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Introduction

World agriculture is facing myriad challenges in recent decades. Today’s population is
expected to grow up to 9 billion by 2050 (United Nations, 2009). Rising demands on
agricultural land are estimated to increase rapidly with continued population growth
(Bommarco et al., 2013). Although, crop productivity is not raising in parallel with the food
demand (Parihar et al., 2015). It is well known that about one third of the earth’s land is under
agriculture, far more than any other human activities (Rohila et al., 2017). Based on FAO
report, global agricultural land area is 4.9 billion hectares (Gha) or 38% of the 13 Gha global
land surface. One third of total agricultural land is cropland (1.6 Gha), which includes both
temporary (e.g., annuals) and permanent (e.g., perennials) crops. Over the decades 2007-2016,
the largest world agricultural land area was in Asia (34 %), Americas (25 %) and Africa (23
%), with Europe and Oceania representing each about 8-10 % of the total (FAOSTAT, 2019;
Available at: www.fao.org/faostat/en/, 2019). As stated in the FAO report, irrigation of

agricultural crops entailed 70 % of all water withdrawn from aquifers, streams and lakes
(FAOSTAT, 2019). Moreover, about 13.5% of global greenhouse gas (GHG) emissions is
directly produced by agricultural contribution (IPCC, 2007). Enlarging agricultural lands due
to forests and grasslands conversion has such huge negative impacts on environment like
biodiversity reduction, additional GHG emissions, soil quality degradation and water pollution
(Bommarco et al., 2013; Hooper et al., 2005; Moss, 2008; Potts et al., 2010; Rohila et al.,
2017).

Thus, to meet the global food demand for increasing population, there is no doubt for enhancing
crop production. In particular, producing stress tolerant/ resistant plants needs to improve
markedly. The study of plant stresses, their response to different kinds of stress and stress
management processes in plants, will provide knowledge to make plants ready for climate

change and environmental challenges.

1. Stress Physiology

In both natural and agricultural conditions, plants are constantly exposed to a broad range of
stresses. Some factors such as temperature can become stressful after some minutes and some
others, like soil mineral deficiencies, may take months to become stressful (Taiz & Zeiger,
2006).

Moreover, stress plays an important role in determining how soil and climate can limit the

distribution of plant species and their production. Thus, understanding the physiological
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processes of stress that affect plant adaptation and production is of immense importance to both
agriculture and the environment.

Hans Selye described the original concept of stress in 1936 as an unfavorable and
environmental limitation in plants (Selye. H, 1936). Stress usually defined as any external
factor that negatively affects plant growth, development, production and adaption to the
environment and it is measured in correlation to plant growth (biomass accumulation), survival,
crop yield, nutrient assimilation (CO> and mineral uptake), which are related to overall growth
(Vickers, 2004).

Lichtenthaler developed the stress concept in plants. On one hand, he focused on the
regeneration phase of plants after removing the stressors and on the other hand, the evolving
difference between custress and distress (Lichtenthaler, 1988; Lichtenthaler, 1996). Eustresses
enhance function and are a positive factor for plant development, whereas distresses refer to
persistent stresses that are not resolved through coping or adaptation, and negatively affect
plants and cause damages. Sensitivity and tolerance may be defined as stress elements that
have a negative (distress) or positive (eustress) effect. For instance, deficiency of water in
vegetative tissues of vascular plants causes distress (except for resurrection plants) and is lethal
below the constant wilting point, whilst water deficit above the constant wilting point or for a

short time may persuade hardening (Table 1) (Kranner et al., 2010).

Table 1. Abiotic stress factors and their effects on plants (Based on Kranner et al., 2010).

Effect on whole plant

Stress factor Distress Eustress

Above the permanent wilting point may induce hardening, for example in Zea

Water deficiency Lethal below the permanent wilting point (Hsiano, 1973) mays leaves (Chazen & Neumann, 1994).

Extreme temperature may be lethal, for example heat stress in . . . . .
P Y P May induce hardening, for example acclimation of Spinacea oleracea to cold

T tuf Triti ti Ited in leaf Harding et al.
‘emperatures 1;10 1{$:1m aestivum resulted in leaf senescence (Harding et al., stress (Somersalo & Krause, 1989).
. . Competitive advantage for pyrophytes due to removal of competitors, for
F Lethal t t tative t f hytes (Tyler, 1996). .
ire ethal to most vegetative tissues of nonpyrophytes (Tyler. ). example in the Chaparral (Tyler, 1996).
. . . Deficit timulate root th, fi le lateral root proliferation i
Nutrients Imbalances may cause malfunction/malformation, for example SHcit may Stiiiale oot growth, Jor examp'e “aterd’ Foot proliieration I

Arabidopsis in nitrate-rich patches (Zhang & Forde, 1998).
iron deficiency leading to chlorosis in rice (Jolley et al., 1996). rabidopsis in nitrate-rich paiches (Zhang & Forde, )

S . . . - Competitive advantage for heavy metal-tolerant plants and hyperaccumulators
Contamination, for example by |Toxic to nontolerant plants, for example can result in sterility in P s Y P P

K . . K . with specific adaptations, for example in the arsenic hyperaccumulator Pteris
nonessential heavy metals rice contaminated by arsenic (Wells & Gilmour, 1977). P P P P

vittata (Zhao et al., 2002).

1.1. The Different Phases Induced by Stress

Stand on the original concept of the stress of Selye and its progress by Lichtenthaler, plant

stress responses split into four phases. Before stress exposure, the plants are in optimum
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physiology conditions of growth, light, water and mineral supplement. Stressors will cause the
first three phases of stress responses and after removal of the stressors, if the damage has not
been too severe, it will lead to the regeneration phase (phase 4) (Wang et al., 2006). These

phases are mentioned below and have also been summarized in Figure 1.

Phase 1. Response phase, which occurs at the beginning of stress and it is indicated by an alarm
reaction such as deviation of normal functionality, raising catabolism process rather than

anabolism and decline of vitality.

Phase 2. Restitution or resistance phase, in which the stress continues, and it consists of

adaptation, repair and reactivation processes.

Phase 3. End phase. Stage of exhaustion and also known as long-term stress, in which the stress
severity is too high and with the overload of adaptation capacity can lead to chronic disease or
death.

Phase 4. Regeneration phase. When the stressor is removed, and the damage has not been too
high. The physiological function can be partial or fully regenerated (Lichtenthaler, 1988 (Wang
et al., 2006).

STRESS SYNDROME RESPONSES OF PLANTS

Phase Alarm Stage of Stage of Regeneration
without phase resistance exhaustion phase
stress

resistance

maximum

8 2 removal
w S ISy of the stressor
» 8 ()
& F k=
58 ]
%8 / 8 new
standard: | standards

resistance \ T o \
minimum

acute chronic damage,
damage cel death

Figure 1. General concept of the phase sequences and responses induced in plants by stress exposure (Based on Lichtenthaler
1998). Plants growing under stress begin at a physiological standard condition to respond and cope with stress. Various
responses and defense mechanisms will be activated. After removal of the stressor(s), new standards of physiology can,
however, be reached in the plant depending on the time of the stressor removal as well as on the duration and intensity of the

stress.
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Crop yield is adversely affected by various biotic and abiotic stresses. The major abiotic
stresses that cause reduction in plants growth and crop production are well studied (Cavanagh
et al., 2008; Munns & Tester, 2008; Chinnusamy & Zhu, 2009; Mittler & Blumwald, 2010).
Salinity, drought, cold, heat, freezing, chilling, high light intensity, nutrient and anaerobic
stresses are posing a severe threat to agriculture and ecosystems (Chaves & Oliveira, 2004;
Agarwal & Grover, 2006; Nakashima & Yamag- uchi-Shinozaki, 2006; Hirel et al., 2007;
Bailey-Serres & Voe- senek, 2008).

1.2. Biotic stresses

In addition to the abiotic stress factors, a huge amount of economic losses are due to plant
disease caused by plant pathogens. Plant pathogens are parasitic organisms such as bacteria,
fungi, oomycetes, viruses and nematodes that can cause severe damage or destroy plants (Baker
et al., 1997; Gimenez et al., 2018; Karim, 2007; Moustafa-Farag et al., 2020). Pathogens do
not just take up nutrients from host plants but cause more damage by secreting enzymes, growth
regulators, toxins and other substances that disturb cell metabolism. Host tissue damages result
in biochemical and functional changes, metabolic and physiological disorders which lead to
partial destruction or even complete death of the plant (Agrios, 2005). Plant pathogens are
divided based on their mode of nutrition. Biotrophs or obligate parasites, which drive nutrients
from living cells, should keep the host alive. Other plant pathogens, termed as necrotrophs,
promote the destruction of host cells to feed from their contents (Stone, 2001). A third group,
hemibiotrophs, live mostly on living hosts and can shift to necrotrophy at later stages of

disease. The duration of the biotrophic and necrotrophic phases differ amongst hemi-biotrophic

pathogens (Laluk & Mengiste, 2010).

