HR indicators (Supplemental Figure 9). From these, 24 were
extracted from the 4-hpi dataset, 11 from the 6-hpi dataset,
and 3 from both time points (Supplemental Figure 9). Because
of the stringency of the filters, none of these genes passed all
filters at 1 or 2 hpi, although 7 of them were upregulated after
infection at the IN zone at these early time points (M5, M6, M7,
M8, M9, M11, and M12). The expression profiles of these
putative HR indicators can be visualized as DESeq2 pseudo-
counts as a function of time at both areas of infection in
Supplemental Figure 10. The expression patterns of these 32
genes at 0 and 4/6 hpi were validated by quantitative real-time
PCR using newly obtained biological samples (Supplemental
Figure 11). To ensure that the potential markers were
exclusively upregulated as part of the HR response triggered by
effector-mediated bacterial recognition and not as part of the de-
fense responses triggered by disease-causing bacteria, we also
included samples inoculated with Pto DC3000 empty vector
(EV) (Pto EV), a strain that causes disease but does not trigger
HR in Arabidopsis Col-0. Among the 32 genes tested, a total of
14 (10 of them at 4 hpi and 4 at 6 hpi, with one at both time
points) behaved as bona fide HR indicators (Figure 4B and 4C),
showing distinctive upregulation specifically triggered at the IN
area by an HR-causing bacterium.

The At5g17760 promoter specifically drives expression
of GFP to the IN area of infection, constituting a robust
transcriptional live marker of HR

To generate much-needed tools to extend our understanding of
how HR unfolds at the infection site and its surrounding tissue,
we generated stable transgenic Arabidopsis plants expressing

Plant HR indicators

green fluorescent protein (3 x GFP) under control of the promoters
of each of the 13 identified putative HR marker genes. A nuclear
localization signal (NLS) was fused to GFP to concentrate the
signal in the nucleus and facilitate detection, which enabled us
to distinguish promoter-driven fluorescence from the autofluor-
escence derived from HR (Betsuyaku et al., 2018).

We focused our analysis on plants expressing pAT56G17760:NLS-
3xGFP (corresponding to M13) because they showed high, cell-
specific, robust, and clear GFP signals in the nuclei of the leaf re-
gions infected with Pto AvrRpm1 (Figure 5B; Supplemental
Figure 12). In several independent transgenic lines, activation of
PAT5G17760 was limited to the syringe-infiltrated area and could
not be detected in the surrounding tissue (Supplemental
Figure 13). In all pAT5G17760:NLS-3xGFP marker lines, the GFP
signal appeared concomitant with cell death, as shown by trypan
blue staining (Figure 5B; Supplemental Figures 12 and 13). A
clear GFP signal was not detected in all other marker lines tested.

In addition to Pto AvrRBpm1, we also analyzed the response of
PAT5G17760:NLS-3xGFP plants to Pto expressing AvrRpt2
(Pto AvrRpt2), which induces HR in Col-0 plants via the CNL
RESISTANT TO P. SYRINGAE 2 (RPS2) (Mackey et al., 2003)
and to Pto expressing AvrRps4 (Pto AvrRps4), where HR is
mediated by the TNL pair RPS4/RRS1 and requires helper
NLRs (Gassmann et al., 1999; Narusaka et al., 2009). The same
pattern was observed after infiltration with Pto AvrRpt2 or Pto
AvrRps4 (Figure 5B), which indicates that pAT5G 17760 robustly
responds to pathogen-mediated activation of different classes
of NLR receptors. As controls, we included mock, Pto EV, and
a non-pathogenic mutant strain secreting no effectors (Pto
hrcC™) (Alfano et al., 2000). Importantly, infiltration with the
mock solution or with non-HR-causing bacterial strains did not
activate pAT5G17760. For microscopy imaging experiments,
we used a lower bacterial inoculum (optical density 600 [ODggg]
0.01) to mimic more natural infection conditions and delay the
onset of HR and tissue collapse (Figure 5A), which was
necessary for microscopic detection of GFP. At higher
inoculum levels, rapid accumulation of phenolic compounds at
the site of infection results in extremely high autofluorescence
levels that hamper imaging.

Because pathogens with contrasting lifestyles can trigger HR or
HR-like cell death in plants, we tested whether this reporter line
can be employed in a broader sense. We infected adult Arabidop-
sis leaves by drop inoculation with Botrytis cinerea, a necrotrophic
pathogen that kills plant tissue prior to feeding, using a range of
toxic molecules (Muckenschnabel et al., 2002). At 3 days post-
inoculation (dpi), we observed GFP expression in the nuclei
of cells at the region inoculated with the pathogen as opposed
to mock-inoculated plants (Supplemental Figure 14). Our
observations indicate that pAT5G77760 activity is spatially

that were not highly upregulated in the OUT area (blue) upon bacterial infection at 4/6 hpi (FDR < 0.05 and log2FC < 1). Finally, we applied a fourth filter to
discard genes that could potentially be basally upregulated at the OUT area upon pathogen treatment at 4/6 hpi (FDR < 0.05 and log2FC > 2). The starting
number of genes and the genes passing the different filtering criteria are indicated.

(B) Quantitative real-time PCR and RNA-seq expression profiles of marker genes that behave as bona fide HR indicators. Relative expression levels to the
housekeeping gene EIF4a are represented as FE between 4/6 and 0 hpi. Error bars represent standard error of the mean from three independent ex-
periments. Letters indicate statistically significant differences between treatments following one-way ANOVA with Tukey’s HSD test (o = 0.05) performed
independently at IN and OUT. NS, non-significant after one-way ANOVA. Exact p values are provided in Supplemental Table 5.

(C) List of HR indicators along with their gene ID, gene name, and description.
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Figure 5. AT5G17760 encodes an AAA-

ATPase and is a reliable HR indicator specif-
c ically induced at the IN area by activation of
different classes of NLR receptors.
(A) Representative images of trypan blue-stained
leaves, epifluorescence microscopy, and confocal
microscopy from pAT5G17760:NLS-3xGFP Arabi-
dopsis transgenics. A small region of 4-week-old
PAT5G17760::NLS-3xGFP leaves was syringe in-
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regulated and confined to the area undergoing HR elicited by
hemibiotrophic (P. syringae) and necrotrophic (B. cinerea)
pathogens. Thus, the transgenic reporter line pAT5G17760:NLS-
3xGFP is a very useful tool to monitor this process in planta.

The AT56G17760 gene encodes a putative ATPase associated with
diverse cellular activities (AAA) ATPase of unknown function. A
knockout mutant of this gene did not show any alteration in HR
or pathogen growth restriction compared with wild-type plants
(Supplemental Figure 14). The lack of phenotype could be due

Magnified image (Epifluorescence)

filtrated with Pto expressing the effectors AvrRpm1,
AvrRpt2, or AvrRps4 at 1 x 107 CFU/ml (ODgpo =
0.01). Besides mock treatment, the non-cell-death-
causing bacterial strains Pto DC3000 EV and Pto
DC3000 hrcC~ were included as negative controls.
Images were taken 16 hpi. Scale bar, 3 mm. Images
were taken 16 hpi on a Leica DM6 microscope and
a confocal microscope prior to trypan blue staining.
Scale bar, 3 mm. Expression of pAT5G17760 is
detected as green dots corresponding to nuclei
with a positive GFP signal. Scale bar, 100 pm. A
representative magnified image of a Pto AvrRpm1-
infected leaf expressing pAT5G17760:NLS-3xGFP
at 16 hpi is also shown. Scale bar, 3 mm.

(B) Quantification of fluorescent nuclei from
confocal microscopy pictures in (A). Nucleus count
was performed using ImagedJ software. Data are
representative of three independent experiments,
each containing 4 leaves. Letters indicate statisti-
cally significant differences in the number of nuclei
following one-way ANOVA with Tukey’s HSD test
(@ = 0.05). Exact p values are provided in
Supplemental Table 5.

(C) Activation of pAT5G 17760 occurred upon drop
inoculation infection with the necrotrophic
pathogen B. cinerea or a mock solution. Four- to
five-week-old leaves from pAT5G17760::3xGFP
transgenics were drop inoculated with B. cinerea
at concentration of 1 x 10° spores/ml. Images in
the left panels show trypan blue-stained leaves
and in the right panels leaves imaged under an
epifluorescence microscope at 3 days post-
inoculation (dpi). Scale bars, 3 mm.

Treatment

to functional redundancy/compensation, a
very common masking phenomenon in plants.

HR markers and particularly
At5g17760 are highly upregulated in
other RNA-seq datasets from plants
undergoing ETI and autoimmunity

We looked at the behavior of At5g17760 and

the rest of the marker genes in already pub-

lished RNA-seq datasets from plants under-
going ETI or autoimmune mutant plants displaying constitutive de-
fense responses and runaway cell death (Supplemental Figure 16;
Mine et al., 2018; Yang et al., 2020; Barragan et al., 2021;
Chantarachot et al., 2020). Fold changes from marker genes
with significant p values (FDR < 0.05) in these datasets were
plotted as heatmaps to reveal their level of upregulation
(Supplemental Figure 16). As expected, most gene markers are
significantly (FDR < 0.05) upregulated during ETI triggered by
Pto AvrRpm1 and Pto AvrRpt2 at 4, 6, and 9 hpi in Mine et al.
(2018) (Supplemental Figure 16A). Interestingly, At5g17760 is the
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highest upregulated gene in hos715-4 and rh6812 mutant plants un-
dergoing autoimmunity (Chantarachot et al., 2020; Yang et al.,
2020). Likewise, upregulated genes from datasets of
incompatible Arabidopsis F1 hybrids (Cdm-0 x TueScha-9) exhib-
iting autoimmunity comprised most HR markers found in this
study, with At5g17760 being the highest upregulated gene
(Barragan et al., 2021; Supplemental Figure 16B).

DISCUSSION

Zonation of HR in plants is underscored by distinct gene
expression patterns and processes in dying versus
bystander cells

In plants, pathogen recognition via intracellular NLR receptors
often results in an HR reaction that helps prevent pathogen prolif-
eration (Pitsilietal., 2020). This is a highly zonal response that takes
place at the site of infection, where dying cells send signals to the
surrounding tissue to activate defenses and block pathogen
invasion. Traditionally, the plant immune system has been
considered strictly two branched, with PTI elicited by recognition
of conserved pathogen patterns via cell surface receptors and
ETI recognizing pathogen effector proteins secreted into the
plant cell via intracellular NLR receptors (Jones and Dangl,
2006). Over the last decades, many efforts have been directed
toward understanding the transcriptional reprogramming elicited
during PTI and ETI (Tao et al., 2003; Lewis et al., 2015; Bozso
et al.,, 2016; Mine et al., 2018; Duan et al., 2020). One of the
major conclusions drawn from these studies is that, although the
repertoire of DEGs in the host is largely similar, ETI leads to a
faster and more robust transcriptional response than PTI (Tao
et al., 2003; Mine et al., 2018; Yuan et al., 2021a, 2021b; Ngou
et al., 2021b). These findings, together with emerging evidence
showing additional levels of synergy and crosstalk between PTI
and ETI, have somewhat blurred the traditional PTI-ETI dichotomy
(Ngou et al., 2021a; Dongus and Parker, 2021; Pruitt et al., 2021).
However, despite the large amount of time-resolved transcriptom-
ics data (Tao et al., 2003; Lewis et al., 2015; Hillmer et al., 2017;
Mine et al., 2018), the spatial consideration of HR upon ETI
activation has been partly overlooked, with only few studies
pointing to its importance in regulating the process (Dorey et al.,
1997; Betsuyaku et al., 2018; Giolai et al., 2019; Lukan et al.,
2020). It remains unclear whether and to what extent
transcriptional reprogramming takes place in the vicinity of cell
death compared with that occurring at the infected area upon
bacterial infection.

Our experimental design (Figure 1A) considered the spatiotemporal
angle of plant HR to gain a better understanding of how this process
is restricted to a few cells upon pathogen recognition and to define
robust markers of the dying area over time. This is particularly
important because, in plants, cell death characterization has
largely relied on biochemical and morphological hallmarks, most
of which are postmortem and, in most cases, do not provide
unequivocal criteria (van Doorn, 2011; van Doorn et al., 2011). We
currently lack a set of genes that can be employed as gene
indicators of cell death triggered by pathogens. In silico
comparisons of transcriptome profiles at different developmental
stages and upon environmental stresses leading to cell
death enabled identification of cell death indicators of
developmentally regulated programmed cell death that can be
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used to detect or even isolate cells that are ready to die (Olvera-
Carrillo et al., 2015). The same approach did not lead to
identification of reliable HR markers, partly because the available
datasets were not obtained on zonally resolved samples (Olvera-
Carrillo et al., 2015).

Here differential expression analysis and clustering of genes based
on expression profiles over time enabled us to infer biological pro-
cesses taking place at each tissue area (IN/OUT) upon bacterial
infection, giving us hints about how HR can be spatially restricted.
At the IN area, genes involved in a local immune response to ETI-
triggering bacteria are greatly induced from 1 hpi onwards (cluster
I) (Figure 2A; Supplemental Figure 2A; Figure 3A). Tissue fromthe IN
area also contains a set of genes that show a peak of upregulation
from 2—-4 hpi (cluster Il), involved in diverse biological processes
ranging from regulation of immunity, responses to JA and SA,
and protein turnover (Supplemental Figure 6A). It is now well
established that proteasome activity is strongly induced during
bacterial infection and that certain subunits of the proteasome
are required for efficient fine-tuning of immune responses in plants
(Misas-Villamil et al., 2013; Ustun et al., 2016, 2018). Finally, we
identified strong transcriptional repression of photosynthetic
genes at 4 hpi at the IN area (cluster Ill) (Figure 2B; Supplemental
Figure 2B; Figure 3A; Supplemental Figure 6A), in accordance
with the previously established notion that infection results
in global downregulation of genes associated with the
photosynthetic machinery (Bilgin et al., 2010). This specific
decrease in photosynthesis is particularly interesting in light of
recent reports of the interplay between bacterial effectors and
the chloroplast, where certain effectors can suppress chloroplast
functions and, in turn, chloroplasts can adopt immune functions
to fight off pathogens (Kachroo et al., 2021; Littlejohn et al., 2021;
Savage et al., 2021).

Our results also show that transcriptional reprogramming in host
cells surrounding the infection area (OUT area) is less extensive,
with a lower number of DEGs than at the IN area, and starts later,
mostly from 4 hpi onward (Figure 2A). Remarkably,
photosynthesis is not significantly affected at the OUT area,
corroborating our in vivo measurements (Figure 1C) and previous
findings (Bilgin et al., 2010). A relatively functional photosynthetic
machinery may be key for maintaining effective defense
mechanisms and preventing these cells from dying as their
neighbors. This finding might have been masked in previous
transcriptional studies that have not taken into account the zonal
nature of HR and reveals that the defense—growth trade-off may
also have a marked spatial component that needs to be taken
into account in future research. Besides photosynthesis, the OUT
zone was characterized by marked upregulation of wound/JA-
related genes at 4 hpi (Figures 2C and 3B; Supplemental
Figure 2C). This response can also be observed at the IN zone,
but the level of upregulation at the OUT zone is remarkably
higher (Supplemental Figure 4), indicating amplification of JA
signaling at the cells surrounding the death zone. In addition,
some of the JA-related genes are among genes exclusively upre-
gulated at OUT at 4/6 hpi, which indicates that they could poten-
tially be used as zonal markers of the surrounding area (Figure 2B
and 2C; Supplemental Figure 5). In vivo imaging of marker gene
promoter activities of SA and JA signaling during ETI discerned
two spatially distinct domains around the infection site, where JA
signaling is thought to be important for regulating overactivation
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of SA signaling (Betsuyaku et al., 2018). Future studies that include
mutants deficient in JA could provide mechanistic insights into how
JA signaling contributes to confinement of plant HR. Our analysis
also shows that some SA signaling genes are among the
upregulated IN-specific genes at late time points (Figure 2B and
2C; Supplemental Table S4). Although originally considered
antagonistic hormones required for immunity against pathogens
with contrasting lifestyles (Spoel et al., 2007), the interplay and
synergism of these two phytohormones during ETI is now well
established (Liu et al., 2016).

Zonally resolved transcriptomic analysis allows
identification of robust biomarkers of HR

Robust biomarkers are essential for gaining mechanistic knowl-
edge of cell- or tissue-specific processes. The extensive mecha-
nistic knowledge of molecular constituents underlying regulated
celldeath in mammals has enabled use of biomarkers for detection
of tumor cells or aberrant cell death processes in individuals with
cancer (Abu-Qare and Abou-Donia, 2001; Ward et al., 2008). The
field of HR in plants is gaining momentum because of recent
major discoveries that, on one hand, are leading to redefinition of
the PTI-ETI relationship and on the other have provided mecha-
nistic insight into how NLRs become activated and form supramo-
lecular complexes that mediate cell death (Wang et al., 20193,
2019b; Martin et al., 2020; Yuan et al., 2021a; Bi et al., 2021;
Ngou et al., 2021b; Jacob et al., 2021; Pruitt et al., 2021; Tian
et al., 2021; Forderer et al., 2022). However, the conceptual
framework of HR zonation is scarcely defined and will be key for
understanding its execution and spatial restriction mechanisms
and define bona fide indicators of the process.

One of the main goals of our analysis was to define new markers
of HR. We made use of the RNA-seq data generated from IN and
OUT areas to pinpoint gene indicators of HR that can be used as
transcriptional markers or gene promoter markers for in planta
detection of cells destined to die using live imaging. Applying
stringent filters to our dataset, we identified 13 genes that can
be used as unequivocal transcriptional markers of zonally
restricted cells that have activated a death program in response
to pathogen perception via NLR activation (Figure 4C).

This marker set includes genes involved or putatively involved in
various processes such as ion transport across the plasma mem-
brane (M1), cell detoxification (M2 and M3), lipid metabolism (M5
and M®6), cell wall remodeling (M7, M8, and M9), protein degrada-
tion (M10), and glycolysis (M11 and M12), but one of these genes
remains largely uncharacterized (M13) and encodes an AAA-AT-
Pase of unknown function. Interestingly, all of these predicted
functions are consistent with processes expected to take place
on cells destined to die or that have started dying, although the
function of most of these genes remains to be fully determined.
This set of genes provides a glimpse into transcriptional regula-
tion of HR at the site of infection, the tip of the iceberg of the
multi-level regulation of the process. For example, the fact that
several genes are involved in cell wall remodeling highlights the
importance of processes taking place in this extracellular
compartment. In line with this, an increase in lignification at the
edge of cells undergoing HR has been shown in the past and pro-
vides a clear picture of the zonal nature of this process (Lee et al.,
2019). Interestingly, our transcriptome data clearly show that
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many lignin biosynthetic genes are strongly and specifically
upregulated at the IN zone at certain time points (Supplemental
Figure 15). How this cell wall lignification is regulated upon
pathogen perception remains to be clarified and will be an
interesting topic of future research.

Our data also reinforce the idea that the proteases involved in
degradation of cell components during HR are not particularly
regulated at the transcriptional level. We observe specific upre-
gulation of degradative processes at the IN zone, such as auto-
phagy, vacuolar degradation, and proteasome-mediated pro-
cesses, and, in fact, one of the marker genes is a proteasome
subunit (Figures 3 and 4B). However, we did not find any
protease specifically upregulated at the IN zone, nor did any
of them pass the filters that constitute a marker gene in our
study.

In parallel, the changes observed in marker genes involved in ion
transport across the plasma membrane or cell detoxification may
be somewhat related to the predicted formation of a pore at the
plasma membrane by pathogen-mediated activation of certain
NLRs (Bi et al., 2021; Jacob et al., 2021; Forderer et al., 2022).
Although crucial pieces of this mechanism have been unveiled,
knowledge is still scattered, and we lack a more integrated
picture that combines NLR activation with downstream
processes, including cell death execution. Interestingly, 7 of the
32 gene markers (M5, M6, M7, M8, M9, M11, and M12) that
pass our filters exhibit early upregulation at 2 hpi compared
with  mock controls according to the RNA-seq data
(Supplemental Figure 10). Although these genes did not pass
the stringent 4-tier filtering applied (Figure 4A) at 2 hpi, the
expression profiles of these genes could be compatible with
their potential use as earlier markers of HR at the IN area.

Our data provide a snapshot of how infected cells respond to
pathogen recognition at the transcriptional level compared with
their neighbors that are not directly exposed to the pathogen
but respond to it. This analysis has revealed a set of genes that
are specifically upregulated at the IN zone and constitute robust
markers of HR, opening new paths to deepen our knowledge
about the process.

We present an Arabidopsis HR reporter line stably expressing
GFP under control of the AAA-ATPase At5g17760 (M13), which
shows extremely clear and strong expression exclusively at the
inoculated area, where pathogen recognition takes place via
ETI, before onset of cell death becomes apparent (Figure 5A
and 5B; Supplemental Figure 12). The other genes (M1-M12)
constituted very clear quantitative PCR markers, but GFP
promoter fusions did not result in clear GFP expression. This
can be attributed to the limitations from defining an active
promoter sequence.

Expression of the marker pAt5g17760:NLS-3xGFP is similarly
regulated by different classes of NLRs (CNLs and TNLs),
revealing conservation of the process (Figure 5A). The marker is
also induced zonally by necrotrophic pathogens, such as
B. cinerea, that cause an HR-like phenotype (Figure 5C). Thus,
this transgenic line is a robust in planta biomarker of HR
triggered by activation of different NLRs upon infection with
pathogens with contrasting lifestyles.
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Future in-depth analysis of all HR marker genes identified in this
work, including combinatorial genetics, will contribute to a better
understanding of HR. This set of genes is an invaluable tool to
zonally discriminate cells undergoing pathogen-triggered cell
death and mechanistically dissect this process. Of particular inter-
est will be to sort GFP-expressing cells of the pAt5g17760:NLS-
3xGFP transgenic line upon infection and adapt high-throughput
cell death monitoring equipment used so far for animal cell death
to describe and quantify the features and regulatory networks that
define HR in plants at a single-cell level.

METHODS

Plant and bacterial materials and growth

The A. thaliana accession Col-0 was used for all experiments car-
ried out in this study expect for electrolyte leakage. For electrolyte
leakage, Col-0, the rom1-3 (Grant et al., 1995) mutant of the NLR
RPM1, and the at5g17760 mutant (GABI-KAT line 592F04_1),
which carries a T-DNA insertion in exon 2, were used. Primers
used for identifying the T-DNA mutant and for corroboration null
expression by quantitative real-time PCR are listed in
Supplemental Table 12.

Seeds were sown on '/, Murashige and Skoog medium supple-
mented with 1% sucrose and stratified at 4°C for 2 days. Plants
were grown in a controlled chamber with a photoperiod of 9 h
light and 15 h dark with white fluorescent lamps under 65% rela-
tive humidity. Seeds were germinated on plates and grown for
10-7 days, individually transplanted to Jiffy pellets, and grown
for 3 additional weeks.

The Pto strains Pto AvrBpm1, Pto AvrRpt2, Pto AvrRps4, Pto
hrpC~, and Pto EV pVSP61 were grown on selective King's
B medium plates for 48 h at 28°C. Bacteria were then resus-
pended in 10 mM MgCl,, and the ODgog was adjusted to the
appropriate inoculum.

Bacterial inoculation and RNA-seq data collection

Bacteria were resuspended, and the concentration was
adjusted at 5 x107 colony-forming units or to an ODggy Of
0.05. Fully expanded seventh- or eighth-rosette leaves were
used for infiltration with a mock solution (10 mM MgCl,) or
Pto AvrRpm1. We syringe-infiltrated an area of roughly 3-
4 mm at the side edge of leaves. Upon infiltration, the edge of
the infiltrated area was underlined using India ink, and the total
area infiltrated was designated as “IN”. A 1-mm buffer zone
next to the IN area was discarded and used as a reference to
properly separate the IN and the OUT zone, which expanded
1-2 mm toward the vein. Leaf tissue was collected separately
from the IN and OUT area of infiltration at 5 different time
points (0, 1, 2, 4, and 6 h) using a sterile scalpel. Leaf tissue
was stored in 2-ml Eppendorf tubes and snap frozen in liquid ni-
trogen until RNA extraction. Each sample collected consisted of
tissue from six leaves derived from three different plants. For
generation of three biological replicates from each condition
(area, treatment, and time), three independent experiments
were performed. In total, 60 samples (2 treatments [mock/in-
fected], 5 time points [0, 1, 2, 4, and 6 hpi], 2 areas [IN/OUT],
and 3 biological replicates) were used for RNA-seq.
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For RNA library preparation, 1 ng of RNA from each sample was
isolated using the NucleoSpin RNA isolation kit (Macherey-Nagel,
Hoerdt Cedex, France) following the manufacturer’s instructions.
RNA-seq was performed at the GeT-PlaGe core facility (INRA
Toulouse). RNA-seq libraries were prepared according to Illlumi-
na’s protocols using the lllumina TruSeq Stranded mRNA Sample
Prep Kit to analyze mRNA. Briefly, mRNA was selected using
poly-T beads. Then RNA was fragmented to generate double-
stranded complementary DNA, and adaptors were ligated to be
sequenced. Eleven cycles of PCR were applied to amplify li-
braries. Library quality was assessed using a fragment analyzer,
and libraries were quantified by quantitative PCR using the Kapa
Library Quantification Kit (Kapa Biosystems, Wilmington, MA,
USA). RNA-seq experiments were performed on an lllumina Hi-
Seq3000 using a paired-end read length of 2 x 150 bp with the
lllumina HiSeq3000 sequencing kits.

Read mapping and differential expression analysis

FastQC and TrimGalore! software was used for raw lllumina
read quality control analysis and trimming of reads containing
adaptor- or vector-derived sequences, respectively (FastQC A
Quality Control Tool for High Throughput Sequence Data, Babra-
ham Bioinformatics, 2021). Ribosomal RNA was detected and
removed using SortMeRNA 2.1b software (Kopylova et al.,
2012). Cleaned reads together with the transcriptome of A.
thaliana (as of August 30, 2018), including non-coding RNA,
were used to quantify gene expression at the transcript level
using the software Salmon v.0.11.3 (Patro et al., 2017). Raw
counts aggregated by gene were obtained using tximport
v.1.14.2, and the result was used as input to DESeq2 v.1.26.0
(Love et al., 2014; Soneson et al., 2015) to perform differential
expression analysis. Then genes adding up to less than 10
counts across all 60 samples were removed. The pre-filtered DE-
Seq2 object contained 32,865 rows that turned to 23,986 after
filtering. Counts normalized for sample size and regularized loga-
rithm transformed were used to produce PCAs.

Raw counts together with sample size information were used as
input for DESeq2 differential expression analysis. Simple pairwise
comparisons based on a single factor were performed using the
DESeqg2 Result function, and time course differential expression
results were obtained using a likelihood ratio test as described
previously (Love et al., 2015). Genes with an FDR below 0.05
and |log2FC| higher than 2 were considered differentially
expressed. FDR was calculated according to the Benjamini and
Hochberg method (Benjamini and Hochberg, 1995).

Gene clustering

Gene clustering was performed using the Mfuzz v.2.46.0 package
under the R environment (Kumar and Futschik, 2007; RStudio,
2021) which is based on fuzzy c-means clustering algorithms.
IN and OUT samples were independently analyzed. After time
course differential expression analysis using DESeg2, only
genes with an FDR of less than 0.05 in the likelihood ratio test
were selected for clustering.

The optimal numbers of non-overlapping clusters with a correla-
tion value below 0.85 were 3 and 6 for Pto AvrRpm1-treated sam-

ples at the IN and OUT areas of infection, respectively.
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Subsequently, two highly redundant clusters were merged for OUT
samples, yielding 5 final clusters. Genes that integrated each clus-
ter derived from Pto AvrRpm1-treated samples were re-clustered
for mock-treated samples to inspect the differences and similar-
ities of trajectories between treatments over time. Between two
and four mock-based sub-clusters were obtained for every in-
fected cluster. To avoid overlap, we reduced the number of sub-
clusters to two in mock-treated samples. Each gene belonging
to a cluster returned an associated MSV that ranged from 0-1 de-
pending on how well it fitted the expression profile dictated by the
overall genes comprising the cluster. Genes that integrate each
cluster in Figure 3 can be found in Supplemental Tables 6 and 7.

Enriched GO analysis

The sets of genes that belonged to expression profile clusters or
that exhibited differential expression were entered into
The Arabidopsis Information Resource for GO enrichment anal-
ysis for biological processes, which uses the PANTHER classifi-
cation system containing up-to-date GO annotation data for Ara-
bidopsis (Berardini et al., 2004). The most specific term belonging
to a particular family of GO terms was always selected for
plotting. Only GO terms exhibiting an FDR of less than 0.05
after Bonferroni correction for multiple testing and a fold
enrichment above 2 were selected for representation in dot plots.

Identification of HR indicators

For identification of HR indicators, we concatenated four pairwise
comparisons using DESeq2 in which we set different thresholds
of log2FC while keeping a stringent cutoff of FDR of less than
0.05 throughout all comparisons. Briefly, we firstly selected
genes that were upregulated (log2FC > 2) after Pto AvrRpm1
infection at 4 or 6 hpi versus 0 hpi. From the genes that complied
with this first filter, we selected those that were specifically upre-
gulated in Pto AvrRpm1-infected versus mock-inoculated sam-
ples at 4 or 6 hpi (log2FC > 2). From the genes that passed these
two filters, we kept those with a log2FC < 1 at the OUT area in Pto
AvrRpm1-infected versus mock-inoculated samples at four or
6 hpi. Because genes with log2FC near 0 do not usually have
a low FDR, we kept our stringent FDR threshold while setting
the log2FC threshold below 1 to capture, with statistical confi-
dence, downregulated and only mildly upregulated genes at
this tissue area. Finally, from the genes that met these three
criteria, we kept those that were differentially upregulated at the
IN area compared with the OUT area in Pto AvrRpm1-infected
plants.

Validation of gene expression by real-time qPCR

The same experimental setup used for RNA-seq data generation
was followed for experimental validation by quantitative real-time
PCR, including infections with Pto AvrRpt2, Pto AvrRps4, Pto
hrpC~, and Pto EV. Briefly, tissue was snap frozen and RNA iso-
lated with the Maxwell RSC Plant RNA Kit (Promega). One micro-
gram of RNA was reverse transcribed into complementary DNA
with the High-Capacity cDNA Reverse Transcription Kit with
RNase Inhibitor (Applied Biosystems). Quantitative real-time
PCR was performed with LightCycler SYBRgreen | Master
(Roche) in a LightCycler 480 System (Roche). Data were analyzed
using the 44CT method and represented as fold enrichment of
the time point tested (4 or 6 hpi) relative to 0 hpi. Primers for quan-
titative real-time PCR used in this study are listed in Supplemental
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Table 12 along with primer concentrations. Quantitative real-time
PCR results in numeric format along with Cp (crossing point)
values of targets and Cp values of reference housekeeping
gene are listed in Supplemental Table 13.