1.3. Bacteria

1.3.1. Introduction

Among the 7100 classified bacterial species, 150 species cause mild to severe symptoms in a
wide range of plants throughout the entire world (Buonaurio, 2008; Kannan, V., Bastas, K.,
and Devi, 2015; Strange & Scott, 2005). These organisms, known phytopathogenic bacteria
result in devastating damage in crops and have a negative impact in agriculture due to their

economic losses (Mansfield et al., 2012), particularly in tropical and subtropical countries,
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where humidity and warm temperature are ideal conditions for bacterial growth (Kannan, V.,
Bastas, K., and Devi, 2015). They cause losses of over $1 billion dollars worldwide annually
(Mansfield et al., 2012).

Bacterial infection produces symptoms such as leaf and fruit spots, twig blights, tissue rots,
canker and/or hormone imbalances which result in stunning, root branching, plant overgrowth
and leaf epinasty (Burkholder, 1948; Strange & Scott, 2005). Except for rare cases,
phytopathogenic bacteria induce disease by penetrating into the host cells through natural
openings like stomata, stigma, lenticels, hydathodes or by wounds. Bacteria colonize the
apoplast and once inside, they execute two attack strategies for exploiting host nutrients:
Biotrophy, in which bacteria extract nutrients of living cells and keep them alive; and
necrotrophy, in which bacteria kill plant cells and extract nutrients from dead ones (Buonaurio,
2008).

In general, damage by pathogenic bacteria in plants associated with Xanthomonadaceae,
Pseudomonadaceae, and Enterobacteriaceae families. The most destructive plant pathogens
belong to genera like Erwinia, Pectobacterium, Pantoea, Agrobacterium, Pseudomonas,
Ralstonia, Burkholderia, Acidovorax, Xanthomonas, Clavibacter, Streptomyces, Xylella,

Spiroplasma, and Phytoplasma (Kannan, V., Bastas, K., and Devi, 2015).

1.3.2. Bacterial pathogenicity and virulence

The ability of a pathogen to cause disease is termed as “pathogenicity”, while “virulence” is
the measure of pathogenicity of a given pathogen. Accordingly, for instance a bacterium could
be pathogenic yet have varying degrees of virulence. Plant pathogens possess diverse classes
of genes that cause disease (pathogenicity genes) or enhance virulence in the host cells
(virulence genes). “Pathogenicity genes” (paf) and “disease-specific genes” (dsp) encode
pathogenicity factors that are crucial for the establishment of disease, attachment of the
pathogen to the plant surface, germination, infection structure formation, penetration and
colonization of the host tissue (Agrios, 2005).

Pathogenicity and/or virulence of Gram-negative plant pathogenic bacteria are closely related
to secretion apparatuses in their cells. They secrete proteins and nucleoproteins entailed in their

virulence into apoplast or host cell (Buonaurio, 2008).
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1.3.3. Bacterial Secretion Systems

Prokaryote organisms apply secretion, as a crucial task, to interact with the surrounding
environment. Bacteria have several secretion systems to produce surface structures for
aggregation, adhesion, bacterial mobility and, more importantly, to translocate enzymes,
proteases, effectors and other molecules to the host cell (Chang et al., 2014). In gram- negative
bacteria, six secretion pathways (I-VII) have been described. Amongst them, type III, IV and
VI, specifically move effector proteins into the plant cell (Alvarez-Martinez & Christie, 2009;
Arnold et al., 2010; Chang et al., 2014; Hayes et al., 2010; Records, 2011; Zalguizuri et al.,
2018). Type I and type III directly translocate an unfold substrate into the extracellular space
by one-step transport mechanism which does not require any periplasmic intermediators. Type
II and Type V primarily transport the substrate into the periplasm for folding before a second

transition step occurs across the outer membrane (Kanonenberg et al., 2013).

Type I secretion system

Mostly all plant pathogenic bacteria have type I-SS and carry out toxins secretion such as
hemolysins, cyclolysin, and rhizobiocin. Type I-SS consists of three components: an ATP-
binding cassette (ABC) transporter, a membrane fusion protein, and an outer membrane protein
(Chang et al., 2014). ATP-binding cassette (ABC) proteins are involved in import and export
of different compounds through hydrolysis of ATP (Agrios, 2005; Desvaux et al., 2004).

Proteins secreted by Type I -SS which important for pathogenicity include leukotoxins,
hemolysins and bacteriocins (Bleves et al., 2010; Dirix et al., 2004). The other groups of
proteins secreted via Type I-SS, are extracellular lipases, proteases and iron scavenger protein

HasA (Akatsuka et al., 1995; Duong et al., 1992; Letoffe et al., 1994).

Type II secretion system

This type of secretion system is prevalent in gram-negative bacteria, and it is composed of 12-
15 different proteins which often secrete cell wall-degrading enzymes into the apoplast (Chang
et al., 2014; Szczesny et al., 2010). Type II-SS is required for the export of various enzymes,
proteins, toxins, and virulence factors. Export of proteins are processed in a two-step process.
In the initial step, unfolded proteins cross the inner membrane to the periplasm via the Sec
pathway, then folded proteins cross the outer membrane through the periplasm via an apparatus

containing 12-14 proteins (Sandkvist, 2001 ). Type II secretion system is essential for
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pathogenicity of the genera Xanthomona, Ralstonia, Dickeya, Pectobacterium and Erwinia

(Kang et al., 1994; Ray et al., 2000; Szczesny et al., 2010; Toth et al., 2003).

Type IV secretion system

Type IV secretion system (T4SS) is the most versatile family of secretion systems with a vast
variety of functions. The T4SSs are found in gram negative and gram positive bacteria as well
as in Archaea (Bhatty et al., 2013), and mediate transport of macromolecules like DNA and
proteins across the cell envelope (Régo et al., 2010). This translocation is provided by three
cytoplasmic ATPases, that may cause conformational changes in the translocation complex
(Walldén et al., 2012). Some T4SSs are used to transfer plasmid DNA from one cell to the
other during conjugation, that is the main mechanism to expand antibiotic resistance genes
among pathogenic bacteria (Wallden et al., 2010). Another T4SS transferring DNA is T-DNA
strand of Agrobacterium tumefaciens, that is transmitted from bacterium to plant cell cytoplasm
by proteins encoded by virB. These proteins form an organized structure that expands from the
bacterial inner membrane through the outer membrane and terminates a pilus-like structure that
protrudes from the bacterial cell (Desvaux et al., 2004; Kannan, V., Bastas, K., and Devi, 2015).
Moreover, the other T4SSs that are mostly found in pathogenic bacteria displace virulence
proteins into the host cell and play important roles in host-pathogen interactions (Wallden et

al., 2010).

Type V secretion system

This secretion system is an autotransporter, which contains the genes responsible for surface
adhesins. Many autotransporters are easily recognized through their N and C- terminus
sequences (Preston et al., 2005). The highest number of autotransporter-like proteins belong to
P. syringae with nine candidate proteins, while R. solanacearum and E. carotovor possess two.
Mammalian pathogens have similar autotransporter, critical for adhesion to epithelial cells

(Agrios, 2005).

Type VI secretion system

The type VI secretion system (T6SS) is the most recently discovered mechanism in gram-

negative bacteria for translocation of toxic proteins into the different target cells (Jani & Cotter,
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2010; Schwarz et al., 2010; Silverman et al., 2012). The core apparatus of T6SS consists of a
set of 13 proteins, that are conserved among pathogenic and non-pathogenic bacteria, and a set
of conserved accessory proteins (Bingle et al., 2008; Cascales, 2008). These accessory proteins
might be associated with the regulation or contribution to complementary apparatus function
(Silverman et al., 2012).

The components of T6SS are encoded by tightly clustered genes (Boyer et al., 2009). In the
survey of 500 bacterial genomes, at least in 100 genomes including three rhizobacteria, four
symbionts and 13 plant pathogens, the presence of the T6SS loci was identified. In plant
pathogenic bacteria like Pectobacterium atrosepticum, Agrobacterium tumefaciens and
Pseudomonas syringae functional role of T6SS has been proved (Bingle et al., 2008; Records,

2011).

1.3.4. Pathogenicity and Type III secretion system

In terms of pathogenicity, T3SS (also called injectisome) is the most important bacterial
secretion system in the genera Pseudomonas, Xanthomonas, Ralstonia, Erwinia, and Pantoe
that colonize in plant intracellular spaces (apoplast) (Agrios, 2005; Alfano & Collmer, 2004).
The earliest discovery of Type III secretion system goes back to 1997 in gram-negative
bacterial pathogens in plants (He, 1998; Lindgren, 1997). The T3SS is encoded by Arp (HR
and pathogenicity) and Arc (HR and conserved) genes (Bogdanove et al., 1996), which are
required to cause disease in susceptible plants and to induce hypersensitive response in resistant
plants (Lindgren et al., 1986). Plant pathogenic bacteria are extracellular pathogens (Sigee,
1993). The type III secretion system is used to modulate host-cell processes through secreted
virulence factors, which include: (i) phytotoxins, plant hormones and hormone analogs that are
secreted into the apoplast; (ii) protein-virulence factors (effectors); and (iii) cell wall degrading
enzymes that are secreted through a sec-dependent type II secretion system (Alfano & Collmer,
1997; Sandkvist, 2001). Effector proteins are delivered into the plant cell from the cytoplasm
of gram-negative bacteria through the T3SS, which requires to cross multiple physical barriers:
the plasma membrane of the plant cell and the two bacterial membranes that are spaced by a
peptidoglycan layer (Figure 2) (Biittner & He, 2009) and modulate host cell physiology in
favor of the pathogen to develop disease level. It is noteworthy that if the effector leads to the
development of disease symptoms in the host, it is called virulence protein, while if it triggers

defense response and HR, it is referred to as an avirulence protein (Buonaurio, 2008).




Introduction

Bacterium i Plant cell wall Plant host cell
ATPase ;
& \'
o 2 —@T® &
Effector 2 / Effector
protein protein
Translocon
|
|
3

Figure 2. Schematic representation of the T3SS from plant pathogenic bacteria. The secretion apparatus spans both bacterial
membranes and is associated with a cytoplasmic ATPase. The T3SS from plant pathogenic bacteria is connected to an
extracellular pilus that pre- sumably spans the plant cell wall. (IM, Inner membrane; OM, outer membrane; PM, plasma
membrane). Adopted from Daniela Buttner and Sheng Yang, 2009.

1.3.5. Pseudomonas syringae

In the scenario of plant-pathogen interactions, Pseudomonas is one of the well-studied genus
of Gram-negative, rod-shaped bacteria, which includes both beneficial and pathogenic species
(Passera et al., 2019; Pieterse et al., 2014). In the 1980s, P. syringae, as important pathogen
species, was identified to infect the model plant Arabidopsis thaliana in the laboratory and
cause disease symptoms. The Arabidopsis - P. syringae pathosystem provides a model for
understanding bacterial pathogenicity and molecular mechanisms underlying plant-pathogen
interactions (Dangl & Jones, 2001; Xin et al., 2018). In the late 1980s, a number of strains
belonging to pathovars tomato, pisi, maculicola and atropurpurea of P. syringae were
described to infect the Arabidopsis (Crute et al., 1994). The two virulent strains, P. syringae
pv. tomato DC3000 and P. syringae pv. maculicola ES4326 which are used extensively,
originated from these early studies. In addition, avirulent strains like P. syringae pv. maculicola
M?2 and P. syringae pv. tomato JL1965 were also identified as a source of avr genes (Dong et
al., 1991; Whalen et al., 1991).

Up to now, more than 50 pathovars of P. syringae have been identified, that infect almost all
economically important crop species (Xin et al., 2018). Among them, P. syringae pv. tomato
and the closely related pathogen P. s. pv. maculicola are widely used to elucidate several key
elements of the plant-pathogen interaction (Jones & Dangl, 2006; Preston, 2000). Almost all
strains of P. s. pv. maculicola have been shown to be pathogenic on tomato and crucifers,

although many of P. syringae pv. tomato strains are pathogenic in tomato.
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1.3.6. Pst DC3000 as a model pathogen

P. syringae pv. tomato DC3000 (Pst DC3000) belongs to the Pseudomonadaceae family;
Pseudomonas genus and Pseudomonas syringae species. In 1991, P. syringae pv. tomato (Pst)
strain DC3000 was reported to infect not only tomato, its natural host, but also Arabidopsis in
the laboratory (Whalen et al., 1991). This led to intensive efforts to describe the molecular
mechanisms of infection by this strain. The complete sequenced genome of Pst DC3000 was
released in 2003 and, based on 5,763 open reading frames of this strain, various functional
categories were estimated (Buell et al., 2003). Pst DC3000 encodes a wide range of virulence
proteins (Preston, 2000), such as specialized protein secretion systems, toxins, flagella,
bacterial surface attachment factors and type III effectors (T3Es), which are the most important
virulence proteins (Alfano & Collmer, 2004). Approximately around 5% (298 genes) of the
genome encodes virulence-related genes, unveiling a high genetic potential of Pst DC3000 as

a successful plant pathogen (Buell et al., 2003).

1.4. Viruses

It is well known that viral diseases affect agriculture all over the world in terms of quantity and
quality of productions (Hernan Garcia-Ruiz, 2019; Nicaise, 2014). Although it is difficult to
have an exact estimation of financial impact of viruses in agriculture, yield losses caused by
these pathogens cost more than $30 billion annually (Sastry and Zitter, 2014).

Viruses consist of DNA or RNA genomic segments that encode few genes, and a protein shell
which called capsid (coat protein). The main function of capsid is to encapsidate viral genomes
to protect, transport and release them into the host cell (Roos et al., 2007). A successful
infection by a plant virus results in the advent of symptoms that can vary greatly. These range
from mosaic patterns, yellowing of the leaves, to developmental abnormalities, chlorosis and
even systemic necrosis which somewhen lead to plant death (Culver & Padmanabhan, 2007,
Ghoshal & Sanfagon, 2015; Roossinck, 2010). Because of natural physical barriers (cell wall
and cuticle) viruses should enter host cell by wounds or using an organism vector which feeds
or infects plants like insects, nematodes and fungi.

As strict intracellular pathogens, chemical control cannot be efficient. Prophylactic measures
mostly include demolition of infected plants and increased pesticide applications to control

vectors population which have a huge impact on the environment (Nicaise, 2014). In this
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domain, the use of genetically resistant plants is one of the beneficial and sustainable strategies

to combat with virus infections (Gallois et al., 2018).

1.5. Fungi

Fungi are a large and heterogeneous eukaryotic group of living organisms, which have
chitinous cell wall (Gonzalez-Ferndndez et al., 2010). Most of the diseases occurring in
agricultural and horticultural productions worldwide, are caused by plant fungal pathogens.
Among the 100,000 known fungal species, over 10,000 fungi can cause diseases in plants such
as mildew, canker, coils, leaf spot, rust, wilt, gall, anthracnose and blight (Agrios, 2005; Jain
etal., 2019).

Fungal plant diseases in both pre and post-harvest processes lead to economic loses of 200
billion US dollars (Birren et al., 2002; Gonzalez-Fernandez et al., 2010; Horbach et al., 2011).
Moreover, contamination of food and forage by mycotoxins, which are highly toxic secondary
metabolites, demonstrate the importance of the problem in agriculture and fungal biology
(Horbach et al., 2011; Shuping & Eloff, 2017).

Generally, plant fungal pathogens can also be classified in biotrophs, hemi-biotrophs and
necrotrophs (Shuping & Eloff, 2017).

Not all the plant fungal pathogens are able to cause disease in the same host. Some have wide
range host capacity, while others have limited host range (Agrios, 2009). Phytopathogens use
different strategies to attack and enter to their hosts. Some pathogens release chemicals and
exert mechanical pressure to enter, whereas some others enter through wounds and stomata
(Knogge, 1998). Fungal pathogen interaction with plants starts with spore attachment to the
host surface and continues with spore germination, host cognition, formation of infection
structure and penetration (Knogge, 1998). Spores will break dormancy and start germination
once exposed to appropriate conditions like suitable host, low molecular nutrients and humidity
(Osherov & May, 2001; Sephton, 2018). Fungal pathogen spores can be spread by wind,
insects, birds, humans, water and some parts of infected plants (Rossman, 2009). On top of
that, spores can survive for many years using self-inhibitors to stop germination until favorable
conditions occur (Chitarra et al., 2004). Knowledge of pathogenic cycle and plant pathogen
interaction is critical to expand adequate strategies for crop protection, including the
development of plant resistant genotypes by genetic engineering, classical plant breeding,

fungicide or biological control (Gonzalez-Fernandez et al., 2010; Yang et al., 2009).
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1.6. Oomycetes

Oomycetes are filamentous microorganisms from the Stramenopile kingdom (Dick, 2001).
Based on fossil records, the first evidence of oomycete existence goes back to 400 to 360 Ma
(Krings et al., 2011). Oomycetes are divided in two subclasses, “water mold” or
Saprolegniomycetidae which consists of Saprolegniales, Eurychasmales and Leptomitales, and
Peronosporomycetidae that contains Peronosporales, Pythiales and Rhipidiale (Fawke et al.,
2015). Several oomycetes are well known as destructive pathogens, with massive economically
impacts on agriculture, horticulture, aquaculture and ecosystem (Kamoun et al., 2015; Wang
et al., 2019). Among them, the Phytophthora genus, with 100 species that infects a vast variety
of plants has been well-studied (Kroon et al., 2012). For instance, Phytophthora infestans the
cause of potato late blight, and P. ramorum which causes the most destructive disease on oak
trees and other plant species, had a historical impact in agriculture (Kamoun et al., 2015).

Oomycetes have different lifestyles to infect their hosts, namely, downy mildew species
classified as obligate biotrophic pathogens. However, Phytophthora genus have a hemi-
biotrophic life style (Herlihy et al., 2019). The success key of pathogenic oomycetes is based
on in their high evolutionary potential which results in their capacity to adapt and overcome
host resistance. Their flexible mating system, rapid proliferation, large population sizes and
their ability to encode diverse virulence effectors enable them to adapt and modulate their hosts

(Bozkurt et al., 2012; McDonald & Linde, 2002; Schornack et al., 2009; Thines, 2014).