Cell death analysis

Trypan blue staining of Arabidopsis leaves was performed by col-
lecting whole leaves in 50-ml tubes (each leaf in a separate tube)
at the specified time points after treatment and covered witha 1:3
dilution of the stain. Tubes were incubated in previously boiled
water for 15 min and then cleared overnight with chloral hydrate
on an orbital shaker. After removal of staining solution, leaves
were covered in a 50% glycerol solution and photographed using
a Leica DM6 microscope.

Electrolyte leakage

Whole leaves from 4- to 5-week-old Arabidopsis Col-0, rom1-3,
or atsg17760 (GABI-KAT: 592F04) grown under short-day
conditions with a photoperiod of 9 h light and 15 h dark were
infiltrated with Pto AvrRpm1 at ODgqo of 0.05 using a 1-ml needle-
less syringe. Leaf discs were dried and collected with a 0.8-cm-
diameter cork borer from infiltrated leaves. Discs were washed
in deionized water for 1 h before being floated on 2 ml deionized
water. Electrolyte leakage was measured as water conductivity
with a pocket water quality meter (LAQUAtwin-EC-11; Horiba,
Kyoto, Japan) at the indicated time points.

Bacterial growth assay

Whole leaves from 4- to 5-week-old Arabidopsis Col-0, rom1-3,
or atbg17760 (GABI-KAT: 592F04) grown under short-day condi-
tions (9 h light and 15 h dark) were infiltrated with Pto AvrRpm1 at
ODgqo of 0.001 using a 1-ml needleless syringe. Two leaf discs
from two different leaves were collected using a 6 mm-diameter
cork borer (disc area, 0.282 cm?). Samples on day 0 and day 3 af-
ter infection were grounded in 10 mM MgCl, and serially diluted 5,
50, 500, 5000 and 50,000 times on a 96-well plate. Subsequently,
dilutions were spotted (10 pl per spot) on King’s B medium with
antibiotics. The number of colony-forming units (CFUs) per
drop was calculated and bacterial growth represented as logqg
CFU per cm? of tissue.

Chlorophyll fluorescence imaging

An IMAGING-PAM (pulse amplitude modulation) M-Series Chlo-
rophyll Fluorometer system (Heinz Walz, Effeltrich, Germany) was
used to investigate spatiotemporal changes in photosynthetic
parameters at the IN and OUT areas of infection (Schreiber,
2004). Plants were kept in the dark for 30 min before
measurement. Plants were exposed to 2-Hz frequency light
pulses for Fo (minimum fluorescence in the dark-adapted state)
determination. Saturating pulses (800 ms) of white light
(2400 mmol photons.m™2 s~') were applied for Fm (maximum
fluorescence in the dark-adapted state) determination. The
photosynthetic efficiency or maximum quantum vyield of photo-
system Il (PSIl) photochemistry (Fv/Fm) was determined as
(Fm-Fo)/Fm. The relative PSII ETR was calculated by performing
a kinetics analysis for 10 min with 60-s pulses (Schreiber et al.,
2012). Areas of interest included IN and OUT to evaluate spatial
heterogeneity. The measurements were taken 0, 1, 2, 4 and
6 hpi. Results from 6 different areas of interest are shown.
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Generation of transgenic promoter reporter lines

Regions of approximately —2.5 kb upstream of the transcription
starting site of AT1G79710, AT4G18050, AT1G78380, AT4G241
60, AT5G 18480, AT4G30390, AT5G54650, AT56G16910, AT5G2
0000, AT2G36580, AT5G56350, and AT5G 17760 were amplified
from Arabidopsis Col-0 genomic DNA by PCR and cloned into
the pGGA (plasmid Green Gate A) entry vector to generate
pGGA-pMarkerGene. A region of approximately —1.5 kb up-
stream of the transcription start site of AT1G30270 was synthe-
tized by GENEWIZ (South Plainfield, NJ) and subsequently also
cloned into the pGGA entry vector (Lampropoulos et al., 2013).
Each entry vector was then recombined with the following
plasmids: pGGB-SV40-NLS, pGGC-3xGFP, pGGD-RBCSt
(D-F), pGGF-AlliYFP (seed coat selection cassette for transgenic
seed selection), and pGGZ-empty destination vector. Primers
used for cloning and sequencing the final constructs are listed
in Supplemental Table 12. All plasmids were transfected by
electroporation into the Agrobacterium tumefaciens GV3101
strain containing the plasmid pSoup and then transformed into
Arabidopsis Col-0 by the floral dipping method (Clough and
Bent, 1998). Transgenic seeds from transformed plants were
identified as those displaying a clear fluorescence signal
under the stereomicroscope (Olympus SZX18).

Pathogen inoculation and microscopy of reporter lines

For microscopy of the reporter line pAT5G17760:NLS-3xGFP,
plants were grown as described previously. Leaves of Col-
0 pAT5G17760:NLS-3xGFP were infiltrated in the IN area
with a mock solution (10 mM MgCl,) or different Pto strains.
Pto strains expressing the following effectors were used:
AvrRom1, AvrRpt2, and AvrRps4. As controls, the Pto EV
and Pto hrcC™ strains were also used. All Pto strains were in-
filtrated at ODggo of 0.01 for microscopy imaging. For
B. cinerea infection, the B05.10 strain was grown for 14 days
in potato dextrose agar at 22°C under dark conditions. Spores
were collected, washed in 5 ml of potato dextrose agar, and
filtered through two layers of Miracloth (Merck Millipore). Sub-
sequently, spores per cm? were counted under the micro-
scope and diluted to 1 x 10° spores/ml. For inoculation, a 6-
ul droplet was placed on the upper surface of the seventh or
eighth leaf of an adult Arabidopsis plant grown under short-
day conditions. A dome covered the plants throughout the
course of B. cinerea infection.

Leaves were imaged at 16 hpi with Pto stains and at 3 dpi with
B. cinerea. Whole leaves were photographed using a Leica
DM6 microscope (Leica Microsystems) equipped with a
DFC365 FX 1.4 MP monochrome digital camera. Bright-field
and GFP filter pictures were taken of each leaf. Confocal im-
ages were obtained using a FV1000 Olympus confocal micro-
scope with the following excitation/emission wavelengths for
GFP: 488 nm/500-540 nm. Confocal microscopy images
were taken of the epidermal layer (20 z stacks with a stack
size of 1 um), and fluorescent nuclei were counted using Im-
aged software.
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Figure S1. Principal component analysis (PCA) from the RNA seq-data. Circles represent

mock-treated plants and triangles represent Pfo AvrRpmI-infected plants. Different colors are
assigned for each time point. (A) PCA comprising all data sets in our study (IN and OUT
samples together). (B) PCA with IN and OUT data sets separated in order to ease

visualization of the data.
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IN area DOWN-REGULATED GO terms: Biological process
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OUT area UP-REGULATED GO terms: Biological process
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Figure S2. GO term enrichment analysis of upregulated and downregulated genes at each
time after infection at the IN (A-B) and OUT (C) areas. The most specific term from each
family term provided by PANTHER was plotted along with their corresponding gene number,
fold enrichment and adj p value (Bonferroni Correction for multiple testing) represented as

logio. Only GO terms with a fold enrichment above 2 and adj p value below 0.05 were plotted.
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Figure S3. The majority of differentially expressed genes at both IN and OUT are specific to
4 and 6 hpi. Venn diagrams showing sizes of gene sets that are differentially expressed (red:

upregulated and blue: downregulated) at IN (A) or OUT (B) at each time point.
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Figure S4. Heatmap representing differential expression of genes exclusively upregulated at
4 and/or 6 hpi at the OUT area (log2FC > 2 and BTH <0.05) throughout the course of the

infection (0,1,2,4 and 6 hpi) at IN and OUT areas.
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Figure S5. RNA-seq expression profiles of JA responsive genes exclusively upregulated at
the OUT area upon Pto AvrRpm1 infection. Gene expression of genes from Pto-AvrRpml or
mock-infected plants is represented as DESeq2 pseudocounts.

JAL35, Jacalin-related lectin 35; CYT1, Mannose-1-phosphate guanylyltransferase 1; 4CLLS,
4-coumarate--CoA ligase-like 5; TIFY7, Protein TIFY 7; CYP74A, Allene oxide synthase,

chloroplastic; RGL3,, DELLA protein RGL3; TIFY6B, Protein TIFY 6B; TIFYI10B, Protein
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TIFY 10B; JARI, Jasmonoyl--L-amino acid synthetase JAR1; NPF6.2, Protein NRT1/ PTR

FAMILY 6.2
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Pto AvrRpm1-derived clusters GO terms: Biological process
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B Pto AvrRpm1-derived GO terms: Biological process
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Figure S6. GO terms representing enriched biological processes derived from each cluster in
Pto AvrRpmI-treated plants. GO term enrichment analysis was performed on those genes that
had a membership score value (MSV) above or equal to 0.7 (see Materials and Methods). The
most specific term from each family provided by PANTHER was plotted along with their

corresponding gene number, fold enrichment (FE) and adj p value (Bonferroni Correction for
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multiple testing) represented as logio. Only GO Terms with a FE above 2 and adj p value
below 0.05 were plotted. Enriched GO terms from cluster I (2,937 genes; MSV > 0.7 2 1069
genes), cluster II (4,183 genes; MSV > 0.7 - 2613 genes) and cluster III (6,428 genes;
MSV > 0.7 > 4885 genes) at the IN area (A) in Pto AvrRpml-treated plants were
predominantly linked to processes related to immunity, protein turnover and photosynthesis,
respectively. At the OUT area (B), enriched GO terms from cluster I (1,552 genes; MS > 0.7
- 747 genes) and II (1,100 genes; MS > 0.7 - 184) suggest the importance of processes
related to hormonal regulation in by-stander cells, whereas genes comprising cluster III (925
genes; MS > 0.7 - 181 genes) infer that photosynthesis and rearrangements in the

chloroplast occur similarly compared to mock-treated samples at the OUT area
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Mock-derived clusters GO terms: Biological process
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Mock-derived clusters GO terms: Biological process
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Figure S7. GO terms representing enriched biological processes derived from each sub-
cluster in mock-treated plants at the IN and OUT areas. From each cluster belonging to
mock-treated samples, GO term enrichment analysis was performed on those genes that had a
membership score value (MSV) above or equal to 0.7 at the IN (a) and OUT areas (b). The
most specific term from each family term provided by PANTHER was plotted along with
their corresponding gene number, fold enrichment and adj p value (Bonferroni Correction for
multiple testing) represented as logio. Only GO Terms with a fold enrichment above 2 and adj
p value below 0.05 were plotted. (A) Sub-cluster 1.1 (638 genes; MSV >= 0.7 = 467 genes),
sub-cluster 1.2 (2299 genes; MSV >= 0.7 &> 1942 genes), sub-cluster 2.1 (2570 genes;
MSV >= 0.7 = 1573 genes), sub-cluster 2.2 (1613 genes; MSV >= 0.7 > 649 genes), sub-
cluster 3.1 (3172 genes; MSV >= 0.7 - 2391 genes), sub-cluster 3.2 (3256 genes; MSV >=
0.7 > 2557 genes). (B) Sub-cluster 1.1 (850 genes; MSV >= 0.7 = 319 genes), sub-cluster
1.2 (702 genes; MSV >= 0.7 - 183 genes), sub-cluster 2.1 (453 genes; MSV >= 0.7 > 286
genes), sub-cluster 2.2 (647 genes; MSV >= 0.7 - 389 genes), sub-cluster 3.1 (612 genes;

MSV >= 0.7 = 555 genes), sub-cluster 3.2 (313 genes; MSV >= 0.7 = 257 genes).
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Figure S8
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Figure S8. Clusters 4 (1,174 genes; MSV >= 0.7 > 57 genes ) and 5 (961 genes; MSV >=

0.7 = 314 genes) from Pto AvrRpmI-treated plants at the OUT area share similar expression

profiles and do not contain any relevant enriched GO terms associated with biological

processes, possibly due to low gene number.
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Figure S9. List of in silico HR indicators obtained after filtering at 4 and 6 hpi. (A) Briefly,
we firstly selected genes that were upregulated (1og2FC > 2) after Pfo AvrRpm1 infection at 4
or 6 hpi vs 0 hpi. From the genes that complied with this first filter, we selected those that
were specifically upregulated in Pfo AvrRpmI-infected vs mock-inoculated samples at 4 or 6
hpi (log2FC >2). From the genes that complied these criteria, we kept those with a log2FC <1
at the OUT area in Pfo AvrRpmI-infected vs mock-inoculated samples at 4 or 6 hpi. Finally,
from the genes that met those three criteria, we kept those that were differentially upregulated
at the IN area compared to the OUT area in Pto AvrRpmli-infected plants. (B) Log,FCs
resulting from pairwise comparisons in the 1%, 274 31 and 4% filters applied are indicated for

each gene marker along with its corresponding gene description.
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Figure S10. RNA-seq expression profiles of 4 (A) and 6 (B) hour candidate HR indicators at
the IN and OUT areas of infection. Gene expression of genes from Pto-AvrRpml or mock-

infected plants is represented as DESeq2 pseudocounts.
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Figure S11
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Figure S11. RT-qPCR of 4- and 6-hour transcriptional HR indicators at IN and OUT areas
upon treatment with either mock, Pto AvrRpmlI or Pto DC3000 EV. Relative expression
levels to the housekeeping gene EIF4a were represented as fold induction between 4 (A) or 6
(B) and O hpi. Error bars represent standard error of the mean from three independent
experiments. Letters indicate statistically significant differences between treatments
following one-way ANOVA with Tukey’s HSD test (a = 0.05) performed independently at
IN and OUT. NS (non-significant after one-way ANOVA). Exact p values are provided in

Table S5.
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Figure S12
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Figure S12. Time course imaging of pAT5G17760:NLS-3xGFP Arabidopsis transgenic
leaves infected with Pto AvrRpmI (A), Pto DC3000 EV (B) or mock solution (10 mM MgCl,)
(C). A small region of 4-week-old pAT5G17760::NLS-3xGFP leaves was syringe-infiltrated
with Pto strains at 1*107 colony-forming units (CFU)/ml (O.Dsoo = 0.01). Fluorescent
microscopy images were taken at 0, 2, 4, 8, 12, 16 and 24 hpi (right panels). Afterwards,

leaves were subjected to trypan blue staining (left panels). Scale bar 3 mm.
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Figure S13
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Figure S13. Activation of pAT5G17760 in the syringe-infiltrated area occurred in several
independent pAT5G17760::3xGFP transgenic lines. Leaves of Arabidopsis transgenics in the
T2 generation were syringe infiltrated with Pto AvrRpmlI (A), Pto DC3000 EV (B) at 1*10’
colony-forming units (CFU)/ml (O.Dsoo = 0.01) and imaged at 16 hpi. Mock solution was
used as a control (C). Images in left panels are leaves stained with trypan blue whereas

images in right panels are leaves under the epifluorescence microscope. Scale bars 3 mm.
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Figure S14
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Figure S14. Disease resistance and cell death triggered by avirulent Pto AvrRpm1 strain
is not compromised in Arabidopsis mutant lacking AT5G17760. (A) Scheme of
AT517760 gene indicating the position of the T-DNA insertion in GK-59F04 mutant line
(left panel) and RT-qPCR of two regions (FI-R1 and F2-R2) of exon 2 in Col-0 and GK-
59F04 plants. RT-qPCR data is represented as relative expression levels of AT5G17760 to the
housekeeping gene EIF4a (right panel). Error bars represent standard error of the mean from
four biological replicates. Letters indicate statistically significant differences between
treatments following a Welch Two Sample t-test. Exact p values are provided in Table S5.
(B-C) Four to 5 week-old Col-0, at5g17760 and rpmi-3 plants were syringe-infiltrated with
Pto DC3000 AvrRpml at O.Depo=0.05 for electrolyte leakage (b) and O.Dsp=0.001 for
bacterial growth assays (C), rpm -3 mutant is used as a negative control since it is defective
in the cognate NLR that recognizes the effector AvrRpm1. (B) Conductivity measurements of
electrolyte leakage from dying cells were recorded at 0, 4, 6, 8 and 10 hpi. Dots represent
data from 3 biological replicates (represented in different colors) consisting of 4 technical
replicates each with 2 leaf discs measured per replicate. Letters indicate statistically
significant differences between genotypes following one-way ANOVA with Tukey’s HSD
test performed at each time point. Exact p values are provided in Table S5. (C) Bacterial
growth at 0 and 3 days post-infection (dpi) was measured in Col-0, at5g/7760 and rpmi-
3. Dots represent bacterial CFU (colony-forming units) per cm? from 2 biological replicates
(represented in different colors) consisting of 4 technical replicates each with 2 leaf discs
measured per replicate. Letters indicate statistically significant differences between
genotypes following one-way ANOVA with Tukey’s HSD test performed at 0 and 3 days

post infection. Exact p values are provided in Table S5.
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Figure S15

A AT4G39330; CAD9

CHAPTER 1

AT3G53260; PAL2

AT5G04230; CADS

AT3G10340; PAL4

N N || our | N[ our ] n || our |
dtiin 4 [] [J 1000 4 ° [
Lo 1500 1
40001, 2 el 1000 1 &
2000 3 250 4 500 4 % 2
0 A 0+ UE'
01246 01246 01246 01246
AT2G30490; CYP73A5 AT1G51680; 4CL1 AT3G21240; 4CL2 AT5G48930; HST
N || our | N || our | N ][ our | N || our |
il 400004 ¢ 2000y .° U
30000 - :gggg Y 1500 4 20000 - )
20000 . - 1000 4 ;. . | "
10000 4 A 100001 so0{ £°° L 3
0+ — 0 47—+ 0- A
-g 01246 01246 01246 01246 01246 01246 01246 01246
3 AT4G34050; CCoAOMT1 AT1G80820; CCR2 AT4G36220; CYP84A1 AT1G72680; CAD1
[&]
o N || our | N || our | N[ our | N || our |
-g 50000 1 0] 20000 4 0]
o) :Ezgg' 15000 1 . 9000 B X 2000
® : . 4000 - °
Q20000+ o I = 5 p 1000 5
© 10000 S000 s v A W i
[)] 0 - T T - -—rrTrTr
N 01246 01246 01246 01246 01246 01246
E AT3G19450; CAD4 AT4G34230; PAL3 AT4G37970; CAD6 AT4G39330; CAD9
| -
I} N || out | N || our | N || our | N | [ out |
C [] [] o []
40000 4
30002 ° .
N 1 : 300004 o/ 100
S 2000 - . .
@ 20000 - ot
o) 10004 °© . 100004 /° \ ° :A 501
LIJ 0 [ — HE L SR —1— -TrTTT
()] 01246 01246 01246 01246 01246 01246
AT5G54160; OMT1 AT1G52760; CSE1 AT5G06290; 2-cys Prx B AT1G18140; LAC1
N || out | N || out | N | out | N[ out
7500 10000 .
7500 -
50004 /A sof .
> 9 2500 o 25 * o of
« by 2500 1 s fiad ’
IFh =
01246 01246 01246 01246 01246 01246

AT1G18140; LAC2

N || out |
401 .
201 A, 8 °
ks e T
0- ——
01246 01246

Hours post infection (hpi)

Treatment Mock

Pto AvrRpm1

71



CHAPTER 1

Phenylanine
> PAL
©
2 CaH
E‘.“ Cinnamate — . p-coumarate
[o
=] 4CL
(o]
C v
g p-coumaroy!
[e) CoA
| .
o
= HCT
(]
v
[} p-coumaroyl COMT F5H COMT
(_&1 shikimate Caffeate . Ferulate —p 5 hydroxyferulate ——  Sinapate
]
S C3'H acL acL acL 4cL
0] CSE
c f:' | HCT CCoAOMT COMT
affeoy Caffeoyl Feruloyl Sinapoyl
shiimate — » CoA —®  CoA Shydroxyferuloyl ——% “con
CCR CCR CCR CCR CCR
COMT ) F5H COMT
Caffeoyl Conifer- 5-hydroxyl :
> p-coumaraldehyde aldehyde — aidehyde > confferaldeyde > Sinapaidenyde
s
£ v CAD CAD CAD CAD
8
v
Q Coniferyl 5-hyd
= p-coumaryl alcohol F5H -ydioxy  COMT  ginapyl alcohol
8 (H unit) zécﬁ:ﬁ‘) ——»  coniferalcohol (S unit)
Q.
w
£
C
=)
-l
PRX/LAC
Lignin

Figure S15. RNA-seq expression profiles of genes involved in lignin biosynthesis.

(A) Gene expression of genes from Pto-AvrRpm1 or mock-infected plants is represented as
DESeq?2 pseudocounts. (B) Scheme of lignin biosynthesis in plants. Black arrow indicates the
canonical lignin biosynthesis in plants. Bold font indicates enzymes involved in the different
steps of the pathway. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase;

4CL, 4-coumarate: CoA ligase; HCT, quinateshikimate p-hydroxycinnamoyltransferase;
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C3'H, p-coumaroylshikimate 3'-hydroxylase; CCoOAOMT, caffeoyl-CoA O-methyltransferase;
CCR, cinnamoyl-CoAreductase; F5H, ferulate 5-hydroxylase; CAD, cinnamyl alcohol
dehydrogenase; COMT, caffeic acid O-methyltransferase; CSE, caffeoyl shikimate esterase;

PRX, peroxidase; LAC, laccase (Adapted from Meng Chie et al., 2018)
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Figure S16
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Figure S16. Transcriptional regulation of HR markers found in this study compared to
RNA-seq data sets from plants undergoing ETI and autoimmunity. (A) HR markers
found in this study were searched in Mine et al., 2018. In pairwise comparisons between
infection with ETI-causing bacteria (Pto AvrRpm1 and Pto AvrRpt2) and mock, only genes
with high statistical confidence (q value < 0,01) in at least one time point were plotted on a
heatmap indicating Log,FC for the different times tested in their study. (B) HR markers
found in this study were searched in RNA-seq data sets of Arabidopsis hosi5-4 (Yang et
al.,2019), rh6812 autoimmune plants (Chantarachot et al., 2020) and Cdm-0 x TueScha-9 F1
hybrids (Barragan et al., 2020). Genes with high statistical confidance in their data sets (FDR
<0.05) were plotted on a heatmap indicating Log2FC between expression of WT (Col-0) and

autoimmune plants.

Supplementary tables/dataset legends.
Table S1 (Associated to Figure 2A). List of differentially expressed genes upon Pto

AvrRpm1 infection at each time point and tissue area.

Table S2 (Associated to Figure S2). List of genes constituting each GO term in Figure S2.
GO term enrichment analysis of upregulated and downregulated genes at either IN our OUT
areas. Only those GO terms exhibiting an FDR < 0.05 after Bonferroni Correction for

multiple testing and a fold enrichment above 2 are shown.

Table S3 (Associated to Figure 2B). List of genes that are upregulated upon Pto AvrRpml

at 4 and 6 hpi exclusively at IN, both at IN and OUT or exclusively at OUT.
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Table S4 (Associated to Figure 2C). List of genes constituting each GO term in Figure
2C.GO term enrichment analysis of genes that are exclusively upregulated at either the IN or
OUT area upon Pto AvrRpm 1 infection. Only those GO terms exhibiting an FDR < 0.05 after

Bonferroni Correction for multiple testing and a fold enrichment above 2 are shown.

Table S5 (Associated to Figure 1C, Figure 4, Figure S, Figure S11 and Figure S14).
Tukey HSD p-values and Welch two sample t-test p-values obtained from statistical tests

applied in the study.

Table S6 (Associated to Figure 3A). List of genes comprising each cluster derived from Pto

AvrRpm1 and mock-treated plants along with their corresponding MSV at IN.

Table S7 (Associated to Figure 3B). List of genes comprising each cluster derived from Pto

AvrRpm1 and mock-treated plants along with their corresponding MSV at OUT.

Table S8 (Associated to Figure S6A). List of genes constituting each GO term in Figure
S6A. GO term enrichment analysis of genes from clusters of Pto AvrRpmI-inoculated plants
at the IN area with a MSV of 0.7 or above. Only those GO terms exhibiting an FDR < 0.05

after Bonferroni Correction for multiple testing and a fold enrichment above 2 are shown.

Table S9 (Associated to Figure S6B). List of genes constituting each GO term in Figure
S6B. GO term enrichment analysis of genes from clusters of Pto AvrRpmI-inoculated plants
at the OUT area with a MSV of 0.7 or above. Only those GO terms exhibiting an FDR < 0.05

after Bonferroni Correction for multiple testing and a fold enrichment above 2 are shown.
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Table S10 (Associated to Figure S7A). List of genes constituting each GO term in Figure
S5. GO term enrichment analysis of genes from clusters of mock-inoculated plants at the IN
area with a MSV of 0.7 or above. Only those GO terms exhibiting an FDR < 0.05 after

Bonferroni Correction for multiple testing and a fold enrichment above 2 are shown.

Table S11 (Associated to Figure S7B). List of genes constituting each GO term in Figure S6.
GO term enrichment analysis of genes from clusters of mock-inoculated plants at the OUT
area with a MSV of 0.7 or above. Only those GO terms exhibiting an FDR < 0.05 after
Bonferroni Correction for multiple testing and a fold enrichment above 2 are shown.

Table S12. Primers used in this study and primer concentration for RT-qPCRs.

Table S13. RT-qPCR results in numeric format along with Cp values of Targets and Cp

value of Reference housekeeping gene.
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ABSTRACT

Plants utilize cell surface-localized pattern recognition receptors (PRRs) and intracellular nucleotide-
binding leucine-rich repeat (NLR) receptors to detect non-self and elicit robust immune responses.
During plant development and especially during aging, fine-tuning the homeostasis of these receptors
is critical to prevent their hyperactivation. Here, we show that Arabidopsis plants lacking metacaspase
1 (AtMC1) display autoimmunity dependent on immune signalling components downstream of NLR and
PRR activation. Overexpression of catalytically inactive AfMC1 in an atmc1 background triggers severe
autoimmunity partially dependent on the same immune signalling components. Although individual
mutations in NLRs, PRRs or other immune-related components that interact with catalytically inactive
AfMC1 do not rescue the autoimmune phenotype, overexpression of SNIPER1, a master regulator of
NLR homeostasis, fully attenuates the phenotype, inferring that a broad defect in NLR turnover may
underlie the severe autoimmunity observed. As opposed to Wt AfMC1 which exhibits a
nucleocytoplasmic localization, catalytically inactive AfMC1 localizes to puncta structures that are
degraded through autophagy. We infer that the phenotypes observed in plants overexpressing

catalytically inactive AfMC1 may represent an additive phenotype to the relatively milder autoimmunity
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observed in atmc1 mutants. Altogether and considering previous evidence on the proteostatic functions
of AtMC1, we speculate that Wt AIMC1 may either directly or indirectly control NLR protein levels as
plants approach adulthood, thus preventing autoimmunity.

INTRODUCTION

Plants perceive pathogenic microbes by detecting conserved pathogen-associated molecular patterns
(PAMPs) at the plasma membrane through pattern-recognition receptors (PRRs), triggering PAMP-
triggered immunity (PTI) (Jones & Dangl, 2006). Successful pathogens deliver effector proteins to the
plant cell that dampen PTI responses (Couto & Zipfel, 2016). Intracellular immune receptors of the
nucleotide-binding leucine-rich repeat-type (NLRs) detect pathogen effectors either directly or indirectly
unleashing a robust immune response termed effector-triggered immunity (ETI) that culminates in
disease resistance (Jones & Dangl, 2006). Disease resistance is often, but not always, accompanied
by a form of localized cell death at the pathogen ingress site termed hypersensitive response (HR)
(Balint-Kurti, 2019). Accumulating evidence supports the notion that immune pathways activated by
PRRs and NLRs mutually potentiate each other to activate strong defences against pathogens (Ngou
et al., 2021; Tian et al., 2021; Yuan et al., 2021).

NLRs are functionally classified into sensor NLRs (sNLRs), involved in perceiving pathogen effectors
or monitoring their activity, and helper NLRs (hNLRs), which amplify the immune signal downstream of
effector recognition and are evolutionarily more conserved (Jubic et al., 2019). NLRs can be further
classified based on their domain composition at the N-terminal end. While sNRLs can harbour either
coil-coiled domain (CNLs) or a Toll/Interleukin 1-receptor domain (TNLs), hNLRs carry a RPW8
(RESISTANCE TO POWDERY MILDEW 8)-like CC domain (RNLs). Within hNLRs, two main gene
families have been described in Arabidopsis thaliana (hereafter Arabidopsis) encoding ADR1
(ACTIVATED DISEASE RESISTANCE 1: ADR1, ADR1-L1 and ADR1-L2) and NRG1 (N-REQUIRED
GENE 1: NRG1.1, NRG1.2 and NRG1.3) (Jubic et al., 2019). While certain activated CNLs oligomerize
into pentameric resistosomes that perturb PM integrity acting as permeable Ca2* channels on their own
(Bietal., 2021; Forderer et al., 2022; Wang et al., 2019), TNLs oligomerize into tetrameric resistosomes
that hydrolyse nicotinamide adenine dinucleotide (NAD+) through their TIR domains (Martin et al., 2020;
Wan et al., 2019). Chemical by-products of TIR enzymatic activity can directly bind to the two mutually
exclusive heterodimers formed by the lipase-like proteins ENHANCED DISEASE STIMULATING 1-
PHYTOALEXIN DEFICIENT 4 (EDS1-PAD4) and EDS1-SENESCENCE ASSOCIATED GENE 101
(EDS1-SAG101) (Huang et al., 2022; Jia et al., 2022). Allosteric changes caused by binding of these
chemicals at the interfaces of the EDS1-PAD4 and EDS1-SAG101 heterodimers promote interactions
with members of the ADR1 and NRG1 family, respectively (Huang et al., 2022; Jia et al., 2022). ADR1
and NRG1 also oligomerize into pentameric resistosomes that exert Ca2* channel activity at the PM
(Jacob et al., 2021). A genetically parallel pathway involving the synthesis of the phytohormone salicylic
acid (SA) is required for transcriptional changes in defence-related genes during plant immunity (Cui et
al.,, 2017; Mine et al., 2018). The SA pathway is dependent on the ISOCHORISMATE SYNTHASE 1
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(ICS1 also known as SID2) enzyme and is bolstered by the EDS1-PAD4-ADR1 immune node via a
mutually reinforcing feedback loop (Figure 1) (Cui et al., 2017; Sun et al., 2021). Recent reports
demonstrated that certain PRRs, such as the receptor-like kinase SUPPRESSOR OF BIR1-1
(SOBIR1), links the surface-localized RECEPTOR-LIKE PROTEIN (RLP23), that recognizes PAMPs,
to the EDS1-PAD4-ADR1 immune node. Hence, EDS-PAD4-ADR1 might serve as a convergence point
for signalling cascades elicited by either NLRs or PRRs, in conferring plant immunity (Figure 1) (Pruitt
et al., 2021).
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Figure 1: Schematic representation of immune signalling networks downstream of sNLR and
PRR activation. (A) PRRs recognize molecular signatures from pathogens (PAMPs) at the cell surface
whereas NLRs recognize pathogen effectors intracellularly. SNLRs are chiefly divided into CNLs and
TNLs based on their domain composition at the N-terminal end or into sSNLRs or hNLRs based on their
function during the immune response. Upon effector perception TNLs oligomerize into tetrameric
resistosomes acting as NADases and mediate signalling through either SAG101-EDS1 or PAD4-EDS1
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heterodimers. CNLs can oligomerize into pentameric resistosomes upon effector perception
independently of EDS1 acting as Ca?* permeable channels. Certain CNLs, however, partially require
(dashed line) EDS1-PAD4 for timely and effective ETI responses. Certain PRRs have also been shown
to signal through EDS-PAD4 (dashed line) (B). SAG101-EDS1 and PAD4-EDS1 heterodimers
associate with either ADR1 or NRG1 hNLRs (RNLs), respectively (C). Upon activation, RNLs
oligomerize into pentameric resistosomes that can act as Ca?* permeable channels inducing cell death
and ETI. (D) While the EDS1-SAG101-NRG1 node is exclusively involved in ETI and cell death, the
EDS1-PAD4-ADR1 node is also involved in basal immunity elicited by PRRs. (E) A genetically parallel
pathway involving SA synthesis is required for transcriptional reprogramming of defence-related genes
upon NLR and PRR activation. This pathway is dependent on the ICS enzyme and is bolstered by the
EDS1-PAD1-ADR1 immune node via a mutually reinforcing feedback loop (dashed line).