1.7. Nematodes

Over 4100 species plant parasitic nematodes have been recognized (Decraemer and Hunt, 2006
book reference). Plant nematodes caused damages of about $US80 billion per year (Nicol et
al., 2011). Most nematode damages occur directly through their interference with the normal
cell cycle or by withdrawing the contents of plant cells (Dropkin, 1955; Palomares-Rius et al.,
2017). However, some groups can act as virus vectors like nep- and tobraviruses (Decraemer
and Robbins, 2007). Besides, nematodes can interact with other plant pathogens to increase
plant damage or break plant resistance (Back et al., 2002). Plant parasitic nematodes also have
a wide variety of interactions with their hosts. All have a stylet (a hollow mouth spear, like a
hypodermic needle) which in length and shape is highly variable. Nematodes use stylets to
penetrate plant cells and to feed from all plant parts, including roots, stems, leaves, seeds and

flowers. Root nematode damage symptoms are unspecific and associated with nutrition

13




Introduction

deficiency, wilting, stunning and sometimes plant death. Galls in roots or stems and
deformation in some hosts, are symptoms which certainly link to specific species of plant
nematodes (Gimenez et al., 2018; Palomares-Rius et al., 2017).

Some nematodes, migratory ectoparasites, never enter the host, but simply migrate along the
soil, using roots as flimsy food source. Others, called migratory endoparasites, enter the host
and migrate through tissues causing considerable damage. Semi-endoparasitic nematodes may
have migratory stage, but also penetrate the host plant partially to feed at one stage of life cycle.
Although, the root knot and cyst nematodes which are obligate sedentary endoparasites, are
most important economically nematodes (Jones et al., 2013; Sijimons et al., 1991). Of
particular importance was the finding that showed both root knot and cyst nematodes can infect

the model plant Arabidopsis thaliana.

1.8. Plant pathogen interactions

According to fossil records, the first land plant was established approximately 480 million
years ago. Even so, based on molecular- clock estimation, the first land plant occurred more
than 700 million years ago (Heckman et al., 2001). Fascinating to know that the interaction
between symbiotic fungal associations and early land plants simplified their establishment,
which suggests the coevolution of plants with microbes since their first emersion on the land
(Gehrig et al., 1996), which has led to the establishment of the current plant immune system
(Brown & Tellier, 2011).

Plants, no matter whether in nature or in agriculture, are continuously exposed to a vast variety
of microbes. The first step of infection is to access the plant interior by penetration, natural
opening like stomata or through wounding. Once inside, microbes are encountered with another
obstacle: the plant cell wall, a cellulose-based and firm support surrounding every cell.
Microbes encounter the host plasma membrane through penetration of the cell wall (Chisholm
et al., 2006; Miedes et al., 2014).

In addition to these mechanisms, plants possess two branches of immune system. One of such
branches relies on cell surface recognition of Microbial- or Pathogen-Molecular Associated
Patterns (MAMPs or PAMPs) such as flagellin, by transmembrane pattern recognition receptor
(PRRs) (Zipfel & Felix, 2005). This recognition leads to what is known as MAMP or PAMP-
Triggered Immunity (MTI or PTI). The second layer acts largely inside the cell, recognizing
pathogen effectors by using the polymorphic NB-LRR protein products encoded by Resistance
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(R) genes which results in Effector-Triggered Immunity (ETI) (Figure 3). (Dangl & Jones,
2001). NB-LRR mediated disease resistance is effective against obligate biotroph or hemi-
biotrophic pathogens, but not necrotrophs (Glazebrook, 2005).
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Figure 3. Schematic of the plant immune system. Pathogens of all lifestyle classes express PAMPs and MAMPs as they
colonize plants. Recognition via extracellular PRRs triggers PTI (step 1). Pathogens deliver virulence effectors to both the
plant cell apoplast to block PAMP/MAMP perception (not shown) and to the plant cell interior (step 2). These effectors are
addressed to specific subcellular locations where they can suppress PTI and facilitate virulence (step 3). Intracellular NLR
receptors can sense effectors in different ways (step 4). Adapted from Dangl et al., 2013.

Based on the co-evolution of plants with pathogens, the plant immunity system can be
simplified as a four phased “zigzag” model (Figure 4) (Jones & Dangl, 2006). Recognition of
PAMPs or MAMPs by PRRs results in PTI response (phase 1). Successful pathogens deliver
effectors that contribute to pathogen virulence, which can disrupt PTI and delay plant immune
responses (Torufio et al., 2016). This results in Effector-Triggered Susceptibility (ETS) (phase
2). Once the pathogen acquired the ability to suppress primary defense activation, plants
evolved to have more specialized mechanism of recognition, termed ETI (phase 3), (Chisholm
et al., 2006). ETI activation results in disease resistance often associated with cell death at the
site of infection, which inhibits the pathogen growth. Not surprisingly, pathogens seem to
interfere with ETI through pathogen effectors diversification or by attaining additional
effectors (phase 4), (Torres et al., 2006). This way, pathogens evade plant recognition until a
new Resistance gene or allelic variant evolves in the population and it increases in frequency
due to positive selection. Nonetheless, Resistance genes are amongst the most variable genes

in A. thaliana populations.
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Figure 4. A zigzag model illustrates quantitative output of plant immune system. Adapted from Jones and Dangl, 2006.

1.8.1. PAMP recognition and PAMP-Triggered Immunity

The first active plants response to a pathogen is PAMPs-triggered immunity (PTI), which
includes an early and broad array of specific immune responses (An et al., 2017). Surface-
localized pattern recognition receptors (PRRs) perceive conserved bacterial molecules
described as pathogen- or microbe-associated molecular patterns (PAMPs/MAMPs) like
Flagellin 22 (flg22), Elongation Factor Tu 18 (elf18), lipopolysaccharides or peptidoglycan
(PGN) (Dangl et al., 2013; Schulze-Lefert & Panstruga, 2011). Flagellin sensing 2 (FLS2) and
the elongation factor Tu receptor (EFR), are the most well-characterized PRRs (Toruio et al.,
2016).

Activation of PRRs leads to phosphorylation and activation of receptor-like cytoplasmic kinase
(RLKs) (Lin et al., 2013; Macho & Zipfel, 2014). Downstream immune responses of PTI are
associated with the generation of reactive oxygen species (ROS), activation of mitogen-
activated protein kinases (MAPKs) and calcium-dependent protein kinases (CDPKs),
expression of immune-related genes and deposition of callose to strengthen the cell wall at the
site of infection (Figure 5) (Boller & Felix, 2009; Niirnberger et al., 2004; Tena et al., 2011).
To attain an effective infection, pathogens develop diverse mechanisms to disrupt host cellular
and physiological processes or to dampen the host immune system. Many gram-negative
bacteria have acquired the potential to inject their virulence effectors through type 3 secretion

system (T3SS) into the host cell to block immune responses (Feng & Zhou, 2012; Lin et al.,
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2013). Several Pseudomonas syringae effectors target FLS2, EFR and their co-receptor BAK1
(Brassinosteroid Insensitive Associated Receptor Kinase 1) to repress plant immune responses
(Macho & Zipfel, 2015). For instance, the effector AvrPto increases bacterial virulence,
inhibits kinase activity of FLS2 and EFR. Some others like HopF2, AvrPto and AvrPtoB block
downstream immune responses by targeting BAK1 (Shan et al., 2008; Xiang et al., 2008; J.
Zhou et al., 2014). Plants have evolutionary obtained polymorphic intracellular receptors, that
limit or even eliminate bacterial infection (Lin et al., 2013). Pathogenic bacterial effectors are
directly or indirectly recognized by R proteins, which elicit a second line of plant inducible
defense defined as effector-triggered immunity (ETI) (Dodds & Rathjen, 2010). For instance,
gram-negative phytopathogenic bacteria like P. syringae can deliver 20-30 effectors through
T3SS during infection, which are recognized by specific disease resistance (R) genes (Baltrus

et al., 2011; Block & Alfano, 2011; Chang et al., 2005; Cunnac et al., 2009).

1.8.2. Effector-Triggered Immunity (ETI)
Arabidopsis- P. syringae pathosystem

The confirmation of the plant-pathogen interaction with “gene-for-gene” hypothesis, which is
the specific interaction between pathogen avr (avirulence) gene and its corresponding R gene,
was the landmark of pathosystem development (Nimchuk et al., 2003; Van Der Biezen &
Jones, 1998). When both genes are present in the host and pathogen, disease resistance occurs.
Conversely, in the absence of either one of them, disease results (Dangl & Jones, 2001).
Tremendous efforts have been made from several laboratories in the genetic isolation of avr
genes and their corresponding R genes in Arabidopsis, which led to the identification of avr-R
combinations, including avrB-RPM1 (Bisgrove et al., 1994), avrRpmI-RPMI (Dangl et al.,
1992), avrRps4-RPS4 (Hinsch & Staskawicz, 1996), avrRpt2-RPS2 (Kunkel et al., 1993; Yu
et al., 1993), avrPphB-RPS5 (Simonich & Innes, 1995) and avrPphB-PBS1 (Warren et al.,
1999). All of the forenamed Arabidopsis R genes belong to the nucleotide binding site-leucine
reach repeat (NBS-LRR) classes of R genes but not PBS/. NBS-LRRs are the largest group of
the intracellular immune receptors, which structurally consist of a central Nucleotide-Binding
domain (also known as NB-ARC), a carboxy-terminal LRRs and a variable N-terminal domain
(Dangl & Jones, 2001; Takken & Goverse, 2012; Warmerdam et al., 2020). Within the NB-
LRR class, RPS2, RPMI, and RPS5 are the most characterized members. These R proteins
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specify resistance to P. syringae bearing the bacterial effectors AvrRpt2, AvriRpm1/AvrB, and
AvrPphB, respectively (Chisholm et al., 2006).

NBS genes based on the presence of Toll/IL-1 Receptor-like (TIR) domain in the protein amino
terminus are subdivided in TIR-NBS-LRR (TNL) and non-TIR-NBS- LRR (nTNL) (Hotberger
et al., 2014; Meyers et al., 1999; Zhou et al., 2004). Most of nTNL genes encode a coiled-coil
(CC) domain at the N terminus, thus also termed as CC-NBS-LRR (CNL) genes. Recent studies
have revealed that apart from CNL, a small group of genes carry a special N-terminal domain,
RPWS&, (RPWS8-NBS-LRR, RNL) and represent a discrete class of NBS genes (Meyers et al.,
2003; Shao et al., 2016; Zhang et al., 2016). In pathogen resistance, CNLs and TNLs have
different genetic requirements. Although many CNLs receptors require plasma membrane-
associated protein Non-Race-Specific Disease Resistance 1 (NDR1), all TNLs receptors signal
via the nucleocytoplasmic lipase-like protein, Enhanced Disease Sussceptibility 1 (EDS1) for
resistance (Cesari et al., 2014; Dangl & Jones, 2001; Day et al., 2006; Falk et al., 1999; Jacob
et al., 2013; Wiermer et al., 2005) (Figure 5).

In Arabidopsis, the RPP1 TNL type R-protein confers resistance to Hyaloperonospora
arabidopsidis (downy mildew) (Boisson et al., 2003). The TNL type R-proteins RPS1 and
RPS4 provide resistance to Ralstonia solanacearum (soil microbe) in Arabidopsis (Deslandes
et al., 2003; Narusaka et al., 2009). Moreover, the RPS5 CNL type R-protein activate innate
immune response to Pseudomonas syringae through avrPphB effector recognition (Warren et
al., 1998).

The distribution of NBS-LRR genes is species specific, while RNL and CNL genes are present
in both monocots and dicots, TNL genes are restricted in dicots (Andolfo et al., 2013; Meyers
et al., 2003; Shao et al., 2014). For instance, Arabidopsis, as a dicotyledonous plant, contains
~ 150 NLR genes which encode TNL and CNL proteins, while the genome of Oryza sativa, a
monocotyledonous plant contains ~ 480 NLR genes that code only CNL proteins (Meyers et
al., 2003; Yang et al., 2006). Monocot species that receive interfamily NLRs genes from dicots
confer broad-spectrum disease and pest resistance (Li et al., 2019).

The number of recognized NLR genes does not seem sufficient to mediate direct recognition
of all kind of virulence factors (Mackey et al., 2003). To combat with that, it was postulated
that R proteins might “guard” a limited set of key cellular targets of pathogen virulence factors,
which are manipulated by effectors (Dangl & Jones, 2001; Rafiqi et al., 2009; Van Der Biezen
& Jones, 1998).
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Figure 5.  Plant pathogen interactions. A. PAMPs recognition by RLKs, which triggers basal immunity through MAPK
signaling and transcriptional reprogramming mediated by plant WRKY transcription factors. B. Effector proteins delivered
into the host cell via type III secretion system_target multiple host proteins to suppress basal defenses. C. Plant resistance
proteins (represented by CC-NB-LRR and TIR-NB-LRR; see text) recognize effector activities and restore resistance through
effector-triggered immune responses. Limited accumulation of bacteria occurs prior to effective initiation of effector-triggered
immune responses. Adapted from Chisholm et al., 2006.

The best characterized guard-guardee example is the plasma membrane RIN4, which
phosphorylation leads to the activation of RPM1 and RPS2 through effector recognition (Axtell
& Staskawicz, 2003; Block & Alfano, 2011; Jones & Dangl, 2006; Mackey et al., 2003;
Marathe & Dinesh-Kumar, 2003). R gene activation mostly results in an oxidative burst, rapid
production of reactive oxygen species (ROS), which is required for hypersensitive response
(HR) and ultimately ETI (Tsuda & Katagiri, 2010). ROS production may have antimicrobial
effect, and it also acts as a signal for activation other defense responses (Glazebrook, 2005;

Nimchuk et al., 2003; Torres et al., 2006).

1.9. Plant disease resistance R genes

Since the first identification and cloning R-gene in 1990°s, considerable efforts have been made
to identify novel R genes in plants (Garzon et al., 2013; Liu et al., 2007; Rouxel & Balesdent,
2013; Sanseverino et al., 2010; Yang et al., 2013). One of the first works of resistance transfer
involving R-genes, was performed in tomato (Solanum lycopersicum) Pto gene, which induces
resistance to P. syringae pv. tomato strain (Martin et al., 1993). In another pioneer work, Rpg!

from barely (Hordeum vulgare cv. Morex) successfully transferred to a susceptible barley cv.
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Golden Promise conferred resistance to stem rust fungus (Puccinia gramini) (Horvath et al.,
2003).

R-genes trigger resistance by different mechanisms. Some R-genes encode wall-associated
kinases (WAKs) and some others encode detoxification enzymes, while ETI is often associated
with the hypersensitive response (HR), that is rapid cell death at the point of pathogen infection
(Hurni et al., 2015; Johal & Briggs, 1992). HR is mainly due to the genetic interaction between
a R-gene and its related avr gene. Although cell death can be effective against necrotrophic
pathogens, HR is blocking diseases provoked by hemi-biotrophic pathogens like P. syringae,
and can be involved in susceptibility to necrotrophic diseases (Nelson et al., 2018). R-genes
have been identified by combination of several methods like mutation screening (Jones et al.,
1994; Liu et al., 2005), fine- mapping and positional cloning (Dixon et al., 1996) and systemic
identification and testing of NLR genes (Collins et al., 1999). Most R-genes are extremely
specific and provide resistance to solely one or a few strains of the specific pathogen. Some R-
genes, NLRs specifically, are closely linked in clusters (Hulbert et al., 2001), which enable
diversification of the recognition specificities of R genes (Hulbert et al., 2001; Shao et al.,
2014) and ultimately confer resistance to multiple pathogen species (Meyers et al., 1998) and/
or different races of the same pathogen (Hulbert, 1997).

Effector recognition results in intracellular ETI (Effector- Triggered Immunity) and molecular
processes connecting R-activation to downstream defenses pathways (Cui et al., 2015), which
is often accompanied by several early defense responses such as mitogen-activated protein
kinase (MAPKs) cascades, reactive oxygen activity (ROS) production and calcium influx.
Many MAPKSs such as SIPK and WIPK stimulate defense gene expression and polyamines
(PAs) biosynthesis that leads to H>O» production. H>O; acts as a signaling molecule and
mediate hypersensitive response (HR) (Jiménez-Bremont et al., 2014). Novel approaches in
genomic technology to identify R-genes and relevant pathogen effectors, may provide a deeper

understanding of host-pathogen interactions.

1.9.1 The AvrRPM1 / RPM1 gene-for-gene model
AvrRpm1l

Pseudomonas syringae pv. maculicola strain M2 (Psm M2), carrying avirulence gene
avrRpm 1 elicits strong ETI and HR by altering RIN4 activity (Kim et al., 2009; Mackey et al.,

2002). Among twenty P. syringae pv. maculicola strains analyzed, avrRpm1 is present in only
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5 strains. However, other strains are still pathogenic (Dangl et al., 1992). In Arabidopsis, HR
induced by AvrRpm1 depends on the presence of RPM1, although in plants lacking RPM1,
AvrRpml causes symptoms (Nimchuk et al., 2000), which require defense signaling genes
NPRI, PAD4, SID2 and RARI (Kim et al., 2009). Bacterial type III effectors can provoke
defense signaling through more than one NLRs protein. For example, AvrRpm1 as a main
activator of RPMI, also induces RPS2- dependent response that results in effective defense
(Eitas et al., 2008; Kim et al., 2009). In addition, some data demonstrated that type III effectors
like AvrRpm1 enhance bacterial virulence by repressing host defenses activated by MAMPs
(Kim et al., 2005; Shang et al., 2006).