Compared to mammals, higher plants encode a large number of NLRs and PRRs that upon pathogen
recognition are transcriptionally upregulated to exert a robust immune response (Tian et al., 2021). At
the post-translation level, NLR homeostasis is maintained by the ubiquitin-proteasome system (UPS).
Plant genomes encode for an extensive number of E3 ubiquitin ligases (~1,500 genes) mediating
diverse biological functions, including PRR and NLR turnover (Cheng et al., 2011; Gou et al., 2012;
Liao et al., 2017; Lu et al., 2011; Mazzucotelli et al., 2006). Recently, the master E3 ligases, SNIPER1
and SNIPER2, have been shown to supress autoimmune phenotypes caused by hyperactive gain-of
function NLR mutants by broadly regulating sNLR protein levels (Z. Wu et al., 2020). Since tight control
of NLR and PRR homeostasis is of utter importance for plant fithess and for avoiding autoimmunity,

parallel and possibly redundant mechanisms to regulate immune receptor homeostasis may exist.

Plant metacaspases are an ancient group of cysteine proteases found in plants, yeast and protozoa
(Minina et al., 2017). They are structurally divided into Type I, which harbour an N-terminal prodomain,
and Type lls, which lack the prodomain but instead have a long linker region in between the p10 and
p20 catalytic subunits. The Arabidopsis genome encodes for 9 metacaspases, three Type Is (AIMC1-
3) and six Type lls (AtMC4-AtMC9) (Tsiatsiani et al., 2011). Metacaspases characterized so far have
been involved in responses to stress, both biotic and abiotic (Coll et al., 2010; Escamez et al., 2016;
Hander et al., 2019; He et al., 2008; Pitsili et al., 2022), though how they mechanistically work remains
unknown for most of the functions described. In the context of plant immunity, the two type |
metacaspases, AtMC1 and AfMC2, are known to antagonistically regulate HR triggered by avirulent
pathogens in young plants (Coll et al., 2010). While AtMC1 positively regulates HR in a catalytic
dependent manner, AtMC2 exerts its negative HR regulation despite the presence or absence of its
catalytic cysteine (Coll et al., 2010). Importantly, this phenotype associated with HR regulation by
AfMC1 does not translate in enhanced pathogen growth or disease resistance in young plants (Coll et
al., 2010). In adult plants, however, AtMC1 has been shown to negatively regulate immunity as

evidenced by decreased pathogen growth in plants lacking AtMC1 (Wang et al., 2021).
In the context of proteostasis, our lab has recently shown that AtIMC1 acts as a disaggregase to mitigate

proteotoxic stress (Ruiz-Solani N. et al., 2023 unpublished: Chapter 3). Although proteotoxic stress

has been mostly studied in the context of heat stress, it is plausible to think that upon pathogen-triggered
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immune receptor activation proteotoxicity also occurs. In line with this, AfMC1 has been shown to
negatively regulate the protein accumulation of the auto-active hNLR mutant ADR1-L2 (D484V) and
consequently, ADR1-L2 (D484V) autoimmunity is exacerbated when the atmc? mutant allele is
introduced in ADR1-L2 (D484V) plants (Roberts et al., 2013). The maize ZmMC1 was also shown to
negatively regulate immunity outputs triggered by auto-active sensor CNLs, though in this case causing
re-localization of the NLRs tested to punctate dots without attenuating protein stability (Luan et al.,
2021). The mechanistic basis of how AtMC1 regulates the levels of NLRs in the context of immunity is

lacking.

Herein we report that absence of AfMC1 results in autoimmunity that is dependent on SA synthesis and
immune signalling through the convergent node EDS1-PAD4. This phenotype is dramatically
exacerbated by constitutive expression of a catalytically inactive AfMC1 variant. The catalytically
inactive variant localizes to puncta and co-immunoprecipitates with sNLRs, PRRs and other immune-
related components. Since this phenotype is rescued by overexpressing the master regulator of SNLRs
levels, SNIPER1, but not by mutating individual sNLRs or PRRs, we hypothesise that catalytically
inactive AtMC1 acts as platform where immune components are sequestered/trapped, thus interfering
with their timely turnover. Based on this data, we infer that Wt AfMC1 might participate in the
proteostasis of immune components upstream of EDS1-PAD4 and SA synthesis, preventing immune

hyperactivation as plants approach adulthood.

RESULTS

Absence of AtMC1 results in autoimmunity dependent on SA synthesis and signalling through
the EDS1-PAD4 immune node.

We previously reported that the Arabidopsis transfer DNA (T-DNA) knockout mutant atmc1 displays an
early senescence phenotype when transferred from short day to long day photoperiod (Coll et al., 2014).
When continuously grown under short day conditions, atmc? plants exhibited hallmarks of an
autoimmune plant: age-dependent growth restriction (Figure 2B and D) and spontaneous cell death
(Figure 2C). A full deletion CRISPR mutant of AtMC1 (atmc1-CR #1) (Figure 2A), showed the same
phenotypic features (Figure 2B-E). Interestingly, only atmc1 mutants but no other type | metacaspase
mutants, atmc2 and atmc3, or a type Il metacaspase mutant, atmc4, displayed autoimmunity (Figure
S$1).
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Figure 2. Absence of AtMC1 results in age-dependent growth defects and ectopic cell death. (A)
Scheme of the genomic DNA sequence of AtMC1 in the atmc1 (T-DNA) mutant and CRISPR deletion
mutant (atmc1-CR#7). Blue rectangles represent exons whereas black ones represent introns. The
triangle shows the insertion site of the T-DNA in atmc1 mutant plants. Green arrows indicate the target
site of single guide RNAs (sgRNAs) to create the CRISPR deletion. The resulting CRISPR mutant
(atmc1-CR#1) carrying a full deletion from sgRNA 1 to sgRNA 3 is depicted. (B) Representative image
of 40-day-old Wt, atmc1 and atmc1-CR#1 plants grown under short day conditions. Scale bar = 5.5 cm.
(C) Trypan blue staining of an area belonging to the 6™ true leaf of the plants shown in B. Scale bar =
0.5 mm. (D) Plant fresh weight of genotypes shown in B (n=12). Different letters indicate statistical
difference in fresh weight between genotypes (one-way ANOVA followed by post hoc Tukey, p value <
0.05).

To explore the genetic contribution of core immune signalling components and SA synthesis in the
autoimmune phenotype of atmc1 plants, we individually introduced mutant alleles impaired in ETI
signalling downstream of sensor NLRs (eds7-12, pad4-1 and nrg1 double) and SA synthesis (sid2-1)

into the atmc1 mutant background. Interestingly, suppression of SA synthesis (atmc1 sid2-1) and
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EDS1-PAD4-dependent immune signalling (atmc1 eds1-12, atmc1 pad4-1) restored Wt-like plant
growth (Figure 3A), prevented spontaneous cell death (Figure 3B), and suppressed the PR1a protein
accumulation (Figure 3C) observed in atmc1 mutant plants. By contrast, introgression of the mutant
alleles nrg1.1 nrg1.2 which impair immunity through the hNLR gene family NRG1 neither restores Wi-
like plant growth nor prevents spontaneous cell death and PR1a protein accumulation in atmc?1 nrg1.1
nrg1.2 plants (Figure 3A-C). Altogether, we conclude that autoimmunity in atmc1? plants is dependent

on SA synthesis and signalling through the EDS1-PAD4 immune node.
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Figure 3. Constitutive immune activation in atmc1 plants is dependent on SA synthesis and
immune signalling through EDS1-PAD4. (A) Representative image of 40-day-old Wt, atmc1, atmc1
eds1-12, atmc1 sid2-1, atmc1 pad4-1 and atmc1 nrg1.1 nrg1.2 grown under short day conditions. Scale
bar = 5.5 cm. (B) Trypan blue staining of an area belonging to the 6t true leaf of the plants shown in A.
Scale bar = 0.5 mm. (C) Total protein extracts from the plant genotypes shown in A were run on an
SDS-PAGE gel and immuno-blotted against anti-PR1a. Comassie Blue Staining (CBS) of the
immunoblotted membranes shows protein levels of Rubisco as s loading control.
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Overexpression of a catalytically inactive variant of AtMC1 (AtMC1€%24) jn an atmc1 background

triggers severe autoimmunity.

To ascertain whether the catalytic activity of AtMC1 is important for the autoimmune phenotype
observed in atmc1 mutant plants, we created stable transgenics overexpressing either Wt AtMC1 fused
to a C-terminal GFP tag (AtIMC1-GFP) or AtMC1-GFP with a Cys to Ala mutation that renders the
protease catalytically inactive (AfMC1¢2204) (Figure 4A) (Coll et al., 2010). While adult atmc1 AtMC1-
GFP plants fully complemented the low fresh weight (Figure 4B and E), ectopic cell death (Figure 4C)
and PR1a protein accumulation of atmc1 plants (Figure 4D), complementation with the catalytically
inactive variant (atmc1 AtMC1C220A-GFP) not only failed to complement the atmc? phenotype but
displayed more exacerbated hallmarks of autoimmunity compared to atmc? mutant plants: severe
stunted growth and dwarfism, ubiquitous ectopic cell death activation and high protein levels of PR1a
(Figure 4B-E). The autoimmune phenotype occurred in more than two independent transgenic lines
overexpressing AtMC1¢220A (Figure S2). Independent transgenics expressing AtMC1-GFP driven by
its native protomer visually rescued the autoimmune phenotype of atmc1 mutant plants, whereas
expression of catalytically inactive AfMC1 driven by its native promoter phenocopied atmc? mutant
plants (Figure S3). These results suggest that a certain threshold of AfMC1¢220Ais important to visualise
the severe autoimmune phenotype. As expected, transgenic lines overexpressing catalytically inactive
AtMC2 in an atmc2 mutant background (atmc2 AtMC2¢2584) did not display autoimmunity and grew as
Wt and as atmc2 AtMC2-GFP plants (Figure S4), suggesting that this phenomenon is exclusive to

overexpression of AfMC1C220A,
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Figure 4. Overexpression of catalytically inactive AtMC1 in an atmc1 background leads to severe
autoimmunity. (A) Scheme of AtMC1 and catalytically inactive AtMC1 (AfMC1C2204) proteins fused to
GFP. The prodomain, p20 and p10 domains are indicated. The catalytic cysteine (C220) is also
indicated. (B) Representative images of 40-day-old plants with the indicated genotypes grown under
short day conditions. Two independent homozygous stable transgenics expressing either AtMC1-GFP
(#1.3 and #2,6) or AtMC1¢220A-GFP (#1.6 and #3.11) under the control of a 35S constitutive promoter
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from the Cauliflower Mosaic Virus in the atmc1 mutant background are shown. Scale bar = 5.5 cm. (C)
Trypan blue staining of an area belonging to the 6™ true leaf of the plants shown in B. Scale bar = 0.5
mm. (D) Total protein extracts from the plants shown in B were run on an SDS-PAGE gel and immuno-
blotted against the indicated antisera. CBS of the immunoblotted membranes shows protein levels of
Rubisco as a loading control. (E) Plant fresh weight of genotypes shown in A (n=12). Different letters
indicate statistical difference in fresh weight between genotypes (one-way ANOVA followed by post hoc
Tukey, p value < 0.05).

The N-terminal prodomain of AIMC1 has been shown to negatively regulate its function (Asqui et al.,
2018; Coll et al., 2010). To test whether the N-terminal prodomain was required for rescuing the
autoimmune phenotype of atmc1 plants or dispensable for the severe autoimmune phenotype in atmc1
AtMC 1€220A_GFP plants, we complemented atmc1 plants with N-terminally truncated versions of AIMC1
lacking the first 81 amino acids (Figure 4A), with either their catalytic site intact or mutated to alanine
(atmc1 ANAtMC1-GFP or atmc1 ANAtMC1 C220A_GFP). As evidenced by visual phenotypes and fresh
weight quantifications, atmc1 ANAtMC 1-GFP failed to rescue the atmc1 phenotype to Wt levels (Figure
S5). Interestingly, the N-terminal prodomain was required for the exacerbated autoimmune phenotype
observed in atmc1 AtMC 162204 plants (Figure S5).

AtMC1€220A js an inactive protease as evidenced by the lack of self-processing (single protein band)
when detected in western blots compared to Wt AtMC1 (two protein bands) (Figure 4D). Accordingly,
we asked whether the inability to be auto-processed at the junction between the N-terminal prodomain
and p20 domain could explain the phenotype of plants expressing catalytically inactive AtMC1. Given
that most plant metacaspases (except AtMC9) require Ca?* binding to become active (Zhu et al., 2020),
we generated transgenic plants overexpressing AtMC1 with alanine substitutions within a conserved
region of negatively charged residues in the p20 domain where Ca?* binds and activates AtMC1
(D173A, E174A and D176A: AtMC1PED) (35). Interestingly, although no auto-processing is observed by
western blot in AIMC1PEP_GFP extracts, atmc1 AtMC 1PEP—GFP plants did not exhibit signs of severe
autoimmunity and only partially restored the fresh weight defects of atmc? plants (Figure S6A-C).
Similarly, overexpression of an AtMC1 variant carrying a point mutation at the predicted Arg auto-
processing site (AIMC1R4%A) did not result in severe autoimmunity despite no auto-processing being
observed (Figure S6D-E). Altogether, we conclude that catalytically inactive AtMC1 triggers severe
autoimmunity in a prodomain-dependent manner and that full length variants that are unable to be auto-
processed (AtMC1PED—_GFP or AtMC1R49A—GFP) do not trigger severe autoimmunity.

The autoimmune phenotype caused by catalytically inactive AtMC1 is almost fully dependent
on SA synthesis and partially dependent on the EDS1-PAD4-ADR1 immune node.
Genetic studies support that the EDS1-PAD4-ADR1 node contributes to basal immune responses and

ETI responses that slow pathogen proliferation upon activation of certain TNLs, PRRs or CNLs (Saile
et al., 2020; Sun et al., 2021). By contrast, the EDS1-SAG101-NRG1 node is involved specifically in
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TNL-mediated ETI and is strictly required for cell death initiated by certain TNLs (Saile et al., 2020; Sun
et al., 2021). A genetically parallel SA pathway dependent on the ICS (SID2) enzyme is bolstered by
PAD4-ADR1 via a mutually reinforcing feedback loop (Cui et al.,, 2017; Sun et al., 2021). We
interrogated which of these components downstream of sSNLRs or PRRs could be implicated in the
autoimmune phenotype of atmc?1 AtMC1C220A_GFP plants. A deletion in EDS1 (eds7-12) partially
rescued the fresh weight defects of atmc?1 AtMC1¢220A_GFP plants (Figure 5A and D), though
spontaneous cell death (Figure 5B) and PR1a accumulation still occurred (Figure 5C). Introducing a
mutation in ICS1 (sid2-1), which impairs SA synthesis, considerably rescued fresh weight defects to the
levels of atmc1 mutant plants (Figure 5D), partially prevented spontaneous cell death (Figure 5B) and
fully abolished PR1a protein accumulation (Figure 5C).
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Figure 5. Autoimmunity caused by catalytically inactive AtMC1 is dependent on SA synthesis
and partially dependent on EDS1 signalling. (A) Representative images of 40-day-old plants with
the indicated genotypes grown under short day conditions. Scale bar= 5.5 cm. (B) Trypan blue staining
of an area belonging to the 6™ true leaf of the plants shown in A. Scale bar = 0.5 mm. (C) Total protein
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extracts from the plants shown in A were run on an SDS-PAGE gel and immuno-blotted against the
indicated antisera. CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading
control. (D) Plant fresh weight of genotypes shown in A (n=12). Different letters indicate statistical
difference in fresh weight between genotypes (one-way ANOVA followed by post hoc Tukey, p value <
0.05). Quantification of fresh weight from Wt, sid2-1 and eds7-12 were excluded from the fresh weight
graph to better appreciate statistical differences between genotypes of interest.

Interestingly, mutating SAG101 (sag7017-1) neither rescued the fresh weight defects (Figure 6A and D)
nor prevented PR1a protein accumulation (Figure 6C). By contrast, mutating PAD1 (pad4-1) partially
rescued the fresh weight defects phenocopying eds7-12 atmc1 AtMC1°220A-GFP plants (Figure 6A
and D). Finally, introducing a mutation in the NGR1 hNLR family (nrg1.2 nrg1.2) phenocopied sag707-
1 atmc1 AtMC1C220A—GFP plants (Figure 7), whereas introgression of the helperless genetic
background (all helper NLRs mutated: nrg1.1, nrg1.2, adr1, adri-I1, adr1l-2; See Materials and
Methods) also partially rescued the fresh weight defects and PR1a protein accumulation phenocopying
pad4-1 atmc1 AtMC1C220A_GFP and eds7-12 atmc1 AtMC1C220A_GFP plants (Figure 7). We conclude
that the autoimmune phenotype caused by AtMC1C220A_GFP is partially dependent on the EDS1-PAD4-
ADR1 immune node and almost fully dependent on SA synthesis, as the phenotype was rescued to

atmc1 mutant levels.
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Figure 6. Autoimmunity caused by catalytically inactive AtMC1 is partially dependent on PAD4
but not SAG101. (A) Representative images of 40-day-old plants with the indicated genotypes grown
under short day conditions. Scale bar= 5.5 cm. (B) Trypan blue staining of an area belonging to the 6
true leaf of the plants shown in A. Scale bar = 0.5 mm. (C) Total protein extracts from the plants shown
in A were run on an SDS-PAGE gel and immuno-blotted against the indicated antisera. CBS of the
immunoblotted membranes shows protein levels of Rubisco as a loading control. (D) Plant fresh weight
of genotypes shown in A (n=12). Different letters indicate statistical difference in fresh weight between
genotypes (one-way ANOVA followed by post hoc Tukey, p value < 0.05). Quantification of fresh weight
from Wt, pad4-1 and sag107-1 were excluded from the fresh weight graph to better appreciate statistical
differences between genotypes of interest.
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Figure 7. Autoimmunity caused by catalytically inactive AtMC1 is partially dependent on the
hNLR family ADR1 but not NRG1. (A-B) Representative images of 40-day-old plants with the
indicated genotypes grown under short day conditions. Scale bar=5.5 cm. (C-D) Total protein extracts
from the plant genotypes shown in A-B were run on an SDS-PAGE gel and immuno-blotted against the
indicated antisera. CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading
control. (E) Plant fresh weight of genotypes shown in A-B (n=12). Different letters indicate statistical
difference in fresh weight between genotypes (one-way ANOVA followed by post hoc Tukey, p value <
0.05). Quantification of fresh weight from Wt, helperless, helperless/ AtMC1°220A-GFP and nrg1.1 nrg1.2
were exluceded from the fresh weight graph to better appreciate statistical differences between
genotypes of interest.

Wt AtMC1 alleles supress the autoimmune phenotype caused by catalytically inactive AtMC1.

To test whether overexpression of catalytically inactive AtIMC1 has a dominant effect over endogenous
Wt AtMC1 alleles, we crossed a Wt plant with an atmc1 AtMC 1¢220A_GFP autoimmune plant and looked
at the phenotype of Wt AtMC1¢220A_GFP in an F3 offspring. Interestingly, independent Wt AtMC 1C220A—
GFP lines (#1,6 and #10,3) did not display autoimmunity features (Figure 8). To further substantiate
our result, we generated a CRISPR AtMC1 deletion mutant (atmc1-CR#2) in line Wt AtMC 1¢220A-GFP
#10,3, with single guide RNAs targeting the 5° and 3" untranslated region (UTRs) of the Wt AtMC1
alleles (Figure 2A), thus not affecting the transgene which is in a coding sequence format. As expected,
atmc1-CR#2 AtMC1C220A_GFP plants displayed a similar autoimmune phenotype as atmc? (T-DNA)
AtMC 1€220A_GFP plants (Figure 8). Altogether our data argues on the importance of gene dosage of
Wt AtMC1 alleles in supressing the phenotype caused by catalytically inactive AtMC1 (Figure 8).
Knowing that the autoimmune phenotype does not occur when catalytically inactive AtMC1 is
overexpressed in a Wt background and partial rescues are achieved when mutating the same signalling
components (Figure 3 and Figure 5,6,7), we speculate that overexpression of catalytically inactive

AfMC1 may represents an additive phenotype to the autoimmunity observed in atmc1 plants.
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Figure 8. Endogenous Wt AtMC1 allelles supress the autoimmune phenotype caused by
overexpression of catalytically inactive AtMC1. (A) Representative images of 40-day-old plants with
the indicated genotypes grown under short day conditions. Scale bar= 5.5 cm. (C) Total protein extracts
from the plant genotypes shown in A were run on an SDS-PAGE gel and immuno-blotted against the
indicated antisera. CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading
control. (D) Plant fresh weight of genotypes shown in A (n=12). Different letters indicate statistical
difference in fresh weight between genotypes (one-way ANOVA followed by post hoc Tukey, p value <
0.05).

Catalytically inactive AtMC1 forms protein complexes with immune related components
involved in PTI and ETI.

To better understand the mechanism by which catalytically inactive AtMC1 triggers autoimmunity, we
performed immunoprecipitation followed by mass spectrometry (IP-MS). We pulled down AfMC1¢220A—
GFP from extracts of Wt AfMC1C220A—GFP plants in which no autoimmunity is visible vs atmc1
AtMC1€220A—GFP plants in which plants display autoimmunity (Figure 8 and Figure 9B). IP from plant
extracts expressing free GFP (Wt 35S::GFP) were used as a negative control. Since catalytically

inactive AtIMC1 localized to microsomal fractions (total membranes) and Wt AfMC1 was mainly localized
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in soluble fractions (cytosol) (Figure 9A), we conducted the IP-MS analysis in microsomal fractions.
We reasoned that identifying interactors in this fraction could give us a better understanding of the

underlying causes of autoimmunity.

Overall, a higher number of statistically significant (log2FC > 2 FDR <0.05) peptides were identified
when AfMC1C¢220A_GFP was pulled down from autoimmune plants (310 peptides) (atmc1 AtMC1¢220A—
GFP) vs Wt-looking plants (215 peptides) (Wt AIMC1C220A-GFP) (Figure 9B). Gene Ontology (GO)
searches revealed that interactors of AMC1C220A-GFP in autoimmune plants are mainly involved in
biological processes related to plant defence (Figure S7). GO terms such as “defence-response to

bacterium”, “regulation of defence response”, “response to wounding” and “response to SA” exhibit the

greatest statistical confidence among the GOs found (Figure S7).

Since it is estimated that a great proportion if not all, autoimmune phenotypes are either directly or
indirectly NLR-dependent (Freh et al., 2022), we hypothesised that their hyperactivation through binding
to catalytically inactive AIMC1 could be the cause of the autoimmune phenotype. In our IP-MS data
sets, we found one CNL and one TNL, RPS2 and SSI4 (AT5G41750), respectively, interacting at the
microsomal fraction with catalytically inactive AfMC1 specifically in the autoimmune plant atmc1
AtMC1€220A—_GFP (Figure 9B-C). Besides these NLRs, we also found interactors involved in PTI such
as the PRR RECEPTOR-LIKE PROTEIN 42 (RLP42), and the receptor-like kinase, SOBIR1, which is
required for the function of different PRRs of the RLP family (Liebrand et al., 2014). We also found the
PM-localized NADPH oxidase, RBOHF, involved in active ROS production during HR and PTI, as an
interactor (Figure 9C) (Torres et al., 2002). We tested interactions of all the selected proteins (Figure
9C) with either Wt or catalytically inactive versions of AfMC1 by in planta co-immunoprecipitations (co-
Ips) in Nicotiana benthamiana (N. benthamiana) (Figure 10). Both NLRs, RPS2-HA and SSI4-HA,
interact with AtMC1€220A-GFP and to a lesser extent with Wt AftMC1-GFP (Figure 10A-B). Similarly,
10xMyc-SOBIR1, 10xMyc-RLP42, and FLAG-RBOHF interact strongly with AtMC1€220A-GFP and to a
lesser extent with Wt AfMC1-GFP (Figure 10C-E). The interaction between SOBIR1 and AtMC1 was
tested in Arabidopsis by immunoprecipitating AtMC16220A-GFP in atmc1 AtMC 1¢220A-GFP and Wt (Col-
0)/AtMC 1€220A_GFP and probing with commercially available SOBIR1 antisera. Co-immunoprecipitation
between AtMC1 and SOBIR1 occurred exclusively in the autoimmune plant atmc1 AtMC1°220A-GFP
but not in Wt AtMC 1€220A_GFP (Figure 10F).
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IP-MS: Microsomal fraction
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Figure 9. Catalytically inactive AtMC1 is enriched in microsomes and form protein complexes
with immune related components involved in PTI and ETI when expressed in an atmc1 mutant
background. (A) Fractionation assays from 40-day-old plant extracts with the indicated plant
genotypes (transgene and genetic background indicated). Total (T), Soluble (S, cytoplasmic proteins)
and Microsomal (M, total membranes) fractions were run on an SDS-PAGE gel and immunoblotted
against the indicated antisera. Anti-cAPX and anti-H+ATPase were used as cytosol and membrane
markers, respectively, to evaluate the success of fractionation. CBS of the immunoblotted membranes
shows protein levels of Rubisco as a loading control. This experiment was repeated twice with similar
results. (B) Volcano plot of normalized abundances (label free quantification (LFQ), log2 scale) for
proteins that immunoprecipitated with AtMC1C220A_GFP when expressed in either an atmc?1 mutant
background (red) or a Wt background (blue) (Student’s t-test p-value < 0.05 and Log2FC > 1). The IP-
MS analysis was performed on samples collected in four independent biological replicates. (C) NLRs,
and immune components involved in PTI that immunoprecipitated with AtMC1C220A_GFP in atmc1
AtMC 1¢220A_GFP autoimmune plants and that were selected for further studies.

96



A RPS2-HA
AMC1-GFP F - =
AMC1G220AGFP - 4 -
GFP s om

70 KDa
35 KDa
25 KDa
anti-GFP
130 KDa -
100 KDa | W
anti-HA
i d—|
CBS
INPUTS
C FLAG-RBOHF

AIMC1-GFP + -

+ -

AMMC1C2204.GFP -
GFP - - 4+
70 KDa -
35 KDa -
25 KDa -
anti-GFP
e |
CBS
130 KDa
100KDa L ]
anti-FLAG
CBS
INPUTS

10xcMyc-SOBIR1

AtMC1-GFP + &

+ =

AMMC1C220AGFP -
GFP - -+
35 KDa —
25 KDa - —
anti-GFP
|— -
CBS
100 KDa
70 KDa 4 *
anti-cMyc
| e
CBS
INPUTS

CHAPTER 2

RPS2-HA
+ - 1=
= + =
- - +
70 KDa | . .
35 KDa -
25 KDa —
anti-GFP
130 KDa
100 KDa
anti-HA
IP GFP
FLAG-RBOHF
+ o -
- 4+ -
- -+
70 KDa | o WD
-—
35 KDa
25 KDa - i w——
anti-GFP

130 KDa
100 KDa

anti-FLAG
IP GFP

10xcMyc-SOBIR1

70 KDa ..

35 KDa -
25 KDa | 88 & e |
anti-GFP

100 KDa
- -

70 KDa

anti-cMyc
IP GFP

SSl4
B (AT5G41750)-3xHA
AMC1-GFP + - -
AMMC1G204.GFP -+ -
GFP - w
70 KDa — -
35 KDa |
25 KDa |
anti-GFP
170 KDa
150 KDa . “’
anti-HA
CBS
INPUTS

SSl4
(AT5G41750)-3xHA
+ == e
” + -
70 KDa
—
35 KDa
25 KDa - :
170 KDa anti-GFP
150 KDa sl
anti-HA
IP GFP

D 10xcMyc-RLP42 10xcMyc-RLP42
AMMC1-GFP + - - = = =
AMMCTIC20A.GFP - + -+ -
GFP - -+ - -+

T0KD: | | 70KDa- .
35 KDa 35 KDa
25 KDa — 25 KDa —| " - —
anti-GFP anti-GFP
- 150 KDa
130 KDa
150 KDa - 32 anti-cMyc
130 KDa-{ IP GFP
anti-cMyc
i
CBS
INPUTS
F Arabidopsis
ABMC19220A.GFP #1,6 AMC1C2204.GFP #1,6
T e A
Background a‘ﬁ\d\ W a\ﬁ\c o
TOKDa | s 70 KDa | s S
55 KDa 55 KDa
anti-GFP anti-GFP
S, 70 KDa-|
|
~CBS anti-SOBIR1
70 KDa - - IP GFP
anti-SOBIR1
CBS
INPUTS

97



CHAPTER 2

Figure 10. Catalytically inactive AtMC1 interacts in planta with NLRs, and immune components
involved in PTI. (A-E) AIMC1-GFP, AtMC1C220A-GFP or free GFP were transiently co-expressed with
either RPS2-HA (A), SSI4-3xHA (B), FLAG-RBOHF (C), 10xcMyc-RLP42 (D) or 10xcMyc SOBIR1 (E)
in N. benthamiana. 3 days post-infiltration (dpi) plant extracts co-expressing the indicated constructs
were immunoprecipitated with anti-GFP magnetic beads (IP GFP). Protein inputs from protein extracts
before IP (INPUTS) and eluates from IPs were run on an SDS-PAGE and immunoblotted against the
indicated antisera. CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading
control in the inputs. (F) IP of AMC1C220A.GFP in extracts of Arabidopsis stable transgenics
overexpressing AfMC1C220A-GFP either in an atmc?1 mutant or a Wt background. Inputs from extracts
and eluates from the IP were run on an SDS-PAGE and immunoblotted against SOBIR1 (anti-SOBIR1).
CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading control in the
inputs.