RPM]1 gene enabling dual specificity disease resistance

In Arabidopsis, Resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) is an NLR
receptor that confers resistance to Pseudomonas syringae AvrRpml and AvrB effectors
(Bisgrove et al., 1994; Grant et al., 1995). RPMI is a well characterized plasma membrane
associated protein (El Kasmi et al., 2017; Noman et al., 2019), which does not directly
recognize its corresponding effectors, AvrRpml and AvrB, but is activated indirectly by
perceiving the phosphorylation of the guard protein RPM1-interacting protein 4 (RIN4). A
plasma membrane localized protein, RIN4, negatively regulates both RPM1 and RPS2 function
(Kim et al., 2009). AvrRpm1 and AvrB induce RIN4 phosphorylation, which is mediated
through RPM1 induced protein kinase (RIPK) and related kinases (Chung et al., 2011; Liu et
al., 2012). Moreover, RIN4 is associated with plasma membrane-anchored integrin- like
protein (NDR1) that is required for ETI induced by CNLs like RPM1 and RPS2 (Knepper et
al., 2011). RIN4 is needed for the accumulation of RPM1, as well as the activation of RPM1-
dependent HR. However, its phosphorylation occurs independently of RPM1 (Mackey et al.,
2002). Although, plasma membrane localization of RPM1 is essential for its activation, RPM1
function does not require nuclear translocation (El Kasmi et al., 2017; Z. Gao et al., 2011).
Activation of RPM1 provokes downstream signal transductions, including calcium influx,
accumulation of ROS by NADPH oxidases, kinase activation and HR to inhibit growth of
Pseudomonas strains expressing AvrRpm1 or AvrB (Chiang & Coaker, 2015; Cui et al., 2015;
El Kasmi et al., 2017; Lolle et al., 2020; Song et al., 2020). In addition, some data indicates the
membrane fusion of the central vacuole and the plasma membrane after activation of RPM1
and RPS2, which leads to the release antimicrobial proteins to the apoplast with cell death

inducing activity (Hatsugai et al., 2009).
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Extracellular ROS production is mediated by NADPH oxidases called Respiratory Burst
Oxidase Homologs (RBOHs). The Arabidopsis atrbohD/F double mutant displays reduction in
ROS production and HR in response to AvrRpm1 but with no effect on bacterial growth (Torres
et al., 2002). But intracellular ROS is not only involved in cell death during HR, also acting as
a signaling molecule to stimulate defense gene expression (Straus et al., 2010). Contribution
of multiple organelles such as peroxisomes, chloroplasts and mitochondria result in
intracellular ROS production, and chloroplasts have a key role in ROS production during HR
(Doyle et al., 2010; Shapiguzov et al., 2012).

1.9.2 The AvrRps4 /| RPS4 gene-for-gene model
AvrRps4

The effector AvrRps4 originally found in Pseudomonas syringae pv. pisi, consists of 221

amino acids in length (Hinsch & Staskawicz, 1996; Sohn et al., 2009). Based on N-terminal

fragment (Aerps4N, amino acids 1-133), AvrRps4 shares 75% identity with HopK 1, which
is a native effector of Pseudomonas syringae pv. tomato strain DC3000 (DC3000) that
significantly participates in the virulence of Pst DC3000. The virulence activity is highly
reduced in hopkl mutants. HopK1 and AvrRps4 contain a chloroplast transit peptide on their
N-terminus, and their ability to suppress PAMPs- Triggered Immunity (PTI) response (ROS
production and callose deposition) requires chloroplast localization (Guo et al., 2009; Halane
et al., 2018; Li et al., 2014). Even so, nuclear accumulation of RPS4 is necessary to trigger

immune response (Wirthmueller et al., 2007). It has been shown that C-terminal 88 amino acids

of AvrRps4 are adequate to trigger an HR in turnip but not Arabidopsis (Sohn et al., 2009).

RPS4

In Arabidopsis, Resistant to P. Syringae 4 (RPS4) was first reported as disease- resistance gene
in Arabidopsis that recognizes AvrRps4 in the susceptible accession RLD (Hinsch &
Staskawicz, 1996). RPS4 functions in pair with Resistant to Ralstonia Solanaceruml (RRS1)
to recognize the bacterial effectors AvrRps4 and PopP2 via WRKY transcriptional factor
domain in the RRS1-C terminus (Ma et al., 2018). RPS4 and RRS1 belong to the TNL subclass
of NB-LRR proteins (Saucet et al., 2015). The TIR domain of the RPS4 is more likely to have
a crucial role in cell death signaling pathway (Swiderski et al., 2009). WRKY transcriptional
factors are key regulators of plant defense that are targeted by AvrRps4 and PopP2 to suppress
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host defense and enhance bacterial pathogenicity. The interaction of AvrRps4 with WRKY
domain and its acetylation via PopP2 results in activation of RPS4-RPS1 complex and defense
responses (Le Roux et al., 2015; Sarris et al., 2015). Activation of RPS4-RPSI complex also
depends on its interaction with EDSI, that is required for ETI mediated by TNLs receptors
(Bhandari et al., 2019; Garcia et al., 2010; Wirthmueller et al., 2007). EDS1 interaction with
RPS4 and AvrRps4 has been reported in several studies. It was hypothesized that EDS1 is
guarded by RPS4. AvrRps4, as a virulence effector (Bhattacharjee et al., 2011; Heidrich et al.,
2011), can disrupt this association, pointing that EDS1 could be a target of pathogen effector
in the absence of RRS1(Halane et al., 2018; Huh et al., 2017). In addition to EDS1, PAD4 is
also required for defense activation by RPS4-RPSI complex (Feys et al., 2001) by blocking
EDS1- AvrRps4 interaction (Huh et al., 2017).

1.10. SA-Dependent Signaling

Plant defense system is regulated through a complex network of multiple signaling molecules.
Three signal molecules, salicylic acid (SA), jasmonic acid (JA) and ethylene, have long been
recognized. (Yang et al., 2013). Although, the SA-dependent signaling is effective against
biotrophic pathogens like Hyaloperonospora arabidopsidis, JA/ethylene-dependent defenses
are acting more versus necrotrophic pathogens such as B. cinerea (Glazebrook, 2005; Thomma
et al., 2001). ETI activation triggers secondary defense responses, including SA-dependent
signaling, which is crucial to initiate local and systemic acquired resistance (SAR) (Maruri-
Lopez et al., 2019). SA accumulation induces the expression of the defense related genes such
as PR-1 through NPRI activation (Birkenbihl et al., 2017; Fu & Dong, 2013). NPR1 is
described as a key immune regulator, which acts downstream of SA (Wu et al., 2012).
Increasing level of SA induces NPR1-complex dissociation to monomers and translocation into
the nucleus, where they interact with TGA-type transcription factors to rise transcriptional
activation of SA-regulated genes (Fu & Dong, 2013; Maruri-Lopez et al., 2019). For activating
SA accumulation, expression of EDS/ and PAD4 are essential (Glazebrook, 2005). SID?2
encodes isochorismate synthase, an enzyme that is needed for SA biosynthesis. In sid2 and
eds5 mutants, the level of SA is decreased due to biosynthesis blocking (Nawrath & Métraux,
1999). Besides, pathogen inducible expression of EDS5 requires EDSI and PAD4, which
means that EDS5 acts downstream of the EDSI and PAD4 in SA signaling pathway (Figure
6) (Glazebrook et al., 2003; Nawrath et al., 2002).
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1.11. SA-defense signaling pathway
1.11.1. EDS1

The plant immune regulator Enhanced Disease Susceptiblityl (EDSI) is an essential
component of plant basal resistance against biotrophic and hemi-biotrophic pathogens. EDS1
is also required for resistance mediated by TNL- type R genes to induce a robust EDSI-
dependent immune response called effector- triggered immunity (ETI) (Bhandari et al., 2019;
Bhattacharjee et al., 2011; Garcia et al., 2010; Heidrich et al., 2011; Wirthmueller et al., 2007).
Arabidopsis EDS1 forms separate heterodimer structures with its defense co-regulators
Phytoalexin Deficient 4 (PAD4) and Senescence Associated Gene 101(SAG 101) (Feys et al.,
2001, 2005; Rietz et al., 2011; Wagner et al., 2013). Despite of the cytoplasmic localization of
EDSI dimers, EDS1-PAD4 heteromeric complexes accumulate in nuclei and cytoplasm and
EDS1- SAGI101 are limited to nuclei (Feys et al., 2005). Several pieces of data suggest that
EDS1- SAG101 heterodimers stimulate HR cell death in TNL receptors, whilst EDS1- PAD4
heterodimers are necessary for basal immunity and full Systemic Acquired Resistance (SAR),
mediated by Salicylic Acid (SA) (Feys et al., 2005; Gantner et al., 2019; Lapin et al., 2019;
Neubauer et al., 2020; Rietz et al., 2011). EDS1 and PAD4 also contribute in resistance
conditioned by other pathogen sensing protein or intracellular receptors (Chandra-Shekara et
al., 2004; Venugopal et al., 2009; Xiao et al., 2001).