Based on these results, we formulated two different hypothesis that could explain the phenotypes
observed in atmc1 and atmc1 AtMC1C220A_GFP plants: 1) AfMC1 or its catalytic activity is guarded by
(an) NLR(s). 2) AfMC1 participates in the proteostasis of immune components and overexpression of
catalytically inactive AtMC1 binds and traps immune components (NLRs and components involved in

PTI), thus preventing their otherwise correct turnover.

To test our first hypothesis, we carried out an NLR-targeted forward genetic screen to find suppressors
of the severe autoimmune phenotype of atmc1 AtMC 1°220A—GFP plants. We independently transformed
a previously described collection of dominant-negative (DN)-NLRs in atmc?1 AtMC1C220A-GFP plants
(Lolle et al., 2017). DN-NLRs carry a mutation in a conserved P-loop region within the ATPase domain
of the NLR which, by a yet unknown mechanism, can disrupt the function of Wt NLR alleles (Freh et al.,
2022). This approach proved successful for the identification of two unrelated NLRs, DSC1 and DSC2,
responsible for the autoimmune phenotype of camta3 mutants (Freh et al., 2022; Lolle et al., 2017). Out
of the 166 NLRs present in Arabidopsis Col-0 accession (Lee & Chae, 2020), we individually
transformed 139 DN-NLRs into the autoimmune plant atmc1 AtMC1C220A—GFP plants and screen for
rescued plants in the T+ generation (Table S4). Neither of these DN-NLR transformations yielded a
rescued plant in T1. Particularly, independent T2 transgenics overexpressing DN-RPS2 and DN-SS/4
(AT5G41750) did not rescue the autoimmune phenotype (Figure S8A). Moreover, a null mutation in
RPS2 (rps2-201c) and the knockout mutations in RLP42 (rlp42-2) or RBOHF (rbohf) did not supress
the autoimmune phenotype (Figure S8B). Recently, SOBIR1 complexes were shown to recruit the co-
receptor BAK1 and connect RLP23 to PAD4-EDS1-ADR1 upon ligand (PAMP) binding to RLP23 (Pruitt
et al., 2021). As shown in Figure S8C, introducing mutations in RLP23 (rlp23-1), SOBIR1 (sobir1-12)
or the co-receptor BAK1 (bak1-4) did not result in rescues of the autoimmune phenotype. In light of
these results, we hypothesised that instead of a single NLR or PTlI component being aberrantly
activated in atmc1 AtMC 1C220A_GFP plants, a broad hyperactivation of multiple NLRs or perhaps other

immune components underlies the observed autoimmunity.
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Overexpression of SNIPER1 rescues the autoimmune phenotype caused by catalytically
inactive AtMC1.

Since no genetic rescues were achieved when individually introducing mutations in sNLRs (Figure S8
and Table S4), we explored whether a broad defect in sNLR homeostasis in plants expressing
catalytically inactive AfMC1 could account for the severe autoimmune phenotype observed. The E3
ubiquitin-ligase SNIPER1, is a master regulator that broadly controls sNLR levels (Z. Wu et al., 2020).
SNIPER1 specifically binds to the nucleotide binding domain (NBD) of sensor TNLs and CNLs to
mediate their turnover through the 26S proteasome. Accordingly, autoimmune mutants that are sNLR-
dependent such as snc1, chs1-2, chs2-1, and chs3-2D are fully rescued by overexpression of SNIPER1
(Z. Wu et al., 2020). Interestingly, when SNIPER1 was overexpressed in the autoimmune background
atmc1 AtMC 1°220A_GFP, independent transgenics (atmc1 AtMC1¢220A_GFP x HA-SNIPER1) exhibited
an almost complete rescue in all phenotypic outputs tested: visual rescue, suppression of spontaneous
cell death and low accumulation of PR1a that inversely correlated with expression of SNIPER1 (Figure
11). Based on this data we conclude that atmc1 AtMC 1¢220A-GFP plants might suffer from defects in
overall sNLR homeostasis and consequently the phenotype is attenuated when a master regulator of

sNLR levels is overexpressed.
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Figure 11. Overexpression of the E3 ubiquitin ligase SNIPER1 that broadly regulates
homeostasis of sNLRs, rescues the autoimmune phenotype caused by catalytically inactive
AtMC1. (A) Representative images of 40-day-old plants with the indicated phenotypes grown under
short day conditions. Two independent stable transgenics in the T2 generation expressing HA-SNIPER1
(#1 and #2) under the control of a 35S constitutive promoter in the atmc1 AtMC1¢2204-GFP background
are shown. Scale bar=5.5 cm. (B) Trypan blue staining of an area belonging to the 6™ true leaf of the
plants shown in A. Scale bar = 1.25 mm. (C) Total protein extracts from the plants shown in A were run
on an SDS-PAGE gel and immuno-blotted against the indicated antisera. CBS of the immunoblotted
membranes shows protein levels of Rubisco as a loading control.
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Catalytically inactive AtMC1 localizes to puncta structures that colocalize with autophagosomes

and are degraded through autophagy.

In biochemical assays, Wt AtMC1-GFP was mainly enriched in total and soluble fractions, whereas
AtMC1€220A.GFP is found in total and microsomal fractions (Figure 9A). Accordingly, when we probed
their subcellular localization in leaf epidermal cells under the confocal microscope, we observed that
while AtMC1-GFP is mainly localized in the nucleus and cytoplasm, AtMC1C220A |ocalized to puncta
structures distributed all over the cell periphery (Figure 12A). AfMC1C220A |ocalization to puncta
structures rarely occurred in Wt/AtMC1¢220A.GFP, further supporting the observation that the
endogenous Wt AtMC1 alleles supress the phenotype caused by the catalytically inactive variant
(Figure 12A and Figure 8). Moreover, the N-terminal prodomain is required for the localization of the
catalytically inactive AtMC1 variant to the microsomal fraction and puncta structures (Figure S9).

To explore the identity of these puncta structures, we generated double transgenics stably expressing
previously characterized cellular markers of early endosomes (EE) and late endosomes (LE), mCherry-
RabA5d and mCherry-RabG3C, respectively, along with AtMC1C220A-GFP (atmc1 AtMC1C220A-GFP x
mCherry-RabA5d and atmc1 AtMC1¢220A-GFP x mCherry-RabG3C) (Geldner et al., 2009). Neither of
these markers exhibited a clear colocalization with AIMC1¢220A-GFP puncta (Figure $10). We then
hypothesised whether these puncta are destined to the vacuole for degradation through autophagy, a
membrane-trafficking pathway by which molecules of different nature are selected as cargo and
engulfed in double membrane compartments known as autophagosomes (Slobodkin & Elazar, 2013).
Interestingly, double transgenics expressing AtMC1¢220A.GFP along with the core autophagy receptor
ATG8a, (atmc1 AtMC1C220A-GFP x mCherry-ATG8a) exhibited partial colocalization upon treatment
with the vacuolar ATPase inhibitor Concanamycin A (Conc A), which allows visualization of

fluorescently labelled proteins in the vacuole (Figure 12B).
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Figure 12. Catalytically inactive AtMC1 but not Wt AfMC1 localizes to puncta that partially
localize to autophagosomes. (A) Representative confocal microscopy images from the leaf epidermis
of 40-day-old plants grown under short day conditions with the indicated genotypes. Images represent
a Z-stack of 18 images taken every 1 ym. Arrows indicate some of the puncta structures formed when
AtMC1C220A s overexpressed in an atmc?1 mutant background. Scale bar = 10 um. (B) Representative
single-plane confocal microscopy images from the leaf epidermis of 40-day-old plants grown under
short day conditions with the indicated genotypes. Double transgenics expressing UBQ::mCherry-
ATG8a (T2 generation) in the atmc1 AtMC1C220A-GFP background were treated with 1 pM
Concanamycin A (Conc A) to be able to visualize fluorescently labelled proteins inside the vacuole.
Arrows in the merged image (GFP and RFP channel) indicate colocalization of ATG8a-labelled
autophagosomes along with AtMC1C220A puncta structures. Scale bar = 10 ym.

To further substantiate our result, we independently introduced mutations in ATG2 (atg2-1) and ATG5
(atg5-1), which are core autophagy machinery proteins required for the biogenesis of autophagosomes
(Leary et al., 2017), in the autoimmune genotype atmc1 AtMC1C220A.GFP. Accordingly, atg2-1 atmc1
AMC1C220A.GFP and atg5-1 atmc1 AtMC1C220A.GFP plants exhibited a more severe autoimmune
phenotype compared to atmc1 AtMC1C220A-GFP (Figure 13A). Moreover, these plants accumulated
bigger and higher number of AtMC1C220A-GFP puncta compared to atmc?1 AtMC1C220A-GFP plants
(Figure 13B). Altogether our results suggest that AMMC1C220A-GFP complexes containing immune

components are being degraded through autophagy, perhaps as an alternative turnover pathway, and
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impairment of this recycling process further exacerbates the autoimmune phenotype displayed in atmc1
AtMC1C220A.GFP plants.

A
AtMC1€220A = GFP #1.6
atme1 atg2-1 atmce1 atg5-1
B atme’ atg2-1 atmc1 atg5-1 atmc1
AtMC1C220A-GFP #1,6 AIMC1C220A.GFP #1 6

AtMC 152204-GFP #1,6

Figure 13. Introgression of the autophagy mutant alleles, atg2-1, and atg5-1, into atmc1
AtMC1€2204 plants further exacerbates the autoimmune phenotype and increases number and
size of AtMC1C220A puncta structures. (A) Representative images of 40-day-old plants with the
indicated phenotypes grown under short day conditions. (B) Representative confocal microscopy
images from the leaf epidermis of plants shown in A. Images represent a Z-stack of 12 images taken
every 1 um. Arrows indicate puncta structures formed in the genotypes indicated. Scale bar = 10 uym.

DISCUSSION

Fine-tuning immune responses is of paramount importance for plant growth and fithess. Consequently,
misregulation of immune receptor activation in the absence of pathogen attack leads to inappropriate
and deleterious immune outputs, resulting in plant autoimmunity —a phenomenon in which spontaneous
cell death, stunted growth, and sometimes plant lethality poses a serious disadvantage for plants (Freh
et al., 2022). Hyperactivation of immune receptors during autoimmunity (particularly NLRs) may be
caused by i) gain-of-function mutations in NLRs (Roberts et al., 2013; Zhang et al., 2003), ii)
modifications or absence of NLR-monitored guardees including PTI components (Schulze et al., 2022;

Y. Wu et al., 2020; Yang et al., 2022) or iii) aberrant regulation of NLRs at the transcriptional and
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translational level (Freh et al., 2022; van Wersch et al., 2016; Z. Wu et al., 2020). Alternatively, unsuited
interactions between NLR loci in heterozygous progeny derived from within-species ecotypes can lead
to a class of autoimmunity known as hybrid incompatibility or hybrid necrosis (Bomblies & Weigel, 2007;
Wan et al., 2021).

AtMC1 and its homologue in maize ZmMC1 were previously shown to participate either in the regulation
or subcellular re-localization of certain auto active NLRs, respectively (Luan et al., 2021; Roberts et al.,
2013). In addition, our lab has recently demonstrated the dynamic recruitment of AftMC1 to stress
granules in proteotoxic stress conditions, inferring a proteostatic function of AtMC1 in clearance of
aberrant aggregates that are formed under these circumstances (Ruiz-Solina et al 2023., unpublished:
Chapter 3).

Herein, we observed that mutant plants lacking AtMC1 display hallmarks of autoimmunity as plants
approach adulthood (Figure 2B-D). Thus, we explored the link between the previously reported
homeostatic function of AIMC1 and plant immunity. Interestingly, second-site mutations in key genes
downstream of sNLR activation such as ICS1, EDS1 and PAD4, into the atmc1 mutant background
rescued the autoimmune phenotype, thus pointing towards contribution of sNLRs to the phenotype
(Figure 3) (Cui et al.,, 2017). Whilst complementation with Wt AtMC1 rescues the phenotype,
overexpression of a catalytically inactive AtMC1 variant (AtMC1€2204) in the atmc1 mutant background
results in severe autoimmunity (Figure 4). We made use of this C-terminally GFP-tagged knock-in
variant as a tool to explore mechanisms that could infer the function of Wt AtMC1 in plant immunity,
and that would otherwise remain obscured when investigating the mild autoimmune phenotype of atmc1

mutant plants.

Structural requirements for the autoimmune phenotype caused by catalytically inactive AtMC1.

Plant metacaspases are biochemically quite distinct to animal caspases, owing to their lack of aspartate
specificity in their substrates and their preference for cleavage after Arg or Lys residues (Minina et al.,
2020; Vercammen et al., 2007; Vercammen et al., 2004). However, metacaspases and caspases are
often referred to as structural homologues as they share a common caspase-hemoglobinase fold at
their catalytic domains (Minina et al., 2017). Strikingly, we observe remarkable similarities in the
phenotypes derived from expression of catalytically inactive caspase 8 (CASP8 CA) in mammals
(Fritsch et al., 2019; Newton et al., 2019) and overexpression of catalytically inactive AfMC1 in plants.
Wt CASP8 participates in apoptotic and necroptotic cell death (Orning & Lien, 2021) (See Publication
1: INTRODUCTION). Absence of CASP8 or loss of CASP8 catalytic activity results in embryonic
lethality in mice (Fritsch et al., 2019; Newton et al., 2019). However, specific loss of CASP8 activity in
mice epithelial cells induces intestinal inflammation as a result of aberrant activation of pyroptotic cell
death (Fritsch et al., 2019). The authors showed a gene-dosage dependency in the phenotypes caused
by inactive CASP8 and proposed that a distinct conformation in the protease compared to an active

CASP8 may unmask the prodomain for interactions with components of the inflammasome (Fritsch et
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al,, 2019; Newton et al., 2019). In our study, we find remarkable similarities in the structural
requirements for the phenotype caused by catalytically inactive AIMC1 compared to inactive CASP8 in
mice. Overexpression of catalytically inactive AfMC1 in a Wt background does not lead to autoimmunity
(Figure 8) in a similar way as Wt CASP8 alleles can supress the CASP8 CA-dependent inflammatory
phenotypes in mice (Fritsch et al., 2019). Besides, the N-terminal prodomain of CASP8 is required to
engage cells into pyroptosis through binding to ASC specks (Fritsch et al., 2019; Newton et al., 2019)
(See Publication 1: INTRODUCTION). Similarly, Arabidopsis transgenics overexpressing a
prodomainless catalytically inactive AfMC1 variant do not display the autoimmune phenotype observed
in plants overexpressing full-length catalytically inactive AtMC1 (Figure S5 and Figure 4). Accordingly,
this prodomainless variant is neither enriched in microsomal fractions nor localizes to puncta structures
observed for full-length catalytically inactive AtMC1 (Figure 9A, Figure 12A and Figure S9). We also
showed that overexpression of non-cleavable AtMC1 variants that carry point mutations either at the
putative prodomain cleavage site (R49) or at the Ca?* binding site does not result in severe
autoimmunity (Figure S6) in a similar manner as non-cleavable mice CASP8 does not lead to
inflammation (Tummers et al., 2020). Based on these similarities, it is tempting to speculate that
although immune components and cell death pathways are not strictly conserved between plants and
animals, structural conservation in the way these proteases fold may trigger similar phenotypic outputs.
Therefore, inactive AtMC1 might also favour a conformation in which the prodomain may serve as a
docking site for protein-protein interactions that would otherwise not occur in an active AIMC1 under
basal conditions.

Catalytically inactive AtMC1 as a molecular platform for binding of immune-related protein

complexes.

As opposed to Wt AIMC1 that exhibits a diffuse nucleo-cytoplasmic localization and is mainly present
in soluble fractions, catalytically inactive AtMC1 localizes to puncta structures and is enriched in
microsomal membrane fractions (Figure 9A and Figure 12A). Our proteomic analyses comparing
interactors of catalytically inactive AfMC1 when expressed in either an atmc? background
(autoimmunity) or a Wt (no autoimmunity) background suggested that this variant interacts
promiscuously with proteins involved in plant defence exclusively in plants exhibiting autoimmunity
(Figure 9B-C). In planta co-immunoprecipitations (co-IPs) in N. benthamiana corroborated the ability
of inactive AfMC1 to bind sNLRs (RPS2 and SSI4 (AT5G41750)), PRRs (RLP42 and SOBIR1) or other
immune-related components (RBOHF) (Figure 10). Absence of these interactors in the IP-MS
experiment when plants express catalytically inactive AtMC1 in a Wt background (Wt AtMC 1€220A.GFP)
plants (Figure 9B), may imply that Wt AtIMC1 can compete for binding with defence-related interactors
in these plants through more transient interactions, possibly participating in their homeostatic regulation
or their re-localization to other cellular compartments, thus preventing inactive AtMC1 from stabilizing
NLRs, PRRs or other defence-related interactors.
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Genetic requirements for the autoimmune phenotype caused by catalytically inactive AtMC1.

Introducing individual second-site mutations on these interactors or transgenesis of an almost-complete
catalogue of Arabidopsis DN-NLRs (139 DN-NLRs or out 166 NLRs present in Arabidopsis) into the
autoimmune background (atmc1 AtMC1C220A.GFP) did not result in a rescued phenotype (Figure S8
and Table S4). Therefore, we ruled out the possibility that AtMC1 or perhaps its catalytic activity could
be guarded by a single NLR. Interestingly, introducing mutations in EDS1, PAD4 or the ADR1 gene
family partially rescued the severe autoimmune phenotype, whereas second-site mutations in SAG101
and the NRG1 gene family did not result in phenotypic differences compared to the autoimmune plant
(Figure 5, Figure 6, and Figure 7). Suppression of SA synthesis, however, caused an almost complete
rescue, abolishing PR1a protein accumulation and rescuing the fresh weight defects of autoimmune
plants to the levels of atmc1 mutants (Figure 5). Recent studies demonstrated that in Arabidopsis,
ADR1s are required for full ETI triggered by all TNL tested and contribute, but are not strictly required,
for ETI mediated by certain CNLs (Saile et al., 2020). NRG1s, on the other hand, are required for HR
triggered by certain TNLs but do not have obvious functions during CNL-mediated HR and disease
resistance (Castel et al., 2019; Saile et al., 2020) .Given that all autoimmune genotypes that are TNL-
mediated are fully dependent on EDS1 (Rodriguez et al., 2016), our genetic data suggest that CNLs,
which can be either fully or partially EDS1 independent, might also contribute to the phenotype of atmc1
AIMC1C220A.GFP plants (Figure 5). We argue that the partial rescues observed when second-site
mutations in EDS1, PAD4 and ADR1 are introduced (Figure 5, Figure 6 and Figure 7) might occur
due to the interference with the SA-mediated feedback loop that goes into EDS1-PAD4-ADR1 to bolster
ETl responses (Cui et al., 2017), therefore preventing amplification of the constitutive immune response
taking place in autoimmune plants. Preventing SA synthesis by introducing mutations in ICS1 (sid2-1)
almost completely rescued the phenotype but did not completely abolish cell death (Figure 5). Given
that certain CNLs can act independently of SA synthesis and are Ca?* permeable channels on their own
(Bi et al., 2021; Lewis et al., 2010), it is tempting to speculate that autoimmunity in atmc? AtMC16220A
GFP plants could be due to hyperactivation of a combination of SA-independent and SA-dependent
NLRs that require the feedback loop through EDS1-PAD4-ADR1 to amplify the immune response (Cui
et al.,, 2017; Lewis et al., 2010; Saile et al., 2020). In agreement with this, overexpressing the E3
ubiquitin ligase SNIPER1, which is a master regulator of sSNLRs (both CNLs and TNLs) but not hNLRs,
in the autoimmune genetic background (atmc1 AtMC1¢220A-GFP x HA-SNIPERT1) rescues the

autoimmune phenotype (Figure 11).

Identity of AtMC1€22%4 puncta structures and degradation through autophagy

Whilst Wt AtMC1-GFP display a diffuse nucleocytoplasmic localization in leaf epidermal cells,
catalytically inactive AtIMC1-GFP localizes to the nucleus, cytoplasm, and puncta structures (Figure
12A). Our data indicate that AtMC1C220A_GFP puncta may correspond to autophagosomes as i) we
observed vacuolar targeting of AIMC1¢220A-GFP puncta upon treatment with Conc A (Figure 12B) ii)

we observed a partial colocalization with the core autophagy protein ATG8a (Figure 12B), while
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endosomal localization was ruled out (Figure $10). The autophagosomal localization of AfMC1C220A—
GFP puncta is in line with the fractionation assays in which catalytically inactive AtIMC1 localizes mainly
to microsomal fractions (Figure 9A). Introgression of atg2-1 and afg5-1 mutant alleles into the
autoimmune background (atmc1 AtMC1C€220A-GFP) further exacerbates the phenotype, implying that
the inability to degrade AfMC1¢220A_GFP puncta through autophagy has detrimental effects for the plant
(Figure 13). These results are in line with the observation that atmc1 atg18 double mutant plants also
display an exacerbated early senescence phenotype compared to the one observed in atmc1 mutant
plants (Coll et al., 2014). One can hypothesise that defects in autophagy in atmc1 mutant plants (atmc1
atg18) lead to further stabilization of immune-related components therefore accentuating its
autoimmune phenotype. Given that autophagy has been recently shown to mediate degradation of
aggregation-prone proteins or stress granules, and AtMC1 is dynamically recruited therein upon
proteotoxic stress (Jung et al., 2020; Munch et al., 2014) (Ruiz-Solani N. et al., 2023 unpublished:
Chapter 3), one can hypothesise that the observed AtMC1¢220A puncta are indeed stress granules
enriched with defence-related components (Figure 9B-C and Figure 12A). Ongoing experiments will

determine whether these puncta structures colocalize with core stress granule markers.

A recent study reported that the master regulator of plant immunity NPR1, which act as a E3 ligase
adaptor, promotes cell survival by targeting substrates for ubiquitination and degradation through
formation of SA-induced NPR1 condensates (SINCs) (Zavaliev et al., 2020). SINCs are enriched with
NLRs and ETI signalling components, and have been proposed to act as a hub in promoting cell survival
upon stress (high SA concentration) (Zavaliev et al., 2020). Although AtMC1 is not present in SINCs
based on proteomics data (Zavaliev et al., 2020), it is tempting to speculate that AftMC1 recruits
defence-related components in stress granules upon biotic stresses and thus, serves a pro-life function
in the context of plant immunity in adult plants in parallel to SINCs. Localization of AtIMC1 to stress
granules upon pathogen infection and whether they directly or indirectly regulate sNLRs levels or other
defence components through direct cleavage or other degradation mechanisms remain to be
determined. Finally, similarly to the function of SNIPER1 in broadly regulating sNLR homeostasis and
in line with a plausible function of AtMC1 in NLR homeostasis, it would be worth testing whether
overexpression of AtMC1 can supress phenotypes of previously characterized NLR-dependent

autoimmune mutants.

107



CHAPTER 2

Wt plants Turnover
A
—,  Autophagy
g L0
v Damm @ ?
@ 2 ommm L Wt growth
uPs
AtMCA ?A\“‘ @ 5
atmc1 mutant Turnover
B
Compensatory —
mechanisms E‘ Autophagy

QA -, -

Mild autoimmunity

X
i
= (D)

C atmc1 AtMC1€2204 Turnover

w Autophagy
~ ups
B ?

Severe autoimmunity

AfMC 162204 ‘ EB

-

Wt AtMC 762204 Turnover

Autophagy

AMC 162204 ?2v = .
?
T2 Dumem
UPS
: B )

W
/:tlvlm T
O 0

AtMCA1 =

W1t growth

108



CHAPTER 2

Figure 14. Hypothetical model for the function of AtMC1 in the context of plant immunity in adult
plants. (A) AtMC1 may participate in the regulation and turnover of sSNLR, hNLRs and/or PRRs together
with other protein quality control systems such as the ubiquitin-proteasome system (UPS) or autophagy.
(B) Plants lacking AftMC1 exhibit mild autoimmunity since this regulation and turnover of immune
components does not occur. Compensatory mechanisms may act redundantly to compensate for the
loss of AtMC1. (C) Plants that overexpress catalytically inactive AtMC1 in an atmc1 mutant background
suffer from severe autoimmunity as this variant interacts promiscuously with immune components
possibly stabilizing them and preventing their timely turnover. We speculate that when overexpressed,
catalytically inactive AtIMC1 acts additively to the autoimmunity observed in atmc1 plants. (D) Plants
that overexpress catalytically inactive AtMC1 in a Wt background do not exhibit autoimmunity as Wt
AtMC1 may outcompete AtMC1¢220A for binding to immune components and regulate their turnover as
in a Wt-like situation.

Final remarks

Based on the genetics of the autoimmune phenotype caused by catalytically inactive AfMC1 and
previous findings placing AtMC1 as a negative regulator of an auto active hNLR variant (Roberts et al.,
2013), we hypothesise that AfMC1 might directly or indirectly participate in the regulation of NLR protein
levels, genetically downstream of sNLRs. The relatively mild autoimmune phenotype exhibited by atmc1
mutant plants (Figure 2), might indicate that defects occurring as a consequence of the mutation may
be compensated by the many systems in place that exist in plants to ensure protein quality control
(Llamas et al., 2022), potentially including redundant functions played by other metacaspases.
Overexpression of a catalytically inactive AtMC1 variant might exemplify a case in which immune
components are trapped in otherwise very dynamic protein assemblies (Ruiz-Solani et al., 2023
unpublished: Chapter 3). These aberrant puncta that remain in the cytoplasm as a result of defective

turnover may directly underlie the observed autoimmune phenotype (Figure 14 model).

Investigating the molecular mechanisms underlying plant immune phenotypes can provide valuable
knowledge about the systems in place to maintain NLR homeostasis. Since the field of plant immunity
is gaining momentum with great advances in NLR bioengineering (Marchal et al., 2022), it is also worth

considering the use of NLR regulators also as tools for engineering resistance.

MATERIALS AND METHODS

Plant materials and plant growth conditions

Arabidopsis thaliana Columbia-0 (Col-0) ecotype and Wt Nicotiana benthamiana were used for all
experiments performed in this study. Arabidopsis mutants and transgenic lines are listed in Table S1.
All seeds were sown directly in soil. To explore visual phenotypes and quantify fresh weight of mutants
and transgenic lines, plants were grown in a controlled chamber with a short-day photoperiod of 8 h
light and 16 h dark for 40 days under 65% relative humidity and 22 °C. N. benthamiana plants were
grown at a temperature ranging from 22-25 °C and a relative humidity of 65% under a long-day
photoperiod of 16 h light 8 h dark.
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Plasmid construction and generation of Arabidopsis transgenics

All constructs and primers used in this study are listed in Table S2 and S3, respectively. All plasmids
were assembled using GreenGate cloning (Lampropoulos et al., 2013), except for pro35S::SS/4
(AT5G41750)-3xHA and the CRISPR destination vectors containing the RNA guides for AtMC1
deletion. In the case of pro35S::SSl4 (AT5G41750)-3xHA, the genomic DNA sequence of AtSS/4
(AT5G41750) was introduced firstly into a pDONR207 by a BP reaction (Thermo Fisher Scientific) and
subsequently introduced into a pGWB514 (Addgene #74856) binary destination vector by an LR
reaction (Thermo Fisher Scientific). For the AtMC1 deletion, 20 bp of the targeted sequences of AtMC1
(5'UTR, intron 3 and 3'UTR) neighbouring a PAM sequence, tracrRNA sequence, U6 promoter,
restriction enzyme sequence sites (BamHI/Pstl/Sall) for cloning and attB overhangs were order as
gBlocks® from IDT. The 3 gBlock sequences were introduced individually into different pDONR207
vectors by BP reactions. For the combination of the three gRNAs, pDONR207 vectors containing the
guides were digested with restriction enzymes BamHI/Pstl/Sall and ligated into a new pDONR207.
Finally, the assembled gRNAs were transferred to the binary vector pDe-CAS9-DsRED (Morineau et
al., 2017) by an LR reaction. For generation of atmc1 #CR3 helperless/AtMC1C2204-GFP #4.10, we
firstly introduced the transgene (AtMC1¢220A-GFP #4.10) into the helperless background (adr1, adr1-I1,
adr1-12, nrg1.1 nrg1.2) and subsequently we caused a CRIPSR deletion in the AtMC1 endogenous Wt
alleles. For generation of Arabidopsis transgenics, the Agrobacterium tumefaciens (ASE + pSOUP

strain) floral dipping method was followed as previously described (Clough & Bent, 1998).

Protein extraction and western blotting

Five hundred milligrams of leaf material were mixed with extraction buffer (50 mM HEPES pH 7.5, 150
mM NacCl, 0.5% Nonidet P-40, 10% glycerol, 1 mM EDTA pH 8, 5 mM DTT and 1x cOmplete™ EDTA-
free Protease Inhibitor Cocktail (Roche)) in a 5/1 volume/weight ratio and centrifuged for 10 min at
10,000 xg at 4 °C. Supernatants were supplemented with 1X SDS-loading dye and boiled at 95 °C
before loading into an SDS-PAGE gel. Proteins were transferred to PVDF membranes (Roche) using
the Trans-Blot Turbo Transfer System (Bio-Rad) following the manufacturer's instructions. Blotted
membranes were blocked with 5% milk in Tris-buffered saline containing 0.01% Tween 20 (TBS-T) for
an hour. Subsequently, membranes were incubated with antibodies at 4 °C overnight. Antibodies used
for immunoblotting were as follows: a-GFP-HRP (1:5,000 Milteny Biotec), a-HA-HRP (1:5,000 Sigma),
mouse a-cMyc (1:10,000, Sigma-Aldrich), rabbit a-FLAG (1:10,000, Sigma-Aldrich), a-PR1a (dilution
1:10,000, Agrisera), a-cAPXa (dilution 1:5,000, Agrisera), a-H+ATPase (dilution 1:5,000, Agrisera), a-
SOBIR1 (dilution 1:1,000, Agrisera). To reveal membranes, we used the ECL Prime Western Blotting
Detection Reagent (Cytiva). Image acquisition was carried out with an Amersham™ Image-Quant 800

luminescent imager (GE Healthcare Life Sciences).
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Fractionation assays

Differential centrifugations were done to obtain total, soluble, and microsomal fractions from extracts of
different plant genotypes. Briefly, 2 grams of aerial plant tissue from 40-day-old plants were
homogenized in liquid nitrogen with mortar and pestle. Homogenization buffer (50 mM HEPES pH 7.5,
250 mM sucrose, 5 mM EDTA pH 8, cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche), 0.5%
PVP-10 (Sigma) and 5 mM DTT) was added to the previously ground powder in a 5/1 volume/weight
ratio. Subsequently, samples were left rotating in a rotator disc to reach complete homogenization for
15 minutes at 4 °C. Extracts were filtered through two layers of miracloth (Merck Millipore) and subjected
to a 15-minute centrifugation at 8,000 xg. The resulting supernatant (Total fraction, cytosolic and
membrane proteins) was normalized by a Bradford Assay (BioRad) to ensure equal amount of protein
was used before further fractionation. Adjusted extracts were centrifuged at 100,000 xg for 1 h at 4 °C.
The supernatant was designated at Soluble fraction (cytosolic proteins) and the resulting pellet
dissolved in homogenization buffer without PVP-10 and supplemented with 1% Nonidet™ P40 (Sigma),
was designated as Microsomal fraction (Total membranes). Total, soluble and microsomal fractions
were supplemented with 1X SDS-loading dye and boiled at 65 °C before loading into an SDS-PAGE

gel.

Immunoprecipitation and mass spectrometry coupled to liquid chromatography (IP-MS)

Protein extraction to obtain Total and Microsomal protein fractions from aerial plant tissue of 40-day-
old atmc1 AtMC1€220A_GFP, Wt AtMC1€220A_GFP and Wt 35S::GFP plants was done as described in
the fractionation assays section. Once fractions were obtained, extracts were incubated with anti-GFP
magnetic beads (Miltenyi Biotec) for 2 hours at 4 °C under constant rotation. Magnetic beads were
immobilized on a magnetic separator (Miltenyi Biotec), washed 4 times with homogenization buffer and
eluted with 1X elution buffer (4% SDS, 40 mM TCEP (Sigma), 160 mM CAM (Sigma) and 200 mM
HEPES pH 7.5) previously boiled at 90 °Ce.

For mass spectrometry analysis, samples were processed on an Orbitrap Fusin Lumos instrument
(Thermo) coupled to an Easy-nLC 1200 liquid chromatography (LC) system. A fused silica capillary (75
gm x 46 cm) was used as analytical column with an integrated PicoFrit emitter (CoAnn Tech). The
analytical column was encased by a Sonation column oven (PRSO-V2) and attached to nanospray flex
ion source (Thermo) at 50 °C. The LC was equipped with two mobile phases: solvent A (0.1% (v/v)
formic acid, FA, in water) and solvent B (0.1% FA in acetonitrile, ACN). All solvents were of UPLC grade
(Sigma). Peptides were directly loaded onto the analytical column with a flow rate around 0.5 — 0.8
pL/min. Peptides were subsequently separated on the analytical column by running a 105 min gradient
of solvent A and solvent B (start with 9% (v/v) B; gradient 9% to 35% B for 70 min; gradient 35% to 44%
B for 15 min and 100% B for 20 min) at a flow rate of 250 nl/min. The mass spectrometer was set in the
positive ion mode and operated using Xcalibur software (version 2.2 SP1.48). Precursor ion scanning

was performed in the Orbitrap analyzer (FTMS; Fourier Transform Mass Spectrometry) in the scan
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range of 200 or 400 m/z and at a resolution of 240000 with the internal lock mass option turned on (lock

mass was 445.120025 m/z, polysiloxane).

Peptide and protein identification after IP-MS

RAW spectra were submitted to an Andromeda (Cox et al., 2011) search using MaxQuant (version
1.6.10.43) using the default settings label-free quantification (Cox et al., 2014). MS/MS spectra data
were searched against the Uniprot reference proteome of Arabidopsis (UP000006548_3702). Further
analysis and annotation of identified peptides was done in Perseus v1.5.5.3 (Tyanova et al., 2016).
Only protein groups with at least three identified unique peptides were considered for further analysis.
For quantification we combined related biological replicates to categorical groups and investigated only
those proteins that were found in a minimum of one categorical group at least in 3 out of 4 biological
replicas. Subsequently, peptides were visualized in Volcano plots comparing different categorical

groups.

Transient expression in N. benthamiana

Proteins of interest were transiently expressed in Wt N. benthamiana. Briefly, leaves from 4-week-old
plants were infiltrated with Agrobacterium tumefaciencs GV3101 using a 1 mL needleless syringe. The
final ODeoo of all bacterial suspension was adjusted in MMA agroinfiltration buffer (10 mM MES, 10 mM
MgClz2and 150 pM acetosyringone at pH 5.6). Bacterial suspensions for all constructs were adjusted to

an ODeoo of 0.3. Tissue was harvested for sample processing 3 days post-infiltration.

Co-Immunoprecipitations (co-IPs)

For co-lps, 400 mg of ground tissue were homogenized in IP homogenization buffer (50 mM HEPES
pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8, cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche),
0.5% PVP-10 (Sigma), 5 mM DTT and 0.5% Nonidet™ P40 (Sigma). Samples were left rotating in a
rotator disc to reach complete homogenization for 15 minutes at 4 °C. Extracts were filtered through
two layers of Miracloth (Merck Millipore) and subjected to a 15-minute centrifugation at 10,000 xg. The
resulting supernatant was normalized by a Bradford Assay (BioRad) and incubated with anti-GFP
magnetic beads (Miltenyi Biotec) for 2 hours at 4 °C under constant rotation. Magnetic beads were
immobilized on a magnetic separator (Miltenyi Biotec), washed 4 times with IP homogenization buffer
without PVP-10 and eluted with 1X SDS loading buffer (20 Mm Tris-HCI pH 7, 10% glycerol, 2% SDS,
0.1% Bromophenol blue and 100 mM DTT). Inputs (extracts before IP) diluted in 1X SDS loading buffer

and IP samples were run on an SDS-PAGE gel to visualize proteins of interest through immuno-blotting.
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Fresh weight experiments

For quantification of fresh weight, the aerial part of Arabidopsis plants grown for 40 days under short

day conditions were cut through the stem and weigh in a precision scale (Mettler Toledo).

Confocal microscopy

Confocal imaging of proteins of interest was done using an Olympus FV1000 inverted confocal
microscope with a x60/water objective. GFP signal was excited at 488 nm, whereas mRFP signal was
excited at 543 nm. To visualize the vacuolar lumen, 1 yM Concanamycin A (Sigma) was syringe
infiltrated with a needleless syringe. Imaging was performed 24 hours post-treatment. Information on

whether images are single-plane or Z-stacks is indicated in figure legends.

Trypan blue staining

Ten Arabidopsis leaves per genotype were harvested in 50-ml Falcon tubes and incubated in 10 mL of
a 1/3 dilution (trypan blue solution/ethanol) of trypan blue solution (100 mg Phenol solid, 100 mL lactic
acid, 100 mL Glycerol and 100 mL water). Falcon tubes were submerged in boiling water for 10 minutes
until leaves become completely blue. Subsequently, trypan blue solution was removed, and leaves were
incubated with 10 mL of distaining solution (1 kg Chloral hydrate in 400 mL water) overnight on an
orbital shaker. After removal of distaining solution, leaves were covered in 50% glycerol and

photographed using a Leica DM6 epifluorescent microscope.
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SUPPLEMENTARY FIGURES

atmec3- CR#13.3

Figure S1. The autoimmune phenotype of atmc1 mutant plants is specific to AtMC1 and does
not occur in other Type Is or a Type Il metacaspase mutant. Representative images of 40-day-old
Wt, atmc1, atmc2 (T-DNA mutant), atmc3-CR#13.3 (CRISPR mutant) and atmc4 (T-DNA mutant) plants
grown under short day conditions. Scale bar = 5.5 cm.

atmc1 AtMC1-GFP atmec1 AtMC 162204 _ GFP
~#3,11

Figure S2. The autoimmune phenotype caused by catalytically inactive AtMC1 occurs in
independent transgenics. Representative images of 40-day-old atmc1 AtMC1-GFP and atmc1
AtMC1¢€2204 — GFP plants grown under short day conditions. 2 and 5 independent transgenics in
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homozygosity for the transgene for atmc1 AtMC1-GFP and atmc1 AtMC1C220A—-GFP plants,
respectively, are shown. Scale bar = 5.5 cm.

A

atmc1 proMC1::AtMC1-GFP  atmc1 proMC1::AtMC1¢220A-GFP

atmce1

B atme1

proMC1::AtMC1-GFP  proMC1::AtMC1¢220A-GFP

#4.1 #1.1 #1.3 #3.6

100 KDa —

70 KDa

55 KDa

anti-GFP

CBS

Figure S3. The autoimmune phenotype of atmc1 mutant plants is fully rescued by expression of
AtMC1 but not by AtMC1¢22°Awhen the constructs are driven by the AtMC1 native promoter. (A)
Representative images of 40-day-old plants with the indicated genotypes grown under short day
conditions. Two independent homozygous stable transgenics expressing either AtIMC1-GFP (#4.1 and
#1.1) or AtMC1¢220A.GFP (#1.3 and #3.6) under the control of the AtMC1 native promoter in the atmc1
mutant background are shown. Scale bar = 5.5 cm. (B) Total protein extracts from the plants shown in
A were run on an SDS-PAGE gel and immuno-blotted against the indicated antisera. CBS of the
immunoblotted membranes shows protein levels of Rubisco as a loading control.
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Figure S4. The autoimmune phenotype caused by catalytically inactive AtMC1 does not occur
when catalytically inactive AtMC2 is overexpressed in an atmc2 mutant background. (A)
Representative images of 40-day-old plants with the indicated genotypes grown under short day

conditions. Two independent stable transgenics in the T2 generation expressing either AtIMC2-GFP (#9
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and #10) or AtMC2C256A-GFP (#3 and #7) under the control of a 35S constitutive promoter in the atmc2
mutant background are shown. Scale bar = 5.5 cm. (B) Total protein extracts from the plant genotypes
shown in A were run on an SDS-PAGE gel and immuno-blotted against with the indicated antisera.

CBS of the immunoblotted membranes shows protein levels of Rubisco as a loading control.
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Figure S5. The N-terminal prodomain is required for the autoimmune phenotype caused by
catalytically inactive AfMC1. (A) Representative images of 40-day-old plants with the indicated
genotypes grown under short day conditions. 3 and 2 independent homozygous stable transgenics
expressing either prodomainless AtMC1 (ANAtMC1 -GFP #7.3, #5.15 and 9.11) or prodomainless

117



CHAPTER 2

AIMC1 catalytically inactive (ANAtMC1 C220A-GFP #5.1 and #4.2), respectively, under the control of a
35S constitutive promoter in the atmc1 mutant background are shown. Scale bar = 5.5 cm. (B) Total
protein extracts from the plant genotypes shown in A were run on an SDS-PAGE gel and immuno-
blotted against the indicated antisera. CBS of the immunoblotted membranes shows protein levels of
Rubisco as a loading control. (C) Plant fresh weight of genotypes shown in A (n=12). Different letters
indicate statistical difference in fresh weight between genotypes (one-way ANOVA followed by post hoc
Tukey, p value < 0.05).
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Figure S6. Non-autoprocessed AfMC1 variants do not display autoimmunity. (A) Representative
images of 40-day-old plants with the indicated genotypes grown under short day conditions. 3
independent homozygous stable transgenics expressing a Ca?* insensitive variant (AftMC1PEP-GFP
#9.11, #8.15 and #3.1) from a 35S constitutive promoter in the atmc? mutant background are shown.
Scale bar = 5.5 cm. (B) Total protein extracts from the plants shown in A were run on an SDS-PAGE
gel and immuno-blotted against the indicated antisera. (C) Plant fresh weight of genotypes shown in A
(n=12). Different letters indicate statistical difference in fresh weight between genotypes (one-way
ANOVA followed by post hoc Tukey, p value < 0.05). (D) Representative images of 40-day-old plants
with the indicated genotypes grown under short day conditions. One stable transgenic overexpressing
a non-cleavable AtMC1 variant (AMC1PEP-GFP #11.8) from a 35S constitutive promoter in the atmc1
mutant background is shown. Scale bar = 5.5 cm. (E) Total protein extracts from atmc1 AtMC 1PEP-GFP
#9.11, #3.1 and #8.15 and atmc1 AtMC1R4A-GFP #11.8 were run on an SDS-PAGE gel and immuno-

blotted against the indicated antisera.
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Figure S7. GO terms representing biological processes derived from significantly enriched
peptides that co-immunoprecipitated with AtMC1¢22A_GFP in extracts belonging to atmc1
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AtMC1C220A_GFP or Wt AtMC1°¢?20A_GFP plants. The most specific term from each family term
provided by PANTHER was plotted along with the corresponding gene number, fold enrichment (FE),
and FDR (Bonferroni correction for multiple testing) represented as log10. Only GO terms with an FE
above 2 and FDR below 0.05 were plotted.

atme1 AtMC16220A.GFP #1.6 atmc1 AtMC1C220A-GFP #1.6
x DN-RPS2 x DN-SS14 (AT5G41750)

atme1/
AtMC1C220A.GFP #1.6

atmc1 atme1
rps2-201c rip42-2

AtMC1C2204-GFP #1.6

atme1 rip23-1 sobir1-12 bak1-4

— = N—as®

rip23-1 atmc1 sobir1-12 atme1 bak1-4 atmc1 atmc1

AtMC1¢220A.GFP #1.6

Figure S8. Inmune components that interact with catalytically inactive AtMC1 are individually
not required for the autoimmune phenotype caused by catalytically inactive AtMC1. (A)
Representative images of 40-day-old plants with the indicated phenotypes grown under short day
conditions. Two independent stable transgenics in the T2 generation expressing either DN-RPS2 (DN-
RPS2 #1 and #2) or DN-SSI14 AT5G41750 (DN-SSI4 AT5G41750 #1 and #2) under the control of a 35S
constitutive promoter in the atmc1 AtMC1C220A-GFP background are shown. Scale bar=5.5 cm. (B)
Preliminary representative images of 50-day-old plants with the indicated phenotypes grown under
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short day conditions. The rps2-201c, rip42-2 and rbohf mutant alleles were introgressed into the atmc1
AtMC 1¢220A.GFP background by conventional crosses and pictures were taken in the F3 offspring.
Scale bar= 5.5 cm. (C) Representative images of 40-day-old plants with the indicated phenotypes grown
under short day conditions. The rip23-1, sobir1-12 and bak1-4 mutant alleles were introgressed into the
atmc1/AtMC1¢220A.GFP background by conventional crosses and pictures were taken in the F4
offspring. Scale bar= 5.5 cm.
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Figure S9. The N-terminal prodomain is required for microsomal and puncta localization in
catalytically inactive AtMC1. (A) Fractionation assays from plant extracts with the indicated plant
genotypes (transgene and genetic background indicated). Total (T), Soluble (S, cytoplasmic proteins)
and Microsomal (M, total membranes) fractions were run on an SDS-PAGE gel and immunoblotted
against the indicated antisera. CBS of the immunoblotted membranes shows protein levels of Rubisco
as a loading control. (B) Representative confocal microscopy images from the leaf epidermis of 40-day-
old plants grown under short day conditions with the indicated genotypes. Images represent a Z-stack
of 12 images taken every 1 um. Arrows indicate some of the puncta structures formed when AtMC 162204
is expressed in an atmc1 mutant background that are not present in Wt AIMC1 expressing plants or
prodomainless variants (atmc1 ANAtMC1-GFP #5,15 and atmc1 ANAtMC1¢220A-GFP #5,1). Scale bar
=10 ym.
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Figure $10. AftMC1%220A puncta do not colocalize with early or late endosome markers, RabA5d
and RabG3C, respectively. (A-B) Representative single-plane confocal microscopy images from the
leaf epidermis of 40-day-old plants grown under short day conditions with the indicated genotypes.
Double transgenics expressing either an early endosome marker, mCherry-RabA5d (UBQ::mCherry-
RabAb5d) (A) or a late endosome marker, mCherry-RabG3C (UBQ::mCherry-RabG3C) (B) in the atmc1
AtMC 1¢220A.GFP background were imaged. Arrows in GFP and RFP channel indicate some of the
AtMC1€220A puncta structures and either early (A) or late endosomes (B), respectively. Scale bar = 10

pm.

SUPPLEMENTARY INFORMATION

Table S1. Arabidopsis lines used in this study.
Table S2. Plasmids used in this study.

Table S3. Primers and synthetic sequences used in this study for genotyping and cloning.

Table S4. DN-NLRs carrying P-loop mutations transformed in the autoimmune background atmc1

AtMC16220A_GFP

Table S1: Arabidopsis seeds used in this study.

Arabidopsis seeds Accession Source or
number reference
atmc1 (GABI-Kat: GK-096A10) AT1G02170 | (Coll et al.,
2010)
atmc1-CR#1 AT1G02170 | This study
atmc2 (SALK_009045) AT4G25110 | (Coll et al.,
2010)
atmc3-CR#13.3 AT5G64240 | (Pitsili et al.,
2022)
atmc4 (SAIL_856_DO0) AT1G79340 | (Watanabe
& Lam,
2011)
eds1-12 AT3G48090 | (Ordon et
al., 2017)
sid2-1 AT1G74710 | (Wildermuth
et al,, 2001)
pad4-1 AT3G52430 | (Jirage et
al., 1999)
sag101-1 AT5G14930 | (Feysetal.,
2005)
nrg1.1 nrg1.2 AT5G66900, | (Castel et
AT5G66910 | al., 2019)
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helperless (nrg1.1 nrg1.2, adr1, adr1-L1, adr1-L2) | AT5G66900, | (Saile et al.,
AT5G66910 | 2020)
AT1G33560,
AT4G33300,
AT5G04720
rps2-201-c AT4G26090 | (Kunkel et
al., 1993)
rip42-2 AT3G25020 | (Wang et al.,
2008)
rbohf AT1G64060 | (Torres et
al., 2002)
bak1-4 AT4G33430 | (Dressano et
al., 2017)
rip23-1 AT2G32680 | (Wang et al.,
2008)
sobir1-12 AT2G31880 | (Gao et al.,
2009)
atg2-1 (SALK_076727) AT3G19190 | (Thompson
et al., 2005)
atg5-1 (SAIL_129B07) AT5G17290 | (Yoshimoto
et al., 2009)
atmc1 eds1-12 AT1G02170, | This study
AT3G48090
atmc1 sid2-1 AT1G02170, | This study
AT1G74710
atmc1 pad4-1 AT1G02170, | This study
AT3G52430
atmc1 nrg1.1 nrg1.2 AT1G02170, | This study
AT5G66900,
AT5G66910
atmc1 35S::AtMC1-GFP AT1G02170 | This study
atmc1 35S::AtMC1C220A-GFP AT1G02170 | This study
atmc1 proMC1::AtMC1-GFP AT1G02170 | This study
atmc1 proMC1::AtMC 1€220A-GFP AT1G02170 | This study
Wt; 35S::AtMC 1C220A-GFP AT1G02170 | This study
atmc1-CR#2 35S::AtMC1C220A-GFP AT1G02170 | This study
atmc1 35S::ANAtMC1 -GFP AT1G02170 | This study
atmc1 35S::ANAtMC1 C220A _.GFP AT1G02170 | This study
atmc1 35S::AtMC 1PEED-GFP AT1G02170 | This study
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atmc1 35S::AtMC1R4A-GFP AT1G02170 | This study
atmc1 eds1-12 35S::AtMC 1C220A-GFP AT1G02170, | This study
AT3G48090
atmc1 sid2-1 35S::AtMC 1C220A-GFP AT1G02170, | This study
AT1G74710
atmc1 sag101-1 35S::AtMC1C220A-GFP AT1G02170, | This study
AT5G14930
atmc1 pad4-1 35S::AtMC1€220A-GFP AT1G02170, | This study
AT3G52430
atmc1 nrg1.1 nrg1.2 35S::AtMC1€220A.GFP AT1G02170, | This study
AT5G66900,
AT5G66910
atmc1-CR#2 helperless 35S::AtMC16220A-GFP AT1G02170, | This study
AT5G66900,
AT5G66910
AT1G33560,
AT4G33300,
AT5G04720
atmc1 atg2-1 35S::AtMC1C220A-GFP AT1G02170, | This study
AT3G19190
atmc1 atg5-1 35S::AtMC1C220A-GFP AT1G02170, | This study
AT5G17290
atmc1 35S::HA-AtSNIPER x AT1G02170, | This study
35S::AtMC 1C220A-GFP AT1G14200
atmc1 UBQ-mCherry-ATG8a x AT1G02170, | This study
35S::AtMC1C220A-GFP ATAG21980
atmc1 UBQ- mCherry-AtRabA5d x AT1G02170, | This study
35S::AtMC1C220A-GFP AT2G31680
atmc1 UBQ-mCherry-AtRabG3C x AT1G02170, | This study
35S::AtMC1C220A-GFP AT3G16100
atmc2 35S::AtMC2-GFP AT4G25110 | This study
atmc2 35S::AtMC2C25¢A-GFP AT4G25110 | This study
atmc1 35S::DN-AtRPS2 x AT4G26090, | This study
35S::AtMC 1C220A-GFP AT1G02170
atmc1 35S::DN-SSI4 (AT5G41750) x AT5G41750, | This study
35S::AtMC 1C220A-GFP AT1G02170
atmc1 rps2-201c 35S::AtMC1€220A-GFP AT1G02170, | This study

AT4G26090
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atmc1 rip42-2 35S::AtMC 1C220A-GFP AT1G02170, | This study
AT3G25020
atmc1 rbohf 35S::AtMC1€220A.GFP AT1G02170, | This study
AT1G64060
atmc1 rip23-1 35S::AtMC 1C220A-GFP AT1G02170, | This study
AT2G32680
atmc1 bak1-4 35S::AtMC1C220A.GFP AT1G02170, | This study
AT4G33430
atmc1 sobir1-12 35S::AtMC 1¢220A.GFP AT1G02170, | This study
AT2G31880
Table S2: Plasmids used in this study.
Name Accesion Backbone Source of Additional
number Reference information
35S::AtMC1-GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::AtMC 1C220A.GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
proMC1::AtMC1-GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
proMC1::AtMC1¢220A.GFP | AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::ANAtMC1 -GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::ANAtMC1 €220A .GFP | AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::AtMC1PEED_GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::AtMC1R#A-GFP AT1G02170 | pZ003 This study Hygromycin
Resistance
35S::HA-AtSNIPER AT1G14200 | pZ003 This study Fast Red
selection
UBQ- mCherry-AtRabA5d | AT2G31680 | pZ003 This study BASTA
Resistance
UBQ-mCherry-AtRabG3C | AT3G16100 | pZ003 This study BASTA
Resistance
UBQ-mCherry-ATG8a AT4G21980 | pZ003 Gift from Yasin Fast Red
Dagdas’ lab selection
35S::AtMC2-GFP AT4G25110 | pZ003 This study Hygromycin
Resistance
35S::AtMC2C256A.GFP AT4G25110 | pZ003 This study Hygromycin
Resistance
35S::DN-AtRPS2 AT4G26090 | pUSERO0OQ7 (Lolle et al., 2017) | BASTA
Resistance
35S8::DN-AtSSI4 AT5G41750 | pUSERO0Q7 (Lolle et al., 2017) | BASTA
(AT5G41750) Resistance
35S8::GFP - pZ003 This study BASTA
Resistance
pOCS::AtRPS2-HA AT4G26090 Gift from Farid El BASTA
Kasmi’s lab Resistance
35S:: AtSSI4 AT5G41750 | pGWB514 This study Hygromycin
(AT5G41750)-3xHA Resistance
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35S::10xcMyc-AtRLP42 AT3G25020 | pGWB521 Gift from Thorsten | Hygromycin
Nirnberger’s lab Resistance

35S::FLAG-RBOHF AT1G64060 | pBin19g Gift from Cyril BASTA
Zipfel's lab Resistance

35S::10xcMyc-AtSOBIR1 | AT2G31880 | pGWB521 Gift from Thorsten | Hygromycin
Ndrnberger’s lab Resistance

Table S3: Primers used in this study

Primer name Sequence Purpose

AtMC1 F3 GCGTCACCTTCTCATCAACA Genotyping

AtMC1 R3 ACGGTACCACTATGGCAAGC Genotyping

GABI LB (KIRK) | ATATTGACCATCATACTCATTGC Genotyping

AtMC2 LP TCCAAACTTCTGCAATGAAGG Genotyping

AtMC2 RP ATGACACCTGAAGTCCTGTGG Genotyping

LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping

sid2-1 F TGTCTGCAGTGAAGCTTTGG Caps genotyping

(Mfel)
sid2-1 R CACAAACAGCTGGAGTTGGA Caps genotyping
(Mfel)

EDS1 959 AACTAGCATACAGAGGGGCA Genotyping

EDS1 960 GCTGAGAGAAATCGAACCGG Genotyping

EDS1 JG08 AAAGAAGACAACATTGATCTATATCTATTCTCTTTTC | Genotyping

TT

PAD4 F GCGATGCATCAGAAGAG Saps genolyping

PAD4 F TTAGCCCAAAAGCAAGTATC Saps genolyping

SAG101 MW29 | ATGCAAGGAGGTCAAGATCG Genotyping

SAG101 MW43 | TTGTGACTTACCATAACTCTCG Genotyping

dSpm11 GGTGCAGCAAAACCCACACTTTTACTTC Genotyping

NRG1 dCaps Genotyping

FEK_1070 GCATCTCCACCTCTTCACA (Avall)

NRG1 dCaps Genotyping

FEK 1071 CTGAAGAAATGAACCCATGT (Ava Il)

ps2-201-cF | G AATCTTAGAAAACTGAAGCATCTGG ‘(’Ff:aﬁi Genotyping

ps2-201-CR | A GTTGTGAAGGCTGTGTAACGTCA ‘(’F?:aﬁi Genotyping

rip42-2 LP GTCCGAAGGGAAATCTCTTTG Genotyping

rip42-2 RP TGGAGTGTTACTTGGATTGGC Genotyping

qb?‘;th FMAT | CTTCCGATATCCTTCAACCAACTC Genotyping

PO RMAT | CGAAGAAGATCTGGAGACGAGA Genotyping

sobir1-12 LP GGAGCCATAGGAGGAACAATC Genotyping

sobir1-12 RP TGACATCTTTACTGTTCGGCC Genotyping

atgh-1 F DH417 | ATTCACTTCCTCCTGGTGAAG Genotyping

atgs-1 RDH418 | TTGTGCCTGCAGGATAAGCG Genotyping

atg2-1 LP GTGGGGCTCATAGCTTAGACC Genotyping

atg2-1 RP TCGAGTGATTCTGTGGTTTCC Genotyping

AtMC1 pGB000 | aacaGGTCTCaaacaATGTACCCGCCACCTCCCTCAA Cloning

F G

AtMC1 pGBO000 | aacaGGTCTCtagccgaGAGTGAAAGGCTTTGCATAGA | Cloning

R CATCGAATGTTTGG

proAtMC1 AACAGGTCTCAACCTGCTCGGATATCTGATTCTCCA | Cloning

pGA000 F TGT
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PrOAIMCT AACAGGTCTCTTGTTTATTATTCTCGGAAGGGAGGG | Cloning
pGA000 R AAT
C220A i ite-
AMCTZ=AF | cTCCATTCAATTATCGATGCTGCCCATAGTGGTACC dc.'°"'t"% (Site
GTTCTGG irected
Mutagenesis)
C220A ; Yo
AIMCTZ=A R cCAGAACGGTACCACTATGGGCAGCATCGATAATTG | Sloning (Site
directed
AATGGAG .
Mutagenesis)
ANAIMCT £ aacaGGTCTCaaacaATGTTCTCTCGCCACGAGCTCAA | Cloning (Site-
directed
AGGCTG .
Mutagenesis)
DEED ; Yo
AIMCTF | GTCAAAGAAACTACAACGGTGCCGCCGTTGCCGGE | Slomnd (Site
TATGATGAAACACTCTG .
Mutagenesis)
DEED i ite-
AMCTTEER | CAGAGTGTTTCATCATAGCCGGCAACGGCGGCACC | Siomnd (Stte
GTTGTAGTTTCTTTGAC .
Mutagenesis)
R49A - PP
AMCTEE | TACTCATATCGCCGACCCTGETACCGCCCCTCCTCE | Siomnd (Stte
GCA .
Mutagenesis)
R49A - PP
AIMCTE®AR | GTTGCGGAGGAGGGGCGGTAGCAGGGTCGGCGAT | Sloning (Site
directed
ATGAG .
Mutagenesis)
HA-SNIPERF | ATGTATCCGTATGATGTTCCGGATTATGCAATGTCTT | Cloning
CTGAGAATGATTTC
HA-SNIPER aacaGGTCTCaaacaATGTATCCGTATGATGTTCCGGA | Cloning
pGB0000 F TTAT
AtSNIPER Cloning
pGB0000 R aacaGGTCTCtagccTTAGTTTCTTCTGTCGCCGG
AtRabA5d aacaGGTCTCaggctcaacaATGTCGTCCGATGACGAAG | Cloning
pGC0000 F GAGGAG
AtRabA5d aacaGGTCTCtctgaTCACGAGGAAGAACAGCAAGAGA | Cloning
pGCO0000 R AAC
AtRabG3C aacaGGTCTCaggctcaacaATGGCTTCTCGGCGGCGAG | Cloning
pGC0000 F T
AtRabG3C aacaGGTCTCictgaTTAGCATTCGCACCCAGTTGATCT | Cloning
pGB0000 R TTGTTG
AtMC2 Cloning
. aB0000 F aacaGGTCTCaaacaATGTTGTTGCTGGTGGACTGCT
AIMC2 aacaGGTCTCtagccTAAAGAGAAGGGCTTCTCATATA | Cloning
pGB0000 R CAG
C256A i ite-
AIMCZZE | TGCCATCGTCGACGCTGeTCATAGTGGTACCGTCAT | Sloning (Site
GG .
Mutagenesis)
C256A ; Yo
AMC2Z% R | o CATGACGGTACCACTATGAGCAGCGTCGACGATGG gi';’e'l't';% (Site
CA .
Mutagenesis)
?gﬁg’ 41750) GGGGACAAGTTTgtacaaaaaagcaggctCCATGGCTTTG Cloning
TCTTCTTCTTTGtC
attB1
AtSSI4 Cloning
CaTsoa1750) | GOGGACCACTTTGTACAAGaaagelgggtATGAGACTC

attB2

CATGAGAATTCATC
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AtMC1€220A_GFP. In green, TNLs and blue CNLs. The battery of DN negative NLRs was produced by

Lolle and co-workers (Lolle et al., 2017). No rescues in T1were achieved after screening for

suppression of the phenotype.