Salicylic Acid contributes to PTI and ETI responses, and is regulated by SA biosynthetic
enzyme gene Isochorismate synthasel (ICS1) and SA metabolic genes (Seyfferth & Tsuda,
2014). In basal and TNL immunity, EDS1 and PAD4 stimulate /CS/ expression and SA
accumulation, which positions EDS1/ PAD4 upstream of SA signaling (Feys et al., 2001; Rietz
et al.,, 2011; Wagner et al., 2013; Wiermer et al., 2005). Early function of EDS1/PAD4
signaling is independent of ICS1-generated SA (Cui et al., 2017). Accumulated SA reinforces
the expression of EDS1, PAD4 and other genes in a feedback loop, that appears to be important
in defense amplification (Feys et al., 2001; Vlot et al., 2009).

1.11.2. PAD4

Arabidopsis genetic studies identified Phytoalexin Deficient 4 (PAD4) as an important
modulator of basal immunity, ETI response mediating via TNLs receptors, and also activation

of SAR response, which promotes the accumulation of SA and the phytoalexin camalexin (Feys
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et al., 2001; Jirage et al., 1999; Louis et al., 2012; Rietz et al., 2011; Zhou et al., 1998). PAD4
physically interacts with EDSI, that was found to be necessary for its function in basal
immunity but not for ETI response. For instance, the presence of PAD4 and EDS1, but not
their physical interactions, is adequate for TNL-triggered cell death and local restriction of
Hyaloperonospora arabidopsidis. Direct interaction of PAD4-EDSI is correlated with up-
regulation of PAD4 and mobilization of SA defense pathway (Rietz et al., 2011).

Pathogen-activated signal
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Figure 6. Salicylic Acid Signaling model in Arabidopsis thaliana. Adapted from Shah., 2003.

Data point to the placement of PAD4 downstream of EDS/ in the R-gene mediated defense
pathway leading to maximal SA accumulation to affect PR-/ expression and camalexin
synthesis (Feys et al., 2001; Zhou et al., 1998). pad4 mutation affects the response to SA
accumulation and consequently, causes pleiotropic effects on gene expression during the
defense response.

PAD4 is also required for activation of camalexin synthesis in response to different elicitors.
Signal transduction pathway of camalexin synthesis in challenge by P. s. pv. maculicola
ES4326 and DC3000 requires PAD4 but in response to AvrRpt2 and C. carbonum (non-host
fungal pathogen) is PAD4- independent (Glazebrook et al., 1997; Zhou et al., 1998).
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1.11.3. NPR1

The Nonexpressor of Pathogen- Related gene 1 (NPRI), is a master key in signal transduction
pathway leading to activation downstream SAR components, such as PR genes (Pokotylo et
al., 2019). Moreover, a cross-talk between SA and Jasmonic acid/ Ethylene (JA/ET) in plant
defense signaling network is mediated by NPR1 (Backer et al., 2019; Pieterse et al., 1998). In
non-stress conditions, NPRI is present as a large cytoplasmic oligomer. Upon SA increase,
NPRI monomerizes and is translocated to the nucleus, where it can indirectly activate PR gene
expression through TGA transcription factors (Birkenbihl et al., 2017; Fu & Dong, 2013; Mou
et al., 2003). The nuclear localization of NPRI is crucial for PR gene expression (Després et
al., 2000; Mou et al., 2003).

Arabidopsis nprl mutant, which is impaired in SA signal transduction, shows enhanced disease
susceptibility and reduction in PRI and PRS expression (Cao et al., 1994; Glazebrook et al.,
1996). However, overexpression of AtNPRI or its orthologs display increased disease
resistance to a wide variety of pathogens (Dutt et al., 2015; Kumar et al., 2013; Molla et al.,
2016; Parkhi et al., 2010; Yuan et al., 2007).

Efficient defense responses depend on the correct activation of SA and JA response pathways,
which have antagonistic cross-talk (Glazebrook, 2005; Spoel et al., 2003). Arabidopsis
infection with both biotrophic and necrotrophic pathogens leads to enhanced susceptibility to
the latter through JA defense suppression via SA pathway, that is mediated by cytoplasmic
NPRI (Ndamukong et al., 2007; Spoel et al., 2007; Yuan et al., 2007). Noteworthy, some
pathogens can manipulate this cross-talk to develop disease symptoms (El Oirdi et al., 2011).
Further analyses demonstrate the role of NPRI in preventing the accumulation of SA during
herbivory attack (Rayapuram & Baldwin, 2007). Altogether, NPR! is an essential component
in plant defense response with a pivotal role in cross-communication between SA and JA/ET

pathways (Backer et al., 2019)

1.11.4. SID2

The Arabidopsis Salicylic Acid- Induction Deficient 2 (SID2) gene encodes isochorismate
synthase (/CS1), that converts chorismate to isochorismate, and plays a central role in SA
biosynthesis (Imran & Yun, 2020; Lefevere et al., 2020). sid2 mutants carry mutations in the
isochorismate synthase, which indicate the requirement of /CS/ for SA synthesis following

pathogen infection (Wildermuth et al., 2002). Several studies confirmed the importance of
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ICS1 in Arabidopsis SA accumulation (Garcion et al., 2008; Wildermuth et al., 2002; Yokoo
et al., 2018). In addition to strong reduction in SA level, sid2? mutants display enhanced
susceptibility to different pathogens. These symptoms can be rescued through exogenous SA
application (Imran & Yun, 2020; Nawrath & Métraux, 1999; Wildermuth et al., 2002; Yang et
al., 2015).

Total accumulated SA in sid? mutants is about 5-10% of wild-type levels in response to
biotrophic pathogens. Besides, PRI expression, which is the SAR molecular marker, it is
induced at very low level in sid2 mutants. Almost 1-10 % of wild-type levels, which indicates
that SAR defense responses require SA synthesis through SID2 (Dewdney et al., 2000;
Nawrath & Meétraux, 1999; Wildermuth et al., 2002). This strong evidence places
isochorismate pathway as the main route of defense- associated SA (Brodersen et al., 2005;
Zhang & Li, 2019). Multiple efforts have been done to uncover SA roles in plant growth and
development by using sid2 mutants. It has been shown that SA deficiency diminishes
Photosystem II (PSII) damage during senescence, which results in extended life span and seed

production (Abreu & Munné-Bosch, 2009; Garcia-Heredia et al., 2008).

1.12. Polyamines

1.12.1. General Introduction

The history of the polyamines goes back to more than 300 years ago when Antonie van
Leeuwenhoek observed the phosphate crystals of tetramine spermine (Spm) in human semen
(Van Leeuwenhoek, 1678), although it was named “spermine” by Ladenburg and Abel in 1888.
The discovery of diamine putrescine (Put) and cadaverine (Cad) was about 100 years ago. With
the work of Rosenheim in 1924, correct chemical structure of polyamines was determined. At
about this time, the triamine spermidine (Spd) was also uncovered (Galston & Sawhney, 1990)
(Table 2). The early phase of polyamines studies finished via the synthesis of Put, Spd and
Spm by Rosenheim (Rosenheim, 1924). Meanwhile, many experiments were designed after
the establishment of polyamine’s structure to unravel their biological functions. This resulted
in interesting findings of their involvement during growth and development processes
(Bachrach, 2010), such as the stimulating bacteriophage growth (Ames et al., 1958),
accumulation of Spd, Spm and RNA during liver regeneration (Raina et al., 1970) and

polyamines enrichment in cancer cells (Bachrach et al., 1967).
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Table 2. The history of Polyamines (Based on Bachrach, 2010).

History of Polyamines

First discovery of Polyamines Observetion of the phosphate crystals of tetramine spermine (Spm) in human semen (Van
Leeuwenhoek, 1678).

Polyamines in plants The first report of Put occurrence in Datura stramonium (Ciamician & Ravema, 1911).
Structure of polyamines Determination of correct chemical structure of polyamines (Rosenheim, 1924).
Discovery of Diamine Oxidase (Zeller, 1942)

Pol . timulator of bacterial h Growth of fastidious bacteria such as Hemophilus parainfluenza , Neisseria perflava and
olyamines as an stimulator of bacterial grow . .