Accession

Accession number
number (TNLs) (CNLs)

At1g17600 At1g12210
At1g17610 At1g12220
At1g27170 At1g12280
At1g31540 At1g12290
At1g56520 At1g52660
At1g56540 At5g63020
At1g63730 At4g33300
At1g69740 At1g53350
At1g63750 At1g63360
At1g63870 At1g33560
At1g64070 At5g43830
At1g65850 At5g43740
At1g66090 At3g14460
At1g69550 At3g14470
At1g72840 At4g14610
At1g72850 At5g04720
At1g72860 At5g05400
At1g72870 At5g35450
At1g72900 At5g45510
At1g72910 At1g15890
At1g72940 At3g46530
At1g72950 At5g66630
At2g16870 At5g66900
At2g17050 At5g66910
At3g04210 At3g07040
At3g04220 At4g27190
At3g44400 At4g27220
At3g44480 At1g58390
At3g44630 At1g58410
At3g44670 At1g58807
At3g51560 At1g58848
At3g51570 At1g59124
At4g09360 At1g59218
At4g09420 At1g59620
At4g12010 At1g17615
At4g16940 At1g61190
At4g16950 At1g63350
At4g16960 At1g63880
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At4g19500
Atdg19510
At4g19530
Atdg23440
At5g11250
At5917680
At5g17880
At5g17970
At5g18350
At5918360
At5g18370
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Abstract

Stress granules (SGs) are highly conserved cytoplasmic condensates that assemble in response to stress
and contribute to maintaining protein homeostasis. These membraneless organelles are dynamic,
dissassembling once the stress is no longer present. Persistence of SGs due to mutations or chronic stress
has been often related to age-dependent protein-misfolding diseases in animals. Here, we find that the
metacaspase MC1 is dynamically recruited into SGs upon proteotoxic stress in Arabidopsis. MC1 recruitment
to SG and its release is mediated by two predicted disordered regions, the prodomain and the 360 loop.
Importantly, we show that MC1 has the capacity to clear toxic protein aggregates in vivo and in vitro, acting
as a disaggregase. Finally, we demonstrate that overexpressing MC1 delays senescence and this phenotype
is dependent on the presence of the 360 loop and an intact catalytic domain. Together, our data indicate that
MC1 regulates senescence through its recruitment into SGs and this function could potentially be linked to its

remarkable protein aggregate-clearing activity.

Keywords: stress granules, biomolecular condensates, protein aggregates, metacaspases, heat stress,

senescence
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Introduction

To cope with stress, eukaryotic cells are equipped with multiple sophisticated mechanisms which ultimately
confer robustness against various perturbations. As part of their stress responses, cells must readjust
proteostasis (protein homeostasis), which is achieved through an arrest in protein synthesis and activation of
protein quality control (PQC) mechanisms to prevent accumulation of misfolded proteins in the cytoplasm,
potentially causing proteotoxicity (Alberti and Carra, 2018). The proteostatic capacity of cells declines with
age, which may reduce their capacity to dispose of potentially harmful protein aggregates (Vilchez, Saez and
Dillin, 2014; Hipp, Kasturi and Hartl, 2019). An important stress response mechanism in fungi, animals and
plants is the formation of stress granules (SGs). SGs are biomolecular condensates specifically assembled
in the cytosol under stress conditions with a highly dynamic behavior, containing a combination of mMRNA and
proteins -many of which have RNA binding ability (Jain et al., 2016; Markmiller et al., 2018; Youn et al., 2019).
These membraneless compartments were originally viewed as sites of accumulation and disposal of stalled
mRNAs, but are currently emerging as major orchestrators of stress responses (Buchan and Parker, 2009;
Maruri-Lépez et al., 2021).

Current models predict that SG formation is mediated by liquid-liquid phase separation (LLPS) promoted by
multivalent molecules, such as proteins featuring low complexity regions (LCRs) / intrinsically disordered
regions (IDRs) (Protter and Parker, 2016). Assembly and clearance of SGs is finely regulated, with initial
formation of a dense core by LLPS followed by recruitment of peripheral proteins (Jain et al., 2016; Markmiller
et al., 2018). Core components are proteins containing IDRs and RNA-binding domains together with proteins
involved in translation, whereas the shell is composed of an array of mMRNA, proteins and small molecules
that vary depending on the species, cell type and developmental stage (Gonzalez-Garcia et al., 2011; Jain et
al., 2016; Niewidok et al., 2018; Kosmacz et al., 2019; Guillén-Boixet et al., 2020).

Compared to yeast and mammals, little is known about plant SGs, despite their important role in stress
responses, including heat, hypoxia, salt and drought (Sorenson and Bailey-Serres, 2014; Yan et al., 2014;
Gutierrez-Beltran et al., 2015; Marondedze et al., 2020). Among these stress responses, heat is the best
characterized so far, as it presents an archetypal form of acute stress resulting in proteotoxicity that must be
handled by various mechanisms, including SG formation (Maruri-Lépez et al., 2021). SGs provide efficient
regulatory platforms under stress conditions (Maruri-Lépez et al., 2021), serving as i) mRNA reorganization
centers, wherein their fate is determined (re-initiation, decay, storage), ii) temporary protein storage centers,
to protect them from unfolding and iii) enzyme recruitment centers, to facilitate rapid activation of certain
metabolic pathways. Plant SG component catalogs and molecular markers have started to become available

in recent years opening new avenues of research.

An essential property of SGs is their dynamism: to be functional, they must be inducible and reversible. In
mammals, cumulative evidence links altered SG dynamics with pathologies featuring aberrant protein
coalescence leading to aggregation (Baradaran-Heravi, Van Broeckhoven and van der Zee, 2020; Marcelo
etal., 2021). In several neurodegenerative diseases, mutations in LCRs/IDRs of certain proteins disrupts their
biophysical properties, leading to enhanced LLPS and formation of pathological protein aggregates
(Baradaran-Heravi, Van Broeckhoven and van der Zee, 2020). Pathological SGs undergo a liquid to solid

transition and persist even after the stress has passed, acting as undissolvable protein traps. This is the case
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of polyglutamine (PolyQ) pathologies, such as Huntington's disease, caused by abnormal PolyQ extensions,

that make them more aggregation-prone (Sanchez et al., 2021).

Plants may have evolved extremely efficient mechanisms to deal with toxic protein aggregation. It has been
recently demonstrated that overexpression of synthetic extended polyQ proteins, that normally aggregate and
cause cell death in animal models, do not cause deleterious defects in plants (Llamas et al., 2022). In fact,
plants overexpressing synthetic protein variants that constitutively aggregate, do not lead to major defects
(Jung et al., 2020; Llamas et al., 2022). This may indicate that plants have evolved extremely efficient
mechanisms to deal with protein aggregation. Selective autophagy has been previously involved in
degradation of protein aggregates or aggrephagy during proteotoxic stress (Jung et al., 2020). However,
whether formation of these protein aggregates is related to molecular condensation including SG formation

and dynamics has not been addressed.

Metacaspases are cystein proteases present in plants, yeast and protozoa (Uren et al., 2000). Plant
metacaspases are divided into Type | if they bear an N-terminal prodomain and Type Il, if no prodomain is
present but instead a long linker between the catalytic subunits exists (AG et al., 2000; Klemendci¢ and Funk,
2019). Several metacaspases have been shown to play important roles in stress responses (Coll et al., 2010;
Hander et al., 2019; Minina et al., 2020; Luan et al., 2021; Pitsili et al., 2022), although in most cases the
mode of action of these proteases remains obscure. The model plant Arabidopsis thaliana (hereafter
Arabidopsis) encodes 9 metacaspases in its genome. MC1-3 (AtMC1-3/AtMCA-la-c) are Type |
metacaspases, while MC4-9 (AtMC4-9/AtMCA-Ila-f) are Type Il metacaspases (Minina et al., 2020). We
previously showed that plants lacking MC1 exhibit accelerated senescence and accumulate aggregated
proteins, indicating a potential role of MC1 in proteostasis (Coll et al., 2014). In addition, a portion of MC1 re-
localizes to insoluble protein deposits under proteotoxic stress conditions. Data from our lab and others
indicate that MC1 may help stabilizing various proteins (Roberts et al., 2013; Wang et al., 2021; Lema Asqui
et al.,, 2018). However, the specific mechanisms whereby MC1 contributes to protein stabilization and

aggregate clearance remain unknown.

Here, we demonstrate that MC1 is dynamically recruited to SGs upon proteotoxic stress. This SG localization
is mediated by a C-terminal intrinsically disordered region, the 360 loop. We show that MC1 participates in
the clearance of pathological aggregates in evolutionarily distant organisms ranging from yeast and animals
to plants. In vitro, recombinant MC1 alone acts as a highly efficient disaggregase. In plants, this function can

be harnessed to delay senescence, as observed in MC1 overexpressing lines.

Results

MC1 dynamically localizes to cytoplasmic stress granules upon acute proteotoxic stress

To gain a deeper understanding into MC1 function, we generated transgenic lines expressing MC1 tagged
with a green fluorescent protein under the control of the 35S promoter in the mc1 mutant background (mc1
Pro35S::MC1-GFP) and evaluated its subcellular localization. Under basal conditions MC1 showed a diffuse
pattern in both cytoplasm and nucleus (Fig. 1A). Heat stress treatment (39°C for 40 min; Gutierrez-Beltran et

al., 2015) resulted in rapid formation of dynamic cytoplasmic puncta that disappeared shortly after returning

141



CHAPTER 3

the plants to non-stress conditions (Fig. 1A, B). The same heat-responsive re-localization pattern was
observed when MC1-GFP was expressed under the control of its native promoter (Fig. S1A, B). To evaluate
if such puncta correspond to stress granules we used cycloheximide, an inhibitor of translational elongation
that prevents SG assembly and forces the disassembly of existing SGs (Weber et al., 2008). Application of
cycloheximide blocked the appearance of the observed heat stress-induced puncta (Fig. 1C, D), indicating

that they may indeed correspond to SGs.

To further examine if MC1 co-localized with SGs we used the plant SG marker Translationally controlled
tumour protein (TCTP), which locates into SGs specifically under HS conditions (Gutierrez-Beltran et al.,
2021). We observed that transgenic plants stably co-expressing MC1-RFP (Pro35S::MC1-RFP) and GFP-
TCTP (Pro35S::GFP-TCTP) show cytoplasmic co-localization in SGs under heat stress conditions (Fig. 1E).
Furthermore, MC1 immunoprecipitated with TCTP in transgenic plants subjected to HS (Fig. 1F). Similarly,
MC1 co-localized with other well-known SG markers RBP47 and TSN2 (Lorkovi¢ et al., 2000; Gutierrez-
Beltran et al., 2021) in protoplasts from transgenic MC1-GFP lines transiently expressing RFP-RBP47 or RFP-
TSN2 (Fig. S2A, B). Together, these data demonstrate that MC1 dynamically re-localizes to SGs upon heat

treatment, disappearing upon stress removal.

The intrinsically disordered regions of MC1 are aggregation prone and confer insolubility in vitro

SGs are enriched in proteins containing predicted intrinsically disordered regions (IDRs) (Guillén-Boixet et al.,
2020; Gutierrez-Beltran et al., 2021; Schmit, Feric and Dundr, 2021). IDRs have been proposed to act as one
of the main driving forces of condensate assembly, although the exact mechanism by which this occurs
remains to be fully elucidated (Posey, Holehouse and Pappu, 2018; Alberti, Gladfelter and Mittag, 2019). We

used a combination of two predictive software (D2P2, https://d2p2.pro and DISOPREDS3,

http://bioinf.cs.ucl.uk/psipred; Oates et al., 2013; Jones and Cozzetto, 2015) to pinpoint potential IDRs within

MC1 amino acid sequence. Based on these predictions, MC1 encompasses 2 major IDRs (Fig. 2A), one at
the N-terminal prodomain and another at a region of the predicted C-terminal p10 catalytic domain known as
the 360 loop (van Midden, Peric and Klemengi¢, 2021). Since aggregation propensity is also considered an
intrinsic determinant of phase separation (Babinchak and Surewicz, 2020), we used AGGRESCANS3D (A3D)
to predict the structural aggregation propensity of MC1 on top of its alphafold predicted structure

(http://biocomp.chem.uw.edu.pl/A3D/; Zambrano et al., 2015). Interestingly, MC1 displays strong aggregation

propensity at the predicted IDRs (Fig. 2B). In particular, the 360 loop shows the longest stretch of amino acids

with high aggregation propensity scores.

The 360 loop of MC1 is a highly hydrophobic sequence only present in plant Type | metacaspases (van
Midden, Peric and Klemenci¢, 2021). In fungi, protozoa and red algae, Type | metacaspases do not contain
the 360 loop and interestingly, these proteins are soluble when full-length is produced recombinantly in vitro
(McLuskey et al., 2012; Wong, Yan and Shi, 2012). In contrast, previous efforts to produce recombinant plant
Type | metacaspases proved unsuccessful due to the fact that their full-length versions are highly insoluble
(van Midden et al., 2021). Removal of the 360 loop and the prodomain was necessary to express soluble
MC1 in Escherichia coli (Fig. 3A,B), similar to what was previously shown with the single Type | metacaspase
of the green algae Chlamydomonas reinhardtii CrMCA-I (van Midden, Peric and Klemengi¢, 2021). Removal

of the 360 loop alone was not sufficient to solubilize MC1 (Fig. 3B). The soluble MC1 variant devoid of the
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prodomain and the 360 loop carrying an N-terminal hexahistidine tag (6xHis) (referred to as recombinant MC1
or rMC1) was purified to homogeneity by nickel-affinity chromatography (Fig S3A) and further isolated by size-
exclusion chromatography removing minor impurities (Figure 3C). Importantly, rMC1 was catalytically active
as shown by its ability to cleave Arabidopsis SERPIN1, an inhibitor and previously reported in planta substrate
of MC1 (Lema Asqui et al., 2018) (Fig S4A). rMC1 behaved as a canonical Type | metacaspase, showing
dependency on calcium ions at low millimolar concentrations (1-10 mM) and a neutral pH (pH 7) for maximum
cleavage of the fluorogenic substrate Z-FR-AMC (Fig. S4B and C, respectively), similar to CrMCA-I (van
Midden, Peric and Klemengi¢, 2021). In agreement with the observed trypsin-like activity of metacaspases,
rMC1 cleaved the trypsin substrate B-casein (r-casein) (Fig S4D) (Lee et al., 2007). We also purified rMC1
carrying a point mutation in the catalytic cysteine (C220) to alanine (rMC1CA) (Figure S3B, C). Importantly,
rMC1CA was unable to cleave SERPIN1 or rp-casein (Fig S4A,D). Together, these data show that MC1
contains two distinct IDRs that are aggregation prone and confer high insolubility for protein overexpression

and isolation in vitro. When removed, proteolytically active rMC1 can be expressed and isolated.

The IDRs of MC1 regulate its dynamic recruitment into SGs

To determine whether the prodomain and 360 loop IDRs of MC1 are important for its translocation into SGs,
we generated transgenic plants stably expressing GFP-tagged truncated versions lacking the prodomain
(ANMCH1) or the 360 loop (MC1A360) under the control of the 35S promoter in the mc7 mutant background
(mec1 Pro35S::ANMC1-GFP and mc1 Pro35S::MC1A360-GFP). We also included transgenic plants carrying
a full-length version of MC1 with the catalytic cysteine in position 220 mutated to an alanine, which renders
the protease inactive (mc1 ProMC1::MC1CA-GFP)(Fig S4A,D) (Coll et al., 2010; Lema Asqui et al., 2018) to
determine whether the catalytic activity of MC1 was required for its SG targeting. Under basal conditions, all
MC1 versions showed a diffused cytoplasmic localization (Fig. 4A). Except for ANMC1, all other MC1 variants
also localized in the nucleus (Fig. 4A). As shown above (Fig. 1), heat stress (39 °C for 40 min) resulted in the
rapid recruitment of MC1 into cytoplasmic SGs. This stress-triggered re-localization was not altered in the
catalytically inactive or the prodomain-less version of MC1, which indicates that neither its proteolytic activity
nor the prodomain are required for recruitment of MC1 into SGs (Fig. 4A, B). In contrast, removal of the 360
loop drastically reduced the localization of MC1 into SGs upon heat stress (Fig. 4A, B), indicating that the 360

loop is important for the correct recruitment of MC1 into SG during heat stress.

To address the association dynamics of MC1 with SGs, we used fluorescence recovery after photobleaching
(FRAP) analysis. Previously described components of SGs show different modes of recruitment and
association with SGs. For instance, TSN2 stably associates with the core of SGs and fluorescence fails to
recover after photobleaching, while RBP47 is highly dynamic and exchanges rapidly between SGs and the
cytosol, resulting in a rapid fluorescence recovery in FRAP experiments (Fig4C, D; Van Treeck and Parker,
2019; Gutierrez-Beltran et al., 2015). MC1-GFP fluorescence partially recovered after photobleaching (Fig.
4C, D), displaying a faster recovery than TSN2 but slower than RBP47, which indicates an intermediate
core/periphery behavior of the protein. Moreover, mutation of the catalytic site of MC1 (MC1CA-GFP) did not
alter its recovery rate after photobleaching, indicating that MC1 catalytic activity is not required for its
recruitment into SGs. However, mutating the IDRs of MC1 significantly altered the recovery capacity of the
protein. On one hand, the few MC1A360-GFP -containing SGs showed a higher recovery rate, compared to
WT, which suggests that the 360 loop is important for the stable association of MC1 with SGs. (Fig. 4C, D).
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In contrast, ANMC1-GFP-containing SGs showed slower recovery rate, indicating a potential role of this IDR
in the dynamic association of MC1 with SGs. This notion was further supported by evidence showing that
ANMC1-GFP-containing SGs did not disappear in the recovery phase after HS, in contrast to WT plants (Fig
S5A, B). Altogether, these results show that MC1 dynamically associates with the SGs with an intermediate
behavior between core and shell proteins. The MC1 360 loop is required for its stable recruitment into SGs

while the prodomain might be necessary for its disassembly from SGs.

MC1 can specifically degrade aggregated proteins

Sustained stress or certain pathological conditions lead to the formation of protein associations or aggregates
that, in contrast to SGs, are non-regulated and non-dynamic, having detrimental consequences for the cell,
tissue and even at the organismal level (Morimoto, 2008). Indeed, SGs may have an important role in the
pathogenesis of proteotoxicity-derived conditions, although their exact function remains to be elucidated
(Marcelo et al., 2021). Because MC1 is recruited to SGs and we previously observed that mc7 knock-out
mutant plants have increased accumulation of aggregated proteins (Coll et al., 2014), we sought to
understand whether its function may be linked to clearance of protein aggregates under stressful/pathological

conditions.

First, we investigated whether Arabidopsis plants lacking MC1 show defects in protein aggregate clearance
and survival after proteotoxic stress. To monitor changes in protein aggregation we used filter trap analysis,
a robust method to detect and quantify protein aggregates, in 5-day-old WT and mc17 seedlings after heat
stress. Seedlings were subjected to 90’ of a moderate heat shock at 37 °C, followed by 90’ of recovery at 22
°C and a severe heat shock at 45 °C for 90'. Samples were collected after 1 day of recovery at 22 °C, using
non-stressed seedlings as control. We analyzed accumulation of aggregated forms of actin, Hsp90 and
proteins containing polyQ stretches, all of them shown to aggregate in Arabidopsis after heat stress (Llamas
et al., 2022). Under basal conditions, protein aggregates (actin, Hsp90-tagged or poly-Q-containing proteins)
are barely detectable both in wild-type (WT) and mc7 mutants, as they can be efficiently cleared by PQC
mechanisms (Fig. 5A, S6A-D). Stresses such as heat shock result in a sudden overaccumulation of misfolded
proteins that often surpasses the PQC capacity of the cell and results in protein aggregation detectable by
filter trap (Fig. 5A). Plants lacking MC1 accumulated higher quantities of aggregated proteins than WT after
proteotoxic stress, indicating a reduced capacity to manage protein aggregation and proteotoxic stress in the
mutant. These overaccumulation of protein aggregates in mc1 mutants did not affect their thermotolerance
(Fig. S6A), possibly owing to the fact that the experiment was performed on very young plants to avoid age

as an additive effect and these may be extremely proficient at dealing with protein aggregation.

Second, we assessed the capacity of MC1 to disassemble pathological protein aggregates in vitro. We co-
incubated equimolar concentrations of rMC1 with aggregates of human transthyretin (TTR). TTR is a
homotetrameric thyroxine transport protein in which tetramer dissociation events lead to aggregation
(Westermark et al., 1990; Quintas et al., 2001). Extracellular insoluble deposits of TTR in several human
organs give rise to distinct progressive and fatal clinical syndromes known as transthyretin amyloidosis
(Goren, Steinberg and Farboody, 1980; Hou, Aguilar and Small, 2007; Rapezzi et al., 2010). Using turbidity
measurements to monitor protein aggregation, we observed that rMC1 treatment caused a 90 % reduction of

TTR aggregates (Fig. 5B). This protein aggregate clearance activity was dependent on MC1 catalytic activity,
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as evidenced by the absence of disaggregation in the catalytically dead mutant rMC1CA. Indeed, a threefold
higher turbidity signal was observed in the rMC1CA-treated samples suggesting that inactive MC1 becomes
aggregated when TTR insoluble assemblies are present in the reaction. Visual inspection of TTR samples by
transmission electron microscopy (TEM) (Fig 5C) confirmed the disaggregation activity of MC1. The need of
catalytic activity for disaggregation is consistent with the observation that aggregated TTR becomes
significantly degraded in presence of rMC1 (lane 3), as demonstrated by SDS-PAGE (Fig 5 D). Noteworthy,
rMC1 acts as a specific disaggregase, clearing protein aggregates but not the functional form of proteins,
since it is unable to degrade soluble TTR in its native tetrameric state (nTTR) (Fig 5D lane 3 and 4
respectively). The obtained data indicate that rMC1 targets and disassembles specifically the aggregated and
pathogenic form of TTR. Notably, this disaggregase activity towards TTR aggregates was not observed in
samples incubated with MC4 (Fig 5B, D). We confirmed the activity of the protease by its rapid autoprocessing

in the presence of calcium (Fig 5D lane 10), as previously described (Zhu et al., 2020).

Finally, we tested the capacity of MC1 to degrade protein aggregates in vivo. To this end we used two well-
established model systems: i) human embryonic kidney (HEK) cells expressing a polyQ-expanded Huntingtin
form (Q74) that causes aggregation and proteotoxicity used as a proxy for the neurodegenerative Huntington's
disease (Jimenez-Sanchez et al., 2015) and ii) yeast expressing a constitutively misfolded carboxypeptidase
(AssCPY) that forms insoluble protein aggregates upon stress (Park et al., 2007). Co-expression of full-
length MC1 with Q74 fused to mCherry in HEK cells resulted in a reduction of protein aggregates in
comparison to expression of Q74 fused to mCherry alone, as demonstrated by filter trap analysis using anti-
mCherry antibody (Fig. 5E, Fig. S6E). In yeast, we expressed AssCPYx fused to the prototrophic marker Leu2
and a C-terminal myc tag (AssCL+x) in wild type (WT), a mutant lacking the single metacaspase MCA1 in yeast
(ymca1A) and ymca1A complemented with a WT copy of the Arabidopsis MC1. All strains grew normally on
control media (Fig. S6A, left panel), while on selective media lacking leucine WT yeast had reduced growth
capacity due to degradation of misfolded AssCLx by PQC systems (Fig. S7A, right panel and S7B). In contrast
and as previously shown, ymca1A was not able to degrade AssCL# and therefore could grow normally on a
leucine-selective media (Hill et al., 2014). This phenotype could be fully complemented by AtMC1, that due
to its ability to degrade AssCL+* restored yeast WT growth levels (Fig. S7A, right panel and S7B). Altogether,
these data demonstrate that MC1 can degrade protein aggregates in vitro and in vivo and a lack of MC1 leads

to abnormal protein aggregate accumulation under proteotoxic stress.

MC1 delays senescence

Based on all the evidence presented above demonstrating the recruitment of MC1 into stress granules and
its aggregate clearing function, we hypothesized that overproduction of the protein in plants may minimize the
effects of proteotoxic stress occurring during plant aging and contribute to fitness. Previously, we reported
that the lack of MC1 led to early senescence in Arabidopsis (Coll et al., 2014). Here, we confirmed these
results using a dark-induced senescence assay and tested the effects of stably overexpressing wild-type full-
length MC1 and its mutant variants (MC1, MC1CA, MC1A360) in a mc1 mutant background. Individual leaves
from 3-week-old plants were covered with aluminum foil and 8 days later they were uncovered to evaluate
senescence visually and by means of chlorophyll quantification and photosynthetic efficiency. In uncovered
leaves (basal conditions), all lines showed similar total chlorophyll levels and photosynthetic efficiency (Fig.

6B, D). Leaf senescence resulted in a drop in chlorophyll levels and photosynthetic activity in WT plants. In
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contrast, plants overexpressing MC1 displayed a clear delay in senescence (Fig. 6A), accompanied by higher
chlorophyll levels (Fig. 6C) and higher photosynthetic activity than WT (Fig. 6E). Importantly, the protease
catalytic activity of MC1 was required for the observed anti-aging phenotype, demonstrated by the accelerated
senescence of transgenic plants expressing MC1CA (Fig. 6A-C). The 360 loop was also required for the
delayed senescence observed in plants overexpressing MC1, as the mc1 mutants expressing MC1A360
behaved like WT (Fig. 6A-E).

Discussion

SGs are membraneless organelles formed by LLPS under stress conditions and act both as storage
compartments and microreactors where signaling takes place (Alberti and Carra, 2018). Their functionality
inside healthy cells is linked to their ability to assemble and disassemble dynamically in response to changing
environments (i.e. assembling upon stress perception and disassembling when the causative stress
subdues). SGs contain a high proportion of proteins bearing IDRs/LCRs, which together with RNA, drive
formation of the condensate but at the same time are extremely misfolding-/aggregation-prone. Therefore,
they are closely surveilled by the PQC machinery. Reduced proteostasic capacity derived from aging and/or
mutations affecting the phase-separation behavior of these proteins lead to chronic activation of integrated
stress responses. This will eventually surpass the PQC capacity of the cell, resulting in the accumulation of
misfolded and aggregated proteins and leading to the formation of persistent SGs, which are linked to disease
(Wolozin, 2012; Wang et al., 2022).

Sessile organisms such as plants cannot flee from extreme and prolonged stress situations, such as heat or
drought. Therefore, they must be equipped with extremely efficient PQC mechanisms to deal with massive
protein misfolding and aggregation. In fact, proteins containing aggregation-prone polyQ proteins are enriched
in plants, but no polyQ pathologies have been reported, in contrast to animals (Llamas et al., 2022). In this
context, it has been recently shown that the chloroplasts could act as important protein-degradation machines
to maintain proteostasis of polyQ-containing proteins (Llamas et al., 2022). Plants may also respond to
proteotoxic stress by actively regulating protein solubility and phase behavior, similar to yeast that can tolerate
high levels of insoluble proteins and form solid-like condensates (Franzmann and Alberti, 2019). Insoluble
proteins within these condensates, including SGs, may have evolved to become stress sensors serving an

adaptive function (Franzmann and Alberti, 2019).

MC1 as a SG component

In this work we focus on the characterization of MC1, an Arabidopsis Type | metacaspase. MC1 was
previously shown to participate in immunogenic cell death and aging, although its mode of action remained
obscure (Coll et al., 2010, 2014). Aging caused re-mobilization of MC1 from the soluble fraction to insoluble
protein aggregates. Further, absence of MC1 caused overaccumulation of insoluble protein aggregates in
aging cells, potentially leading to the observed accelerated senescence phenotype in mc1 mutant plants.
Aging, with its overall loss of proteostatic capacity, unveils mutant phenotypes linked to PQC failure that
remain hidden in young cells due to their very efficient control of protein misfolding/aggregation. Thus, to
investigate the role of MC1 in acute proteotoxic stress in cells with full proteostatic capacity, we use a simple,
well-characterized system such as heat stress on young seedlings, which are still devoid of persistent or

aberrant condensates that accumulate as a result of aging (Gutierrez-Beltran et al., 2015; Kosmacz et al.,
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2018, 2019). We showed that upon heat stress, MC1 re-localizes into distinct cytoplasmic puncta that
disappear during the recovery phase after stress removal (Figs. 1A, B and S1). These puncta correspond to
SGs based on their dynamics (Figs. 1A, B and 4C), sensibility to cycloheximide (Figs. 1C, D) and co-
localization/co-immunoprecipitation with SG markers in planta (Fig.1E-F, S2) (Kosmacz et al., 2019;
Gutierrez-Beltran et al., 2021).

Phase-separation often drives the formation of SGs (Alberti and Carra, 2018; Maruri-Lépez et al., 2021; Allen
and Strader, 2022). The main features of proteins that form membraneless compartments such as SGs
through LLPS are i) presence of IDRs, ii) complex domain organization and iii) their marginal solubility in the
cell (Alberti and Carra, 2018). MC1 is predicted to encompass two main IDR regions in its amino acid
sequence, one coinciding with the N-terminal prodomain and the second near the C-terminus, known as the
360 loop (van Midden, Peric and Klemen¢i€, 2021) (Fig. 2A). Further, these two regions are predicted to be
highly insoluble and aggregation prone, in particular the 360 loop (Fig. 2B). In agreement with this prediction,
MC1 became soluble only when both the prodomain and the 360 loop were simultaneously removed (Fig. 3).
Interestingly, the highly hydrophobic 360 loop is only present in plant Type | metacaspases (van Midden, Peric
and Klemendi¢, 2021). Type | metacaspases from protozoa and fungi do not possess this domain and
accordingly, they are soluble in vitro and they can be readily purified without removal of any domain (Lee et
al., 2010; McLuskey et al., 2012).

In this regard, our data show that the 360 loop mediates MC1 recruitment into SGs during heat stress, as
demonstrated by the drastic reduction in MC1-containing SGs formed in the 360 loopless mutant (Fig. 4). In
contrast, in mutants lacking the prodomain SGs are still formed upon heat stress. However, these granules
are less dynamic, showing reduced recovery after photobleaching (Fig. 4). This may indicate that the
prodomain is involved in SG clearance. Considering that the prodomain has been proposed to act as a
negative regulator of Type | MCs activity, based on structural, as well as genetic data (Lee et al., 2010;
McLuskey et al., 2012), it is then tempting to speculate that the prodomain contains certain amino acids or
motifs that may mediate recognition and degradation of MC1 by granulostasis, which has been shown to
involve chaperone-mediated PQC, autophagy or the ubiquitin-proteasome system (Alberti and Carra, 2018).
Interestingly, maize MC1 has been shown to form puncta and co-localize with autophagosomes after heat
stress when transiently expressed in Nicotiana benthamiana (Luan et al., 2021), indicating that autophagy
may be a possible degradation route for MC1-containing SGs as shown for other aggregation-prone proteins
(Munch et al., 2014; Jung et al., 2020).

MC1 can specifically clear protein aggregates

From previous work in yeast (Lee et al., 2010; Hill et al., 2014) and plants (Coll et al., 2014) it was unclear
how MC1 contributes to aggregate clearance. Work with the yeast metacaspase yMCA1 showed that upon
heat stress and aging, the protein re-localizes to PQC condensates known as JUNQ (juxtanuclear quality
control compartment) and IPOD (insoluble protein deposit) (Hill et al., 2014). In plants, we demonstrate here
that MC1 is recruited to SGs upon heat stress, but what is its function and how is it connected to aggregate
clearance? First, we showed that mutants lacking MC1 accumulated higher levels of aggregate-prone
aggregated proteins, such as polyQ-containing, HSP90 or actin, than WT plants under basal condition, a

phenotype exacerbated after applying heat stress (Fig. 5A). Second, MC1 exhibited a strong and

147



CHAPTER 3

evolutionarily conserved capacity to degrade protein aggregates, as shown in various well-established
systems in vitro (human protein) and in vivo (yeast and human cells) (Sant’Anna et al., 2016; Koyuncu et al.,
2018; Llamas et al., 2022) (Figs. 5, S5, S6). In particular, recombinant MC1 showed an extraordinary capacity
to clear aggregated TTR, a pathological form of the protein that causes a diversity of life-threatening
pathologies (Saelices et al., 2015). MC1 proteolysis of TTR was prodomain- and 360 loop-independent, but
dependent on its catalytic activity. In fact, mutation of the catalytic cysteine in MC1 resulted in increased

insolubility and self-aggregation of the protein, indicating a marked change in its biophysical properties.

MC1 proteolytic activity was specifically directed towards aggregated forms of the protein, since monomeric
TTR was not processed by MC1 (Fig. 5D). The protein aggregate-targeted behavior of MC1 could potentially
be due to its slow kinetics. MC1 is an active protease, as shown by its ability to self-cleave and cleave its
inhibitor Serpin in vivo (Lema Asqui et al., 2018) and in vitro (Fig. S4A). Here we show that in addition to that,
recombinant MC1 can cleave metacaspase-specific synthetic substrates in vitro in the presence of calcium
and neutral pH (Fig. S4B, C). However, compared to Arabidopsis Type |l metacaspases, MC1 displays slower
and/or less efficient protease activity towards typical metacaspase substrates (Vercammen et al., 2004;
Hander et al., 2019; Zhu et al., 2020). We hypothesize that precisely this slower kinetics may favor its
disaggregase activity, rather than a quicker protein processing activity that could cleave monomeric forms of
TTR. Notwithstanding, this newly discovered function of MC1 may inspire further research on protein

disaggregases as an avenue for therapeutic intervention in age-related protein-misfolding diseases.

Anti-aging role of MC1: physiological implications of the role of MC1 in protein aggregate clearance

In previous work we showed that plants lacking MC1 displayed accelerated senescence, which has been
confirmed here using a different senescence-inducing system (Fig. 6A, Coll et al., 2014). Beyond that, here
we present data demonstrating that overexpression of MC1 delays leaf senescence (Fig. 6A). The onset of
senescence triggers the formation of cytoplasmic MC1-containing puncta that could also correspond to SGs
(Fig. S6). Mutation of the conserved MC1 catalytic cysteine or removal of the 360 loop abolishes the observed
senescence delay caused by overexpression of the protein. This indicates that MC1 proteolytic activity as well
as its recruitment into SGs may be involved in this anti-aging function of the protein. This pro-life function of
MC1 is evolutionarily conserved, as overexpression of yeast MC17 can also extend replicative lifespan, a
function partly dependent on the presence of an intact catalytic cysteine and attributed to a role in protein

aggregate management as part of PQC (Hill et al., 2014).

An interesting question is why altering the levels of MC1 in knock-out mutants or overexpressing lines did not
result in an obvious phenotypic effect compared to WT in response to heat (Fig. S6), such as the one observed
during senescence. A plausible explanation coming from the animal field is that young
individuals/tissues/cells, have multiple and very active misfolded protein clearance mechanisms, which can
efficiently manage proteotoxicity ensued from stress situations, such as heat stress, even in the presence of
mutations affecting PQC. In contrast, old individuals/tissues/cells experience a global decrease in
proteostasis, uncovering the effect of mutations affecting PQC, which is the causative ground of many age-

associated protein-misfolding diseases that have a late onset in life (Alberti and Hyman, 2021).
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All considered, a plausible hypothesis is the following (Fig. 7): i) proteotoxic stress, such as heat stress,
triggers the formation of SGs; ii) MC1 is recruited to SGs via the 360 loop; iii) once there, MC1 participates in
protein clearance via its proteolytic activity to help dissolving the granules. In favor of this hypothesis, removal

of the catalytic cysteine of MC1 does not affect recruitment into SGs, but it alters aggregate clearance.

Materials and Methods

Materials used and growth conditions

All experiments were performed using Arabidopsis thaliana Columbia-0 (Col-0) ecotype. Lines used for this
work are listed in Table S1. The single mutant mc1 has been previously described (GK-096A10; Coll et al.,
2010). All seeds were surface-sterilized with 35% NaClO for 5 min and washed five times for 5 min with sterile
dH20. Sterile seeds were sown in solid %2 Murashige and Skoog (MS) medium with vitamins and stratified
48 h at 4 °C. Plants were grown vertically under long day (LD) conditions (16-h light/8-h dark) at 22 °C. For
dark-induced senescence studies, one-week-old seedlings were transferred into soil and grown for an

additional 2 weeks under LD conditions.

The following transgenic lines in mc1 background were used for SG visualization and dark-senescence
studies: Pro35S::MC1-GFP, ProMC1::MC1C220A-GFP, Pro35S::ANMC1-GFP, Pro35S::MC1A360loop-
GFP, ProMC1::MC1-GFP and ProMC1::MC1C220A-GFP (Table S1). Additionally, transgenic Col-0 lines
expressing Pro35S::GFP-TCTP (Gutierrez-Beltran et al., 2021) or both Pro35S::GFP-TCTP and

Pro35S::MC1-RFP were used for SG colocalization experiments.

Plasmid construction

All constructs and primers used in this study are described in Tables S2 and S3, respectively. To generate
Pro35S::MC1-GFP, Pro35S::MC1-RFP, Pro35S::ANMC1-GFP, Pro35S::MC1A360loop-GFP, ProMC1:MC1-
GFP, ProMC1:MC1C220A-GFP constructs, the coding sequence and native promoter (approximately 1kb) of
Arabidopsis MC1 (AT1G02170) were amplified from Col-0 cDNA and genomic DNA, respectively. Plasmids
were assembled through GreenGate cloning (Lampropoulos et al., 2013). To generate Pro35S::RFP-RBP47
and Pro35S::RFP-TSN2, the coding sequence of RBP47 and ADH2 were amplified from Col-0 cDNA and
cloned into pGWBG655 following the Gateway strategy (Karimi, Inzé and Depicker, 2002).

For purification of recombinant MC1 (rMC1), the MC1 coding sequence lacking the 360 loop and with or
without the prodomain (MC1A360 or ANMC1A360/rMC1) (Fig. 2) were synthesized (Twist Bioscience) with
codon optimization for expression in Escherichia coli. Synthetic sequences contained Ndel and Xhol
restriction sites at the 5’and 3 ends of the sequence, respectively. Both synthetic genes and destination vector
pET28 b(+) were cut with Ndel and Xhol and subsequently ligated so that an N-terminal 6xHis tag precedes
the start site of the MC1 variants. QuickChange Site-Directed Mutagenesis (Agilent Technologies) was used

to cause point mutations in the catalytic site of rMCA1.
To complement the yeast metacaspase mutant strain ymca1A with Arabidopsis MC1 (AT1G02170), we
constructed a gene replacement cassette by PCR-directed homologous recombination (Gardner and

Jaspersen, 2014). The cassette consisted of three fragments: 1) yeast 5’flanked with N-acetyltransferase
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(NAT) resistance gene and a GPD (glyceraldehyde-3-phosphate dehydrogenase) constitutive promoter, 2)
Arabidopsis MC1 gene fused to a C-terminal HA tag, 3) 3’ flanking of the yeast yMCA71 gene. These three
fragments were PCR-amplified and fused into the final recombinant DNA by using the double-joint PCR
method as previously described (Yu et al., 2004). The resulting DNA product (NATNT2:pGPD::AtMC1-HA)

was transformed into the ymca1A mutant strain KanMX4.

Protoplasts and plant transformation

Arabidopsis protoplasts were obtained as previously described (Truskina et al., 2020). In short, leaves from
three-week-old plants were collected and digested in an enzyme solution (1% cellulose R10, 0.25%
macerozyme R10, 0.4 M mannitol, 10 mM CacClz, 20 mM KCI, 0.1% BSA, 20 mM MES at pH 5.7) for 1 or 2
hours. Protoplasts were collected through a 70-micron strainer, washed twice with ice-cold W5 solution (154
mM NaCl, 125 mM CaClz, 5 mM KCI, 5 mM glucose, 2 mM MES at pH 5.7) and incubated on ice for 30 min.
The protoplasts were then resuspended in MMG solution (0.4 M mannitol, 15 mM MgCI2, 4 mM MES at pH
5.7) at a final concentration of 2,5 x 10% cells per ml. To transform the protoplasts, 30 ug of the appropriate
plasmid were mixed with 200 pl of protoplast solution. Immediately, 210 ul of PEG solution (40% PEG 4000,
0.2 M mannitol, 0.1 M CaCl.) was added and the protoplasts were incubated for 5 min at room temperature
and then washed twice in W5 solution. The protoplasts were resuspended in 500 ul of the W5 solution and
incubated for 24 h in 16 h light/8 h dark growth chamber. Before imaging, the protoplasts were incubated at

39 °C for 40 minutes in a hot air incubator.

Arabidopsis plants were transformed as described previously through the Agrobacterium tumefaciens-
mediated floral-dip method (Clough and Bent, 1998) .

HEK293T cells transfection and protein extraction

The MC1 (AT1G02170) gene was codon-optimized for expression in animal cells and synthetized (Twist
Bioscience). To generate ProCMV::GFP-MC1, the synthetic gene was cloned in the pDEST-CMV-N-GFP
vector by Gateway technology (Addgene). ProCMV::mRFP-Q74 (Balaji et al., 2022), ProCMV::GFP-MC1 and
ProCMV::GFP (Llamas et al., 2022) were used for transfection of HEK cells (CRL-1573) (Table S5) following
the protocol described in (Llamas et al., 2022). After 72 h of incubation, cells were lysed in non-denaturing
native lysis (300 mM NaCl, 100 mM Hepes pH 7.4, 2 mM EDTA, 2% Triton X-100) supplemented with 1X
plant protease inhibitor (Merck), scraped from the tissue culture plates, and homogenized through a syringe
needle (27G). Samples were centrifuged at 10,000 x g for 10 min at 4 °C and supernatant was collected.

Protein concentration was determined with the Pierce BCA Protein Assay Kit (Thermo Fisher).

Yeast strains and spot dilution assays

Yeast media preparation and molecular biology techniques were carried out using standard methods (Lazaro-
Silva et al., 2015). All experiments were done using the genetic background of Saccharomyces cerevisiae
strain BY4741 (Table S4). To test the capacity of each yeast strain to remove misfolded proteins, yeast cells
were transformed with the plasmid pFE15 encoding the fusion construct AssCLxmyc (Table S2, Eisele and
Wolf, 2008). Growth phenotypes were assessed with spot dilution assays. Ten-fold serial dilutions were made,
ranging from undiluted to a 10* dilution. Five pl of each dilution were spotted onto the corresponding selective

media (-ura or -ura -leu plates) and plates were incubated for at least 3 days before images were taken.
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Microscopy analysis
Microscopy images were acquired with an Olympus FV1000 inverted confocal microscope with a x60/water

objective. For detection of fluorescent signals, GFP was excited at 488nm and mRFP at 543nm.

Root meristem cells from 5-day-old seedlings vertically grown under long day (LD) conditions (16-h light/8-h
dark) at 22 °C were used to determine protein subcellular localization. For heat stress treatment, 5-day-old
seedlings were transferred to a hot air incubator at 39 °C and incubated for 40 min. For CHX treatment, 5-
day-old seedlings were incubated in 2 MS liquid medium with 200 ng/ul CHX for 30 min. The number of

granules were quantified with ImagedJ.

Fluorescence recovery after photobleaching (FRAP)

The assay was performed as described previously (Moschou et al., 2013). Five-day-old seedlings grown
vertically in LD conditions were incubated for 40 min at 39 °C in a hot air incubator. During analyses, the
Olympus FV1000 software was set up for the acquisition of two pre-bleach images, one bleach scan and 30
post-bleach scans. A region of 2 ym of diameter was bleached using a laser intensity of 100% at 488nm.

Prebleach and post-bleach scans were at the minimum possible laser power. A zoom factor of 5 was used.

Analyses of fluorescence intensities during FRAP were performed in the bleached regions. One region of
interest outside of the bleached area was also measured to serve as the background. The background values
were subtracted from the fluorescence recovery values, and the resulting values were normalized by the first
post-bleach time point. Initial signal recovery (%) = 100 x (lfinal,post-bleach - linitial,post-bleach)/(Iprebleach

- linitial,post-bleach), where | is the normalized signal intensity (relative to the background intensity).

Protein purification

E. coli OverExpress C41 (DE3) Chemically Competent Cells from BioCat GmbH (Heidelberg, Germany) or
E.coli BL21 strain containing the pBB542 vector (de Marco et al., 2007) were transformed with expression
plasmids and grown in either autoinduction media or LB, respectively. Cells were grown first at 37 °C with
continuous shaking until ODesoo reached 0.6 and then transferred to 25 °C for overnight growth. In the case of
expression in E. coli Chaperone Competent Cells BL21, Isopropyl 3-D-1-thiogalactopyranoside (IPTG) at 1
mM concentration was added to 400 ml cell cultures when transferred to 25 °C to induce protein expression.
The pellet from overnight cultures was resuspended in 20 mM HEPES, pH 7.5, 500 mM NaCl and sonicated
on ice. A centrifugation of lysates at 25,000 x g for 20 min was performed to remove cell debris and insoluble
proteins. Soluble lysate was filtered through 0.45 uM sterile filters and loaded into a 5 mL nickel ion HisTrap
purification column (Cytiva, Marlborough, MA, USA). Washes of the columns were performed with 20 mM
HEPES, pH 7.5, 500 mM NaCl and 20 mM imidazole. Elution of proteins was performed by increasing
imidazole concentrations up to 250 mM. The cleanest elutions were concentrated using Amicon filters and
loaded onto a Superdex 75 size-exclusion chromatography column (GE Healthcare Life Sciences, Chicago,
IL, USA) connected to an AKTA FPLC system. The Superdex 75 column was equilibrated in 20 mM HEPES,
pH 7.5, 500 mM NaCl. A flow rate of 0.75 ml per minute was used to separate proteins. Samples belonging
to the most prominent peaks were kept and loaded onto an SDS-PAGE gel to verify the purity of the samples.

MC4 was provided by F. van Breusegem and it is described in Vercammen et al., 2004.
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Enzymatic activity assays

Protease activity was measured by quantification of the fluorescence intensity released from the AMC (7-
amino-4-methylcoumarin) group of the fluorogenic substrate Z-FR-AMC (PeptaNova, Sandhausen, Germany)
at 383 nm and 455 nm excitation and emission wavelengths, respectively, in a Tecan Infinite M200 Microplate
Reader System (Mannedorf, Switzerland). All proteolytic assays were performed in 20 mM HEPES (pH 7.0)
containing 150 mM NaCl, varying CaClz concentrations and 5 mM DTT. For estimation of pH optima, buffers
containing 100 mM acetate (pH 4—-pH 5.5), 100 mM MES (pH 6—pH 6.5), 100 mM HEPES (pH 7.0—pH 8.0),
100 mM Tris (pH 8.5—pH 9) and 100 mM CAPS (pH 9.5-pH 11) were used. 0.2 pg of recombinant protease

was used and the concentration of fluorogenic substrates was 5 yM.

Preparation of TTR aggregates

TTR was expressed and purified following previously described procedures (Pinheiro et al., 2021). Briefly,
TTR aggregation was induced by mixing 7 uM of purified TTR with an equal volume of 400 mM sodium
acetate, 200 mM KCI, pH 4.4, obtaining a final TTR concentration of 3.5 yM. Samples were incubated for 72
h at 37 °C in quiescent conditions. Aggregated samples were centrifuged at 20,000 x g for 1 h to recover the
insoluble material that was subsequently resuspended in 20 mM HEPES 150 mM, NaCl pH 7.5 to a

concentration of 100 uM.

In vitro disaggregation assay
End-point disaggregation reactions were performed by coincubating TTR aggregates at a concentration of 7
MM with 0.25 mg mL-1 of protease at 37 °C in presence of 5 mM DTT and 5 mM CaClz.. Protease

disaggregation was monitored using sample turbidity, SDS-PAGE and transmission electron microscopy.

Turbidity assay

Sampile turbidity was monitored as an indicator of the amount of aggregated material using synchronous light
scattering. The spectra were recorded in a JASCO Spectrofluorometer FP-8200 with an excitation wavelength
of 360 nm, and emission range from 340 to 380 nm. Excitation and emission bandwidth were setto 5 nm. The

light scattered at 360 nm was used as a measure of turbidity.

Protein extraction and immunoblotting

Five hundred milligrams of leaf material were mixed with 2 ml of extraction buffer (50 Mm HEPES pH 7.3, 150
mM NaCl, 0.5% Nonidet P-40, 10% glycerol, 1 mM EDTA pH 8, 5 mM DTT, 1% PVPP and 1x Protease
inhibitor cocktail (Sigma, P599)) and centrifuged for 10 min at 14,000 x g at 4 °C. 5x Laemmli sample buffer
was added to 100 pl supernatant and boiled for 5 min. Equal amounts of supernatant were loaded on 12%
SDS-PAGE gels. Antibodies used for immunoblotting were as follows: a-GFP-HRP (1:5,000 Milteny Biotec),
a-RFP-HRP (1:5,000 Abcam), a-myc (1:10,000, Sigma-Aldrich, a-actin (dilution 1:5,000, Agrisera), a-Hsp90-
1 (1:2,000 Abcam) and a-polyQ (1:1,000 Merck).

Filter trap assay
Protein extracts were obtained with native lysis buffer (300 mM NaCl, 100 mM HEPES pH 7.4, 2 mM EDTA,

2% Triton X-100) supplemented with EDTA-free protease inhibitor cocktail. When processing plant protein
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extracts 1X plant protease inhibitor (Merck) was added to native lysis buffer. In experiments with HEK cells,
cells were homogenized by passing 7 times through syringe needle (27 G). Cellular debris was removed by
several centrifugation steps at 8,000 x g for 10 min at 4 °C. Supernatant was recollected and protein
concentration determined with the Pierce BCA Protein Assay Kit (Thermo Fisher). A cellulose acetate
membrane filter (GE Healthcare Life Sciences) was placed in a slot blot apparatus (Bio-Rad) coupled to a
vacuum system. The membrane was equilibrated with 3 washes with equilibration buffer (native buffer
supplemented with 0.5% SDS). Approximately 150 ug of protein extract was supplemented with SDS at a
final concentration of 0.5% and loaded and filtered through the membrane. Then, the membrane was washed
three times with 0.2% SDS. The membrane was blocked in 3% BSA in TBST for 30 min followed by 3 washes
with TBST. The membrane was incubated with indicated antibody and then washed 3 times for 5 min and
incubate with secondary antibodies in TBST 3% BSA for 30 min. The membrane was developed using an
Odissey DLx (Licor). Extracts were also analyzed by SDS-PAGE and western blotting to determine loading

controls.

Heat treatments

Thermotolerance assays were performed using 5-day-old seedlings. Seedlings were grown at 22 °C for 5
days, put in a hot-air incubator set at 37 °C for 90 min, put in a growth chamber set at 37 °C for 90 min,
incubated at 45 °C for 90 min and allowed to recover at 22 °C for 8 days. The percentages of seedlings in
different phenotypic classes were calculated based on results from three biological replicates. In each

biological replicate, at least 50 seedlings were used for each genotype.

Dark-induced senescence assay
Leaves number 5 and 6 of three-week-old plants grown in LD conditions were covered with aluminium foil for

8 days (Li et al., 2016). Control plants kept without covered leaves were grown in parallel.

Chlorophyll analysis

Covered and uncovered leaves from 3 different plants were snap-frozen in liquid nitrogen and ground with
TissueLyser Il (QIAGEN). A 50 mg aliquot of crushed leaf material was mixed with 1.5 ml of 80% pre-chilled
acetone and thoroughly mixed for 5 min. Samples were centrifuged at 20,000 g for 1 min and the supernatant
was transferred to spectrophotometer cuvettes. Chlorophyll was then quantified at 663nm and 646nm with a

spectrophotometer UV-2600, Shimadzu) as previously described (Lichtenthaler and Wellburn, 1983).

PAM fluorometric measurements

After 30 min of dark adaptation, the kinetics of chlorophyll fluorescence in whole rosettes were monitored by
measuring FO in the dark and Fm with initial saturation pulse using Imaging PAM M-series, MAXI version
device (Walz). Fv/Fm and Fv'/Fm” (PSII efficiency) ratio for the maximum quantum efficiency upon dark and

light conditions was calculated according to the manufacturer’s instructions.

Bioinformatic analyses

Intrinsically disordered regions of MC1 were predicted using the D2P2 database (D?P?, http://d2p2.pro/, Oates
etal., 2013) and DISOPRED?3 (http://bioinf.cs.ucl.uk/psipred, Jones and Cozzetto, 2015). LLPS predisposition
was evaluated using the PSPredictor tool (http:/www.pkumdl.cn:8000/PSPredictor/, Chu et al., 2022)
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Analysis of the aggregation propensity of MC1 amino acids was performed with Aggrescan3D
(http://biocomp.chem.uw.edu.pl/A3D/; Zambrano et al, 2015) using as input file the Alphafold2
(https://alphafold.ebi.ac.uk/, Jumper et al., 2021) predicted MC1 structure.

Statistical analysis

All quantification analyses and statistical tests were performed with R software. T-test was used to compare
the significance of differences between two experimental groups. For comparing the significance of
differences between multiple experimental groups, one-way ANOVA was performed as indicated in each

experiment. Different letters show statistically significant differences between samples.

Accession Numbers

Sequence data for the genes described in this study can be found in the TAIR database
(https://www.arabidopsis.org) and NCBI under the following accession numbers: MC1 (AT1G02170), RBP47
(AT3G19130), TCTP (AT3G16640) and yMCA1 (Q08607).
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Figure 1. MC1 is recruited to stress granules (SGs) upon heat stress.

A. Five-day-old mc1 Arabidopsis seedlings expressing Pro35S::MC1-GFP were heat-stressed at
39 °C for 40 min (heat shock, HS), followed by incubation at 22 °C for up to 120 min (Recovery).
Images of root tips were taken at indicated time points. Bars = 5 ym.

B. Kinetics of the assembly and disassembly of MC1 cytoplasmic foci. Graph shows means * sd
of three independent experiments, each including 5 seedlings. Eight to 10 cells for each
seedling were analyzed for SG quantification. “Stop HS” corresponds to the time point when
plants were transferred from 39 °C to 22 °C.

C. Treatment with cycloheximide (CHX) inhibits the formation of MC1 foci in root tip cells. For CHX
treatment, five-day-old seedlings expressing Pro35S::MC1-GFP were incubated with 200 ng/ul
CHX for 30 min at 22 °C before HS. Images show localization of MC1-GFP in heat-stressed
(39 °C for 40 min) root tip cells of 5-day-old seedlings previously treated with CHX or DMSO
(control).
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D. Quantification of MC1-GFP foci in the experiment shown in C. Upper and lower box boundaries
represent the first and third quantiles, respectively; horizontal lines mark the median and
whiskers mark the highest and lowest values. Three independent experiments, each containing
at least five individual measurements, were performed. Means with different letters are
significantly different at P < 0.05 (one-way ANOVA).

E. Co-localization of GFP-TCTP (green) with MC1-RFP (red) in heat-stressed (39°C for 40 min)
root tip cells of 5-day-old seedlings expressing both Pro35S::GFP-TCTP and Pro35S::MC1-
RFP. Inset show enlarged boxed areas. Pearson coefficient (re) of co-localization of GFP-TCTP
and MC1-RFP represents the mean of five replicate measurements from three independent
experiments. Scale bars =5 uym.

F. Immunoprecipitation (IP) of GFP-TCTP and MC1-RFP in protein extracts prepared from leaves
of 3-week-old transgenic Arabidopsis seedlings expressing both Pro35S::GFP-TCTP and
Pro35S::MC1-RFP. Samples were kept in control (NS) conditions or heat-stressed (HS, 39°C
for 40 min). Input and IP fractions were analyzed by immunoblotting using a-GFP or a-RFP.
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Figure 2. MC1 contains intrinsically disordered and aggregation-prone regions.

A. Prediction of intrinsically disordered regions of MC1. Top, scheme of MC1 protein structure. Zf:

B.

LSD1-Zinc finger domain within the prodomain (amino acids 1-77); H164 and C220 correspond
to the amino acids of the catalytic dyad within the large p20 catalytic subunit; 360 loop (amino
acids 318-346): hydrophobic loop within the small p10 catalytic subunit. Middle and Bottom,
prediction of the disordered regions by D?2P2 (https://d2p2.pro) and DISOPRED3
(http://bioinf.cs.ucl.ac.uk/psipred), respectively. Blue precision dots, show disordered scores
higher than 0.5 and black precision dots disordered scores lower than 0.5.

Aggrescan 3D structure of MC1. The prodomain is highlighted in light green and the 360 loop
in light yellow. The amino acid sequences are of the prodomain and 360 loop are shown and
the amino acids with high A3D scores (agreggation-prone) are highlighted in red colors.
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Figure 3. The prodomain and the 360 loop confer insolubility to MC1.

A. Schematic representation of MC1 full length, MC1A360 (without 360 loop) and ANMC1A360
(without prodomain and 360 loop) domain architecture. The region highlighted in red denotes
absence of 360 loop (A360).

B. SDS-PAGE coomassie-stained gels (upper panels) and western blot analysis (lower panels) of
lysates from total, soluble or insoluble fractions of E. coli cells expressing either MC1A360 or
ANMC1A360 (rMC1) carrying an N-terminal 6xHis tag. Arrow denotes expected molecular
weight of each of the two MC1 variants.

C. Size-exclusion chromatography of concentrated eluates obtained by nickel affinity
chromatography (Fig. S3A). The inlet shows an SDS-PAGE Coomassie-stained gel of fractions
14ml to 16 mL of the eluted volume from a Superdex 75 column.
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Figure 4. The 360 loop and the prodomain of MC1 are involved, respectively, in recruitment to
and clearance from SGs.

A. Five-day-old mc1 seedlings expressing Pro35S::MC1-GFP, Pro35S::MC1C220A-GFP,
Pro35S::ANMC1-GFP or Pro35S::MC1A360loop-GFP were heat-stressed at 39°C for 40 min.
Images of root tips show seedlings in basal (NS) and stress conditions (HS). Bars = 5 um.

B. Quantification of condensates in the experiment shown in A.

C. Selected time frames (prebleach and 0, 3, and 15 seconds after bleaching) from FRAP analysis
of GFP-Rbp47, TSN2-GFP, MC1-GFP, MC1C220A-GFP, ANMC1-GFP and MC1A360loop-
GFP foci formed upon heat stress (40 min at 39°C) in root tip cells of seedlings expressing
Pro35S::GFP-Rbp47, ProTSN2::TSN2-GFP, Pro35S::MC1-GFP, Pro35S::MC1C220A-GFP,
Pro35S::ANMC1-GFP or Pro35S::MC1A360loop-GFP, respectively. Bars = 2um.

D. Initial signal recovery (%) of the experiment shown in C.

In B and D, upper and lower box boundaries represent the first and third quantiles, respectively;
horizontal lines mark the median and whiskers mark the highest and lowest values. Three
independent experiments, each containing at least five individual measurements, were performed.
Means with different letters are significantly different at P < 0.05 (one-way ANOVA).
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Figure 5. MC1 can specifically clear protein aggregates in vitro and in vivo and the lack of MC1
results in protein aggregate accumulation.

A. Filter trap analysis of protein extracts from five-day-old Arabidopsis mc1 or WT seedlings in
control conditions (NS) or subjected to a severe heat stress (HS, 90 min at 37 °C, 90 min at
22 °C and 90 min at 45 °C). SDS resistant aggregates were detected using antibodies against
actin, HSP90-1 or polyQ proteins. rusins represents the ratio between HS and NS protein
levels. Signal intensity of the bands was quantified using Image J. Two independent
experiments were performed with similar results.

B. Turbidity assays of end-point disaggregation reactions using light scattering at 360 nm. rMC1
or the catalytic inactive form rMC1C220A (rMC1CA) were co-incubated with TTR aggregates
or native tetrameric TTR for 24 hours at 37°C. Recombinant MC1 proteins and TTR
aggregates, incubated for the same period were also measured as controls. Data represents
three individual measurements. Upper and lower box boundaries represent the first and third
quantiles, respectively; horizontal lines mark the median and whiskers mark the highest and
lowest values. Means with different letters are significantly different at P < 0.05 (one-way
ANOVA).

C. Electron microscopy images of end-point disaggregation reactions of TTR aggregates
incubated with or without purified rMC1 for 24 hours at 37 °C.

D. SDS-PAGE analysis of the end-point samples shown in panel C.
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E. Filter trap analysis showing mRFP-Q74 aggregation levels in HEK293 cells. HEK293 cells
were transfected with mRFP-Q74 and GFP-MC1 or mRFP-Q74 and GFP as a control.
mCherry antibody was used to detect Q74 SDS-resistant aggregates.
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Figure 6. Overexpression of MC1 delays dark-induced senescence.

A. Representative leaf images of Arabidopsis wild type, atmc1 mutants and Pro35S::MC1-GFP
atmc1, ProMC1::MC1C220A-GFP atmc1 and Pro35S::MC1A360loop-GFP atmc1 grown for three
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weeks under controlled groWTh conditions (16 h light/8 h dark photoperiod) and covered for 8 days to
induce senescence. For each plant, only leaves 5 and 6 were either dark acclimated or used as
controls. Bars = 0.5 cm.

B. and C) Total chlorophyll concentration (ug/mg FW) of uncovered (Control, B) or covered
(Senescence, C) leaves of three-week-old Arabidopsis wild type, atmc1 mutants and Pro35S::MC1-
GFP atmc1, ProMC1::MC1C220A-GFP atmc1 and Pro35S::MC1A360loop-GFP atmc1. Means with
different letters are significantly different at P < 0.05 (one-way ANOVA).

D and E) PSII maximum efficiency (Fv/Fm) quantifications capacity of uncovered (Control, D) or
covered (Senescence, E) leaves of three-week-old Arabidopsis wild type, atmc1 mutants and
Pro35S::MC1-GFP atmc1, ProMC1::MC1C220A-GFP atmc1 and Pro35S::MC1A360loop-GFP atmc1.
Means with different letters are significantly different at P < 0.05 (Krustal-Wallis test).

In B, C, D and E, upper and lower box boundaries represent the first and third quantiles, respectively;
horizontal lines mark the median and whiskers mark the highest and lowest values. Four independent
experiments, each containing at least ten leaves for each phenotype, were performed.
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Figure 7. Working model on the role of MC1 in stress granules

A. Upper panel (WT plants): Under basal conditions, no SGs are detectable and MC1 presents a
diffuse nucleo-cytoplasmic localization pattern. Upon perception of an acute, reversible
stress, MC1 is recruited to SGs where it hypothetically clears misfolded/aggregated proteins.
Under chronic or irreversible stress, the proteostatic capacity of the cell is surpassed and
toxic protein aggregates that cannot be cleared start accumulating in the cytoplasm. Lower
panel (mc1 mutant plants): Plants devoid of MC1 cannot cope as WT with proteotoxic stress.
Any stress may result in accumulation of protein aggregates that over time manifest as the
observed accelerated senescence phenotype.

B. MCH1 is recruited to SGs via its 360 loop. Once in SGs it clears aggregated proteins via its
disaggregase activity. Release of MC1 from stress granules is dependent on the prodomain.
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Figure S1. MC1-GFP expressed under the control of its own promoter re-localizes to
cytoplasmic condensates upon heat stress.

A) Five-day-old Arabidopsis mc1 mutant seedlings expressing ProMC1::MC1-GFP were heat-
stressed at 39°C for 40 min. Images of root tips were taken before (NS) and after being
subjected to heat stress (HS) Bars = 5 ym.

B) Quantification of MC1-GFP foci in the experiment shown in A). Upper and lower box
boundaries represent the first and third quantiles, respectively; horizontal lines mark the
median and whiskers mark the highest and lowest values. Three independent experiments,
each containing five individual measurements, were performed. Means with different letters
are significantly different at P < 0.05 (T-test).
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Supplementary Figure 2. MC1 co-localizes with stress granule markers in protoplasts upon
heat stress.

A) Co-localization analysis using leaf protoplasts of 3-week-old mc1 Pro35S::MC1-GFP
Arabidopsis plants transiently co-expressing Pro35S::RFP-RBP47 or Pro35S::RFP-TSN2.
Images were taken in control (NS) conditions or after heat-stressing (HS) the protoplasts.

B) Pearson coefficient of co-localization of RFP-RBP47 or RFP-TSN2 and MC1-RFP. Upper and
lower box boundaries represent the first and third quantiles, respectively; horizontal lines
mark the median and whiskers mark the highest and lowest values. Three independent
experiments, each containing at least five individual measurements, were performed.
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Supplementary Figure 3. Production and purification of recombinant MC1 in Escherichia coli
cells.

A and B) SDS-PAGE Coomassie-stained gels of eluted fractions after nickel-affinity chromatography
of Escherichia coli soluble lysates expressing either rMC1 (A) or rMC1CA (B). Arrow indicates
expected molecular weight of rMC1.

C) Size-exclusion chromatography (SEC) from concentrated eluates shown in B. The inlet shows an
SDS-PAGE Coomassie-stained gel of fractions 15 ml and 16 mL of the eluted volume from a
Superdex 75 column.
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A) Western blot analysis of Nicotiana benthamiana protein extracts transiently expressing Serpin-YFP

incubated with either 0.2 ug rMC1 or 0.2 ug rMC1CA for the indicated times (hours) at room

temperature. Extracts from N. benthamiana plants co-expressing AtSerpin-YFP and MC1 fused to HA

(Dexamethasone::MC1-HA) were included in the experiment as a positive control for Serpin1
cleavage (Lema Asqui et al., 2018). Coomassie blue staining of immunoblotted membranes (CBS)

are shown as loading controls.

B-C) Activity of the fluorogenic substrate (Z-FR-AMC; 5 uM) when incubated with 0.2 ug of rMC1

under different concentrations of CaClz (C) or different pH in 5 mM CaClz (D).

D) SDS-PAGE Coomassie-stained gel of 2 ug rB—casein incubated with 200 pg of either rMC1 or

rMC1CA

for 0, 4 or 24 h.
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Figure S5. The MC1 prodomain contributes to SG clearance

A) Five-day-old mc1 Arabidopsis seedlings stably expressing Pro35S::MC1-GFP or
Pro35S::ANMC1-GFP were heat-stressed at 39°C for 40 min (heat shock, HS), followed by
incubation at 22°C for up to 120 min (Recovery). Images of root tips were taken at indicated
time points. Bars = 20 ym.

B) Quantification of MC1-GFP foci in the experiment shown in C. Upper and lower box
boundaries represent the first and third quantiles, respectively; horizontal lines mark the
median and whiskers mark the highest and lowest values. Three independent experiments,
each containing at least five individual measurements, were performed. Means with different
letters are significantly different at P < 0.05 (T-test in each time point).
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Figure S6. mc1 knock-out mutants do not display thermotolerance or total protein
accumulation differences compared to WT.

A) Five-day-old WT or mc1 Arabidopsis seedlings were subjected to heat stress (HS, 90 min at 37°C,
90 min at 22°C and 90 min at 45°C) followed by incubation at 22°C for 7 days. Data represents the
percentage of green seedlings. Upper and lower box boundaries represent the first and third
quantiles, respectively; horizontal lines mark the median and whiskers mark the highest and lowest
values. Ten independent experiments were performed. Means with different letters are significantly

different at P < 0.05 (one-way ANOVA).

B, C and D) SDS-PAGE of protein extracts from five-day-old Arabidopsis mc1 or WT seedlings in
control conditions (NS) or subjected to a severe heat stress (HS, 90 min at 37°C, 90 min at 22°C and
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90 min at 45°C). SDS resistant aggregates were detected using antibodies against Actin (B), HSP90-
1 (C) or polyQ proteins (D).

E) SDS-PAGE of protein extracts from HEK293 cells were transfected with mRFP-Q74 and GFP-MC1
or mRFP-Q74 and GFP as a control. GFP antibody was used to detect GFP-MC1 and control GFP,
while mCherry antibody was used to detect Q74 SDS-resistant aggregates. a-actin was used as a
loading control.
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Figure S7. MC1 participates in the clearance of terminally misfolded proteins in yeast.

A) Serial dilutions of wild type (WT), ymca1A mutant and ymca1A MC1-complemented cells
expressing AssCL* were spotted on indicated media and incubated for 3 days at 30°C.
Enhanced growth on plates lacking leucine (CM —Leu) indicates stabilization of AssCL*,
whereas reduced growth indicates increased degradation. Three independent experiments
were performed.

B) SDS-PAGE of AssCL* levels of the strains shown in A. a-myc was used to detect AssCL".
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Uncovered Covered

MC1 #2.6

Figure S8. Dark-induced senescence results in the formation of MC1-containing cytoplasmic
condensates.

Representative confocal microscopy images of leaves of Arabidopsis Pro35S::MC1-GFP atmc1 3-
week-old plants grown for three weeks under controlled growth conditions (16h light/8h dark
photoperiod) and covered for 4 days to induce senescence. Z-stacks with 10 slides (0.5 pm width)
were performed. Bars = 20 ym.
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4. CONCLUSIONS

From the objectives of this PhD, the following conclusions can be drawn:

Robust transcriptional indicators of immune cell death revealed by spatiotemporal

transcriptome analysis

1.

Lack of AtMC1

There are unique and time-dependent differences in the repertoire of differentially
expressed genes, expression profiles and biological processes derived from
tissue undergoing HR and that of its surroundings.

Robust transcriptional indicators can be used to define cells that are destined to
die upon infection, potentially serving as tools to perform high-throughput

techniques to study HR at a single cell level in future studies.

catalytic activity triggers autoimmunity dependent on NLR stability

Absence of AtMC1 results in autoimmunity dependent on immune signalling

components downstream of sensor NLR activation (EDS1-PAD4).

Overexpression of catalytically inactive AtMC1 in an atmc1 mutant background
triggers severe autoimmunity partially dependent on the EDS1-PAD4-ADR1
immune node

This variant interacts promiscuously with immune components possibly
stabilizing them and preventing their timely turnover.

While individual mutations in NLRs, PRRs or other immune-related components
that interact with catalytically inactive AtMC1 do not rescue the autoimmune
phenotype, overexpression of SNIPER1, a master regulator of NLR homeostasis,

fully rescues the phenotype.

Catalytically inactive AtMC1 localizes to puncta that are destined to the vacuole
for degradation through autophagy, potentially as a turnover pathway to dispose

accumulated immune components.

Based on the phenotypes and molecular events observed in plants
overexpressing catalytically inactive AtMC1, we infer that Wt AIMC1 might
participate in NLR homeostasis and therefore its absence, together with the

decline in proteostasis/PQC during aging results in autoimmunity.
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Arabidopsis metacaspase MC1 localizes in stress granules, clears protein aggregates, and

delays senescence.

9.

10.

11.

12.

13.

Upon proteotoxic stress (heat stress), AfMC1 is dynamically recruited to
cytoplasmic condensates, known as stress granules (SGs), that contribute to

maintaining protein homeostasis.

AfMC1 can be expressed and isolated recombinantly when two aggregation-
prone disordered regions (the prodomain and the 360-loop located in the p10

domain) are removed.

AfMC1 exhibits an extremely efficient aggregate-clearing activity (disaggregase

activity) both in vitro and in vivo in distantly related organisms.

Owing to its evolutionarily conserved capacity to clear protein aggregates,
AfMC1 could be a potential candidate for therapeutic intervention in human

diseases caused by pathological protein assemblies.

In plants, this remarkable aggregate-clearing activity may underlie the delay in

plant senescence caused by AtMC1 overexpression.
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Jose Salguero-Linares, Saul Lema-Asqui, Marta Salas-Gomez,
Andrea Froilan-Soares, and Nuria S. Coll

Abstract

In plants, the hypersensitive response (HR) is a programmed cell death modality that occurs upon
recognition of harmful non-self. It occurs at the site of pathogen infection, thus preventing pathogens to
live off plant tissue and proliferate. Shedding light on the molecular constituents underlying this process
requires robust and quantitative methods that can determine whether plants lacking functional genes are
defective in HR execution compared to wild-type controls. In this chapter, we provide two quantitative
protocols in which we measure cell death from Arabidopsis thaliana leaves infected with avirulent
HR-causing bacterial strains. Firstly, we use trypan blue staining to quantify the stained area of leaves
upon bacterial infection using a personalized macro in the Image J (Fiji) software. Alternately, we incorpo-
rate an electrolyte leakage protocol in order to measure HR caused by different avirulent bacterial strains at
different bacterial titers. We encourage users to perform a combination of both methods when assessing HR
in different plant genotypes.

Key words Arabidopsis thaliana, Hypersensitive response, Pseudomonas syringae pv tomato DC3000,
Trypan Blue Staining, Cell death quantification by Image J, Electrolyte leakage

1 Introduction

As a means of restricting pathogen growth, plants deploy a tightly
regulated form of immune cell death at the attempted pathogen
ingress site, traditionally known as the hypersensitive response
(HR) [1, 2]. Upon recognition of harmful non-self, host intracel-
lular immune receptors of the nucleotide-binding leucine rich
repeat (NLR) type recognize pathogen effector molecules trigger-
ing an amplified immune response named eftector-triggered immu-
nity (ETI), which usually culminates in HR cell death [3]. When
plant cells undergo HR as a consequence of pathogenic infection,
the following hallmarks are generally displayed: cytoplasmic

Marina Klemencic et al. (eds.), Plant Proteases and Plant Cell Death: Methods and Protocols,
Methods in Molecular Biology, vol. 2447, https://doi.org/10.1007/978-1-0716-2079-3_16,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022

193

194



194

ANNEX

Jose Salguero-Linares et al.

shrinkage, mitochondrial swelling, chromatin condensation, chlo-
roplast and plasma membrane disruption, and vacuolization [4, 5].

A thorough understanding of the molecular players and
mechanisms regulating HR-cell death is still lacking. With the
advent of the genomic era, numerous HR regulators have been
reported [6]. Consequently, robust methods for quantitative anal-
ysis of HR cell death are of utter importance to eftectively evaluate
whether mutations in certain genes render a plant unable to
execute HR.

Trypan blue staining of infected plant tissue has been exten-
sively used as a qualitative method for visualization of dead cells [ 7—
91]. Since live cells possess intact membranes, the Trypan Blue dye is
excluded from the cells, whereas in dead cells the dye transverse the
plasma membrane as a consequence of the loss of its integrity
[10]. Hence, dead cells are stained and appear in a distinctive blue
color when imaged under a microscope. Subsequently, stained cells
can be quantified in order to precisely determine whether differ-
ences exist between distinct plant genotypes in terms of HR cell
death.

Loss of plasma membrane integrity in dying cells also results in
the release of electrolytes to the extracellular milieu. The degree of
electrolyte leakage from dying cells can also be used as a readout of
the extent to which cell death is taking place in the infected tissue
[11]. Currently available conductivity meters allow measurements
of electrolyte leakage in relatively small volumes (2 mL), which
facilitate accurate and rapid quantification of a larger number of
samples.

On the one hand, we provide a detailed method for the quick
and automated quantification of cell death using trypan blue stain-
ing. For this, we use Arabidopsis thaliana plants (Arabidopsis)
belonging to the Columbia-0 ecotype (Col-0) inoculated with the
HR-causing bacterial strain Pseudomonas syringae pv. tomato
DC3000 carrying the eftector avrRpmI1 (Pto DC3000 avrRpml)
using the syringe-infiltration method. In Col-0 HR is triggered
upon recognition of avrRpml by the NLR receptor RPMI1
[12]. Upon trypan blue staining of leaves at different time points
after infection, we quantify stained cells in the infiltrated leaves
using the image processing package Fiji (built upon the Image]2
free software) [13], using a newly developed macro that allows
automated quantification of the stained area.

On the other hand, we describe a robust method for quantifi-
cation of electrolyte leakage of dying cells from Arabidopsis Col-0
leaves infiltrated with both Pto DC3000 (avrRpml) and Pto
DC3000 (avrRpt2) using different bacterial titers adapted from a
previously described protocol [11]. avrRpt2 also causes HR in
Col-0, as this effector is recognized by the NLR RPS2 [14]. As a
negative control for our experiments, we use the Arabidopsis Col-0
rpm1-3 and rps2 mutants, which do not display HR triggered by
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Pro DC3000 (avrRpml) and Pto DC3000 (avrRpt2), respectively,
since they are defective in the cognate NLRs RPM1 and RPS2
[12, 14].

2 Materials

2.1 Plant Material
and Growth Conditions

2.2 Bacterial Strains,
Preparation of
Inoculum and Infection

2.3 Trypan Blue
Staining and
Microscopy Slide
Preparation

. Arabidopsis thaliana Col-0 seeds from the following pheno-

types: wild-type, 7pmI-3 (N68739) and rps2 (N6196) from
the Nottingham Arabidopsis Stock Centre (NASC) based in
the University of Nottingham, UK (see Note 1).

2. Soil mix: 5 parts peat soil + 2 parts vermiculite + 1 part perlite.

. A growth chamber with controlled temperature (22 °C), pho-

toperiod (9 h light, 15 h dark), humidity (70% relative humid-
ity) and white LED light intensity of 150 pmol /m?/s.

4. Small size plastic pots.

. Flat polypropene trays.

. Pseudomonas syringae pv tomato (Pto) DC3000 (avrRpm1) and

Pto DC3000 (avrRpt2) avirulent strains (see Note 2).

. Solid King’s Broth medium (KB medium): For 500 mL: 10 g

peptone from meat, 0.75 g K,HPOy, 0.75 g MgSO,¢7H,0,
5 ml glycerol, 7.5 g bacteriological agar, and Milli Q sterilized
water.

. Antibiotics for selection of avirulent Pto DC3000 strains (see

Note 3).

4. Microwave.

. Water bath with adjustable temperature.

. Resuspension buffer: Autoclaved 10 mM magnesium chloride

(MgCly).

. 50 and 15-mL centrifuge tubes.
. Petri dishes.

. Polystyrene disposable cuvettes.
10.
11.
12.
13.
14.

1 mL Needleless syringes.
Spectrophotometer.

Laminar flow hood.

Plastic wrapping paper/plastic dome.
Marker pen (black).

. Stock of trypan blue staining solution: 100 mg phenol (solid),

100 mL lactic acid, 100 mL glycerol, 100 mL Milli Q sterilized
water.

. Trypan blue staining working solution: 1 part trypan blue

staining solution +3 parts 96% ethanol.
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3.

Destaining solution: 1 kg chloral hydrate dissolved in 400 mL
Milli Q sterilized water.

4. Magnetic stirrer with adjustable temperature.
5. Grid cloth mesh.
6. Tilt shaker.
7. Fume hood.
8. Slide preparation: 50% glycerol, fine painting brush, micros-
copy glass slides, and coverslips.
9. Optivisor lenses 3.5 x%.
10. Clear glue.
11. Microdissection microscope.
2.4 Electrolyte 1. Scissors.
Leakage 2. Cork borer.
3. Forceps.
4. Milli Q sterilized water.
5. Sterile 12-well plate.
6. LAQUAtwin EC-11 Conductivity meter (HORIBA Advanced
Techno Co., Ltd).
2.5 Quantification of 1. Image ] (Fiji) software for trypan blue staining
Cell Death by Trypan quantification [13].
Blue Staining and 2. R software for graph plotting of conductivity measurements
Electrolyte Leakage and statistical analysis.
3 Methods
3.1 Sowing of 1. Fill small plastic pots with soil peat, vermiculite, and perlite mix
Arabidopsis Seeds and (5/1/1,2). Compress the mix without exerting too much
Plant Growth pressure into the pot, place the pots on a middle size flat
polypropene tray, and wet the mixture to field capacity with
tap water.
2. Sow 4-5 seeds in each pot. Fill 6-8 pots per genotype for
electrolyte leakage experiments and 8 pots per genotype for a
time course of infected leaves (2 plants per time point) stained
with trypan blue staining (see Note 4).
3. Randomize the previously labeled pots on the tray.
4. Cover the tray with plastic wrapping paper or a plastic dome in
order to maintain humidity required for germination.
5. Stratify the seeds by placing the tray on a cold room /refrigera-

tor at 4 °C for 2 days.
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3.2 Preparation of
Bacterial Inoculum
and Syringe Infiltration

3.2.1 Growth of Bacteria
in KB Medium Plates

3.2.2 Preparation of
Bacterial Inoculum

3.3 Trypan Blue
Staining

10.

11.
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. Transfer the tray to a growth chamber with a photoperiod of

short-day conditions: 9 h light/15 h dark (see Note 5), 22 °C,
70% relative humidity, and light intensity of 150 pmol/m?/s.

. Remove the plastic wrapping paper or dome after 3 days and let

the seedlings grow for 5-6 more days.

. With the help of thin forceps, remove unwanted seedlings from

each pot and leave only one seedling growing.

. Water plants two to three times per week without overwatering

to avoid stress on the plants.

On the second to third week of growth, use a marker pen to
mark leaf eighth of the Arabidopsis plant, which will be the one
infected (see Note 6).

Four- to five-week-old plants grown in these conditions are
ideal for bacterial infection by syringe infiltration.

. Sterilize a laminar flow cabin by cleaning surfaces with 70%

ethanol and switch on the UV light for 5 min.

. Prepare the KB medium and add appropriate antibiotics for

selection of avirulent bacterial strains.

. Pour 25 mL of KB + antibiotics into each plate.
. Three days before infecting Arabidopsis, streak avirulent bacte-

ria from a —80 °C glycerol stock with a sterile tip. Place the
plate on a still 28 °C incubator. Bacteria will grow after 2 days
of incubation.

. One day before infecting Arabidopsis, collect all bacteria grown

on the initial plate and re-streak them on the surface of a new
KB plate using a sterile inoculating loop.

. On the day of the infection, add 10 mL of autoclaved 10 mM

Mg, Clinside the plate and wait 10 min in order for the bacteria
to detach from the surface of the plate.

. Re-suspend bacteria with the help of a 10 mL Pasteur pipette

by gently pipetting up and down in order to detach as much
bacteria as possible from the plate.

. Take 1 mL of bacteria from the plate and mix it with 9 mL of

10 mM MgCl, in a 15 mL tube.

. Make a 1:10 dilution in 10 mM MgCl, and measure bacterial

optical density at 600 nm (ODgg0) using a spectrophotometer.
Calculate the volume needed from undiluted bacteria in the
previous step and dilute it in 10 mM MgCl, in order to reach
the ODggp desired for infection (see Note 7).

. Label the time point after infection at which each plant leaf will

be collected on each pot.
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3.4 Mounting
Microscopy Slides

3.5 Microscopy
Imaging

2.

Pressure infiltrate the eighth leaf of Arabidopsis plant with
avirulent bacteria using a needleless syringe (see Note 8).

. After infiltration, gently dry the excess of liquid on the surface

of the leaf and collect the leaves corresponding to each time
point by cutting through the petiole with the aid of small
SCISSOrs.

. Place the leaves in a 50 mL tube containing 15 mL of trypan

blue staining working solution. Always work in a fume hood
when handling trypan blue staining solution and destaining
solution.

. Pour boiling water into a plastic box and submerge the sealed

tubes inside the water for 5 min or until the leaves turn blue.

. Pour the trypan working solution along with the leaves onto a

sieve and transfer the leaves carefully with tweezers to a new
50 mL tube containing 20 mL of destaining solution (se¢ Note
9). From this step onward, the leaves will stay in the same tube
in order to avoid damage caused by transferring leaves from
one tube to another.

7. Let the tubes rotate on a tilt shaker at 80 rpm for 1 h.

. Use a mesh grid in order to sieve and discard the destaining

solution and replace it with fresh 20 mL destaining solution (see
Note 10). Let the 50 mL tubes rotate overnight.

. The following day, sieve the destaining solution using a new

mesh grid and add 20 mL of 50% glycerol. Leaves can be stored
for prolonged periods in this solution.

. Pour the 20 mL of 50% glycerol containing eight leaves into a

petri dish.

. With the aid of a fine painting brush, gently transfer a single

leave onto a microscopy glass slide.

. Place 500 pL of 50% glycerol on top of the glass slide.
. Gently expand the leat'on the surface of the glass slide with fine

touches using a paint brush (see Note 11).

. Once the leaf is correctly expanded on the glass slide, place a

coverslip on top of the leaf by gently dropping the coverslip
from the top of the leaf to the bottom. Try to avoid bubbles
forming in between the leaf and the coverslip (see Note 12).

. Gently brush clear glue at the edges of the coverslip so that it

adheres to the glass slide and coverslips do not detach.

. Image individual leaves with a microdissection microscope at

5% magnification. Always use the same settings for all samples.
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Fig. 1 Quantification of trypan blue stained area of Arabidopsis leaves infected with an HR-causing avirulent
bacterial strain. (a) Four- to five-week-old Arabidopsis leaves of either Col-0 or rpm7-3 were syringe-
infiltrated with Pto DC3000 (avrRpm1) at 2.5 x 107 CFUs/0.Dggy = 0.05. Two independent leaves were
stained in trypan blue at different time points after infiltration (0, 2, 4 and 8 h) and subsequently imaged under
the microscope. (b) Image J software was used for quantification of stained area which is represented as a
percentage (see Note 12)

3.6 Quantification of 1. Open the image files obtained in the microscope using the Fiji
Cell Death Using software (Image J distribution).
Image J 2. Install the cell death quantification macro (see Note 13).

3. Select process image for cell death macro and follow the
instructions for quantification.

4. Plot the percentage of stained leafas a function of time (Fig. 1).

3.7 Electrolyte 1. Pressure infiltrate the seventh and eighth leaf of an Arabidopsis
Leakage Assay plant with avirulent bacteria. Four plants per genotype are
required for the experiment.

2. After infiltration, gently dry the excess of liquid on the surface
of the leaf.

3. Collect the leaves by cutting through the petiole with the aid of
small scissors.

4. Place the infiltrated leaves on top of a flat surface and punch out
discs (one disc per leaf) using a cork-borer (size 4, diame-
ter = 7.5 mm) (sec Note 14).

5. Immediately after punching out leaf discs, place two leat discs
from a single plant into one well of a 12-well plate containing
2 mL Milli Q sterilized water.
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3.8 Data
Representation and
Statistical Analysis

6.

10.

11.

12.

Use as many 12-well plates as required depending on the
number of genotypes included in the experiment.

. Cover the plate with the lid and place it on a tilt shaker at

90 rpm for 1 h (see Note 15).

. In the meantime, perform a one-point calibration of the

LAQUAtwin EC-11 Conductivity meter (HORIBA Advanced
Techno Co., Ltd) using the conductivity standard solution to
1.41 mS/cm.

. Replace the 2 mL water from the wells with new 2 mL Milli Q

sterilized water. Once the water is replaced, a time series of
measurements of water conductivity start (sec Note 16).

Record water conductivity by pipetting 100 pL. of water per
well into the conductivity meter. Ions released from dying cells
during the course of HR correlate with the conductivity of the
solution. The unit used to measure conductivity is microSie-
mens per centimeter (pS/cm) where cm denotes the distance
between the two electrodes sensors of the conductivity meter.

Return the water from the device to the well in order to
maintain the same volume of water in the wells throughout
the experiment (se¢ Note 17).

Record conductivity at each time point. Meanwhile leave the
12-well plate rotating on the tilt shaker.

. Plot conductivity in pS/cm as a function of time (Fig. 2).

. For statistical analysis, compare the conductivity (in pS/cm) of

two genotypes at a given time point by a two tailed Student’s
t-test. For comparison of more than one genotype, use a
one-way analysis of variance (ANOVA).

4 Notes

. While NASC distributes seeds to Europe, the Biological

Resource Center (ABRC) based at Ohio State University
(USA) delivers seeds to North and South America. Labora-
tories located in other parts of the world may order stocks from
either of both stock centers. Arabidopsis Col-0 accessions carry
the resistance (R) genes RPM1 and RPS2, which encode for
the NLRs RPM1 and RPS2, respectively. In contrast, 7pm1-3
and 7ps2 mutants are not equipped with functional RPM1 and
RPS2, respectively [12, 14].

. Pto DC3000 (avrRpml) and Pto DC3000 (avrRpt2) avirulent

strains overexpress the effector molecules avrRpml and
avrRpt2, respectively. Plant NLRs RPM1 and RPS2 recognize

201



Pto DC3000 (avrRpm1)

ANNEX

Quantification of HR Cell Death in Arabidopsis 201
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Fig. 2 Electrolyte leakage from Col-0, rom7-3 and rps2 leaf discs after bacterial inoculation. Four- to five-
week-old Arabidopsis leaves were syringe-infiltrated with either Pfo DC3000 (avrRpm1) or Pto DC3000
(avrRpt2) with two independent bacterial titers: 2.5 x 107 CFUs/0.Dgo = 0.05 (triangles) or 5 x 106/0.
Dgoo = 0.01 (circles). Conductivity measurements of electrolyte leakage from dying cells were recorded from
2 to 10 h after inoculation. Standard error bars represent four biological replicates. Asterisks denote significant
differences (**, Pvalue <0.01 or *, P value<0.05, NS, P value >0.05) from independent Student’s t-tests for
comparisons between two genotypes at each time point and 0.Dgoo. NS non-significant

perturbations in the host cell caused by the aforementioned
effectors eliciting an ETI response that is accompanied by HR.

. For selection of Pto DC3000 (avrRpml) and Pto DC3000

(avrRpt2) in KB media. Kanamycin is added for selection of
the construct that carries the avrRpm1 and avrRpt2, whereas
resistance to rifampicin comes inherently in Pro DC3000.

Working concentrations for kanamycin and rifampicin are
50 pg/mL.

. We recommend including at least eight pots per time point and

genotype in the trypan blue experiment to have robust and
consistent results when comparing genotypes that show mild
differences.

. We recommend avoiding walk-in chambers for pathogenesis-

related experiments in order to avoid stresses from other patho-
gens (i.e., insect infestations) that can be present in a chamber
where other plants are growing or where users come in and out
on a regular basis. We suggest a photoperiod of 9 h light/15 h
dark that resembles short-day conditions (8 h light/16 h dark)
but adds an extra hour of light, allowing plants to be at their
optimal stage for infiltration earlier than the classical short-day
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10.

11.

12.

13.

14.

photoperiod (in between the 4th and 5th week of growth).
This extended short-day cycle is used by many laboratories
working on molecular plant pathology.

. In order to have comparable results between different plants,

we always infiltrate the seventh and eighth leaf of the plant
[15]. In this way leaves of comparable developmental stages
that may respond similarly to the pathogen are chosen for
infiltration.

. The CFUs/O.D.gop9 (ODggo = 1.0 correlate to

3.55%10% CFU mL™' determined by serial dilutions and
plating) of the bacterial inoculum may be adapted depending
on the genotype being infected [ 16], bacterial strain used in the
experiment, or time points at which samples are collected after
infection.

. Gently exert pressure on the abaxial side of the leaf with a

needleless syringe and infiltrate the leaf thoroughly. If users
are not experienced, we recommend practicing beforechand
with water on plants that will not be used in the experiment.
Besides including mutants impaired in pathogen effector rec-
ognition as negative controls (i.e., 7pm1-3 and 7ps2) when
available, we encourage users to include leaves infiltrated with
10 mM MgCl, as an additional negative control.

. Pouring trypan blue working solution along with the already

stained leaves onto a sieve will allow you to grab the leaves from
the petiole and transfer them easily to a new 50 mL tube
containing destaining solution.

Once leaves are incubated in destaining solution, they need to
be handled very carefully to avoid damage. Furthermore, since
leaves will lose the green color due to the loss of chlorophyll, it
will become harder to identify where the petiole is. As a result,
we recommend working always in the same tube, once the
destaining solution has been added to the leaves.

The abaxial side of the leaf faces the coverslip. Use Optivisor
lenses in order to aid vision when handling the leaves.

Gently drop the coverslip on top of the leaf very slowly from
top to bottom of the leaf by sliding a 1000 pL pipette tip below
the coverslip really slowly. Avoiding as many bubbles as possi-
ble at this step is critical so that they do not appear in the
images and do not affect quantification.

Follow the instruction guide for running the cell death proces-
sing macro located in the GitHub platform: https://github.
com/Celldeathquantification /Cell-death-quantification.

When punching out leaf discs, we recommend users to excise
the leaf disc from the center part of the leaf. Exerting strong
pressure toward a flat surface covered with a fine layer of tissue
paper allows neat excision of discs.
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15. The first hour of incubation of leaf discs under constant rota-
tion is intended to remove electrolytes leaked from damaged
cells on the edges of the leaf discs as a consequence of the
excision caused by the cork-borer.

16. Time points selected for conductivity measurements can vary
depending on the bacterial inoculum used. We recommend a
time series of measurements from 0 h to 10 h once the water
from step 9 has been replaced, with measurements being taken
every 2 h.

17. Always clean the sensor of the conductivity meter with Milli Q
sterilized water in between samples.
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