4 g Pasteurella tularensis (Herbst & Snell, 1948; Mager et al., 1954; Martin et al., 1952).
Secondary structures of polyamines and their . .
association with DNA (Liquori etal., 1967)

The first International congress of Polyamines New York Academy of Science, 1970
Polyamines and cancer (Russell, 1971)

S.ynthesis (')f DFMO; Inhibitor of Polyamine (Metcalf etal., 1978).

biosynthesis

First charachterization of Polyamines biosynthesi
st charachicrization of FOLyammnes IOSYIResIS 0 & Coffino, 1985; Kahana & Nathans, 1985; Shirahata & Pegg, 1986).

and catabolism enzymes

ODC-antizyme complex in plants (Koromilas & Kyriakidis, 1988)

Parallel to these studies, the function of polyamines in plant growth and development was also
surveyed. The early study of polyamines in higher plants (Smith, 1991) led to further
investigations that concluded in the biological functions of polyamines (Bagni & Fracassini,
1974; Kaur-sawhney et al., 1978; Richards & Coleman, 1952; Smith, 1971). Nowadays, it is
believed that polyamines are ubiquitously present in all living cells and tissues and are essential
for organism life (Alcéazar, Altabella, et al., 2010). Therefore, genetic or chemical changes that
cause depletion in polyamines level, specially Put and Spd, is lethal for yeast, protists and
plants (Hamasaki-katagiri et al., 1998; Imai et al., 2004; Roberts et al., 2001; Urano et al.,
2005), whilst Spm deficiency results in different grades of organism dysfunctions like
hypersensitivity to drought (Pegg & Michael, 2011; Yamaguchi et al., 2007). Moreover, many
results revealed the importance of polyamines in plant physiology, such as organogenesis,
embryogenesis, foral initiation and development, leaf senescence and biotic and abiotic stress
responses (Alcazar et al., 2006; Bagni & Tassoni, 2001; Bouchereau et al., 1999; Galston &
Sawhney, 1990; Groppa & Benavides, 2008; Kumar et al., 1997; Kusano et al., 2008; Walden

etal., 1997). They do so by modulating the vast variety of cellular processes like differentiation,
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cell division, DNA and protein synthesis, cell proliferation, gene expression and signal
transduction. Due to their cationic nature in cellular H, this diversity of functions drive from
their ability to interact with anionic molecules such as DNA, RNA, phospholipid and proteins
(Chen et al., 2019; Handa et al., 2018; Masson et al., 2017; Tiburcio et al., 2014). The major
polyamines in plants are Put, Cad, Spd, Spm and thermospermine (t-Spm) (Mattoo et al., 2010;
Nabhar et al., 2016; Nowicka, 2017; Takahashi et al., 2018; Tiburcio et al., 2014; Wang et al.,
2019). Thermospermine is a structural isomer of Spm, which is encoded by a gene named
ACAULISS (ACLY5), and ubiquitously present in the plant kingdom. Recent studies show that
t-Spm is required for normal growth and development and in the repression of xylem
differentiation (Kakehi et al., 2008; Takano et al., 2012; Yoshimoto et al., 2016). In higher
plants, polyamines are mostly present in their free forms. In addition to their free forms,
polyamines can be conjugated to hydroxycinnamic acids that are referred to hydroxycinnamic
acid amides (HCCAs) (Alcéazar, Altabella, et al., 2010). The distribution pattern of polyamines
show specificity in different plant organs. For example, Put was found to be the most abundant
polyamines in leaves (Takahashi et al., 2018). Also, their localization are varying within the
cells, for instance in carrot cells, Put was found to localize more in the cytoplasm, whereas
Spm was found to be more accumulated in the cell wall (Cai et al., 2006). In general, more
plant growth and increased metabolism is associated with greater polyamines contents.
Molecular biology techniques provide useful tools to identify target genes in polyamines
biosynthesis and signaling pathways which gives new insights into polyamines molecular

mechanisms and functions.

Table 3. Abiotic stresses and Polyamines

Polyamines in response to Abiotic stresses

Abiotic stress |Induction of Polyamine biosynthesis gene family Additional note

Salinity ADC2, SPMS (Urano et al., 2003) Higher accumulation of Put and Spd, No significant change in Spm level
High lation of fi d conjugated soluble Put, High

Drought ADC2, SPMS, SPDS! (Alcazar et al., 2006) gher aceumu aion of free and conjugated soluble Tt THEher

accumulation of free Spd and Spm

ADCI, ADC2, SAMDCI (Hummel et al., 2004; Vergnolle et al., [Higher accumulation of Put, Slightly decrease in Spm level, No

Cold 2005; Cuevas et al., 2008, 2009; Urano et al., 2003) significant change in Spd content

Wounding ADC2 (Pe'rez Amador et al., 2002) Higher accumulation of Put
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1.12.2. Polyamine biosynthesis

Metabolic studies illustrate that polyamine homeostasis is governed by the balance between
biosynthesis and catabolism (Kim et al., 2014; Podlesakova et al., 2019; Tiburcio & Alcazar,
2018). Polyamines biosynthetic pathways are conserved from bacterial ancestors (Tabor &
Tabor, 1984), and initiates from two amino acids, arginine (Arg) and ornithine (Orn). In
animals, Arg is first converted to Orn by mitochondrial arginase, and then decarboxylated by
ODC to form Put. In plants and many bacteria, including the intestinal flora but not in mammals
(Coleman et al., 2004; Pegg, 2016), there is an alternative pathway to produce Put, which
involves the decarboxylation of arginine (Arg) through Arg decarboxylase (ADC), followed
by two steps catalyzed by agmatine iminohydrolase (AIH) and N-carbamoylputrescine
amidohydrolase (CPA). Moreover, it has been demonstrated that ADC/ODC pathways show
different evolutionary origins. ODC could arise from bacterial genes of the cyanobacterial
endosymbiont, while the origin of ADC, AIH and CPA in plants may derive from a
cyanobacterial ancestor of chloroplast (Alcazar, Altabella, et al., 2010; [llingworth et al., 2003).
Put is converted to Spd by an aminopropyltransferase reaction catalyzed by spermidine
synthase (SPDS). In this reaction an aminopropyl group is transferred to Put from
decarboxylated S-adenosyl-Met (dcSAM). Decarboxylation of S-adenosylmethionine (SAM),
a universal methyl donor, is catalyzed by SAM decarboxylase (SAMDC) (Ge et al., 2006;
Majumdar et al., 2017). Then, Spd is converted to Spm or T-Spm, by a reaction catalyzed by
spermine synthase (SPMS) or thermospermine synthase (ACLS5), which are encoded by SPMS
and ACAULISS, respectively (Figure 7).

Polyamine biosynthesis in Arabidopsis thaliana, a model flowering plant, is initiated by Arg,
due to loss of the ODC gene (Hanfrey et al., 2001). Accordingly, Put is produced only through
the ADC pathway. In Arabidopsis, ADC is encoded by ADC genes (ADC1 and ADC?2) (Alcézar
et al., 2006), and only one gene for each AIH and CPA (Janowitz et al., 2003; Piotrowski et
al., 2003). Besides, the Arabidopsis genome possesses two genes encoding spermidine
synthase (SPDSI and SPDS2) (Hanzawa et al., 2002), one single gene coding spermine
synthase (SPMS) (Panicot et al., 2002), another one coding for t-Spm synthase (4ACLJ5) (Kakehi
et al., 2008; Knott et al., 2007), and at least four coding for SAM decarboxylases (SAMDC1-
4) (Majumdar et al., 2017; Urano et al., 2003).
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Figure 7.  Polyamine biosynthesis and catabolism networks in plants. ACC, 1-amino-cyclopropane-1-carboxylic-acid,
SAMDC, S-adenosylmethionine decarboxylase; ODC, ornithine decarboxylase; ADC, arginine decarboxylase, AIH, agmatine
iminohydrolase; CPA, N- carbamoylputrescine amidohydrolase; SPDS, spermidine synthase; SPMS, spermine synthase; PAO,
polyamine oxidase; DAO, diamine oxidase.

1.12.3. S-adenosylmethionine decarboxylase

S- adenosylmethionine decarboxylase is a key enzyme in the production of higher polyamines,
which is encoded by multigene family in angiospermae (Franceschetti et al., 2001). The
enzymic function of SAMDC is to raise decarboxylate group of SAM to produce dcSAM, that
is the main aminopropyl group donor. The enzyme carries out a critical limiting step in the
production of Spd and Spm, thus acting as a major regulator of polyamine biosynthesis. dcSAM
is exclusively used in polyamine production and no other function for dcSAM is known
(Majumdar et al., 2017). Furthermore, SAM is the major methyl group donor in
transmethylation reactions of RNA, DNA, proteins, and lipids, besides it is a precursor of the
biosynthesis of ethylene, biotin and nicotianamine in plants (Roeder et al., 2009). Hence,
polyamines and ethylene could act antagonistically competing for SAM as a common substrate
(Bitrian et al., 2012). Arabidopsis thaliana has four SAMDC genes, SAMDC1 (At3g02470),
SAMDC?2 (At5g15950), SAMDC3 (At3g25570), and BUD2 or SAMDC4 (At5g18930), which

show high sequence similarity among them. SAMDCs translation are regulated via
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5’untranslated regions (5’UTRs). The 5’UTR contains two upstream open reading frames
(uORFs), that govern SAMDC mRNA translation (Franceschetti et al., 2001; Ivanov et al.,
2010). Transcripts of SAMDCs have been described in a vast variety of plant species, mostly
with higher expression in reproductive organs in contrast to vegetative organs (Ge et al., 2006;
Hao et al., 2005; Marco & Carrasco, 2002; Sinha & Venkat, 2013; Urano et al., 2003). In
carnation (Dianthus caryophyllus) by constructing a promoter::5’UTR(- SAMDC)::GUS,
moderate activity of GUS in the stem and the cotyledonary veins of tobacco seedlings was
detected, whilst in the pollen, stigma, petals and stamens high activity of GUS was observed
(Kim et al., 2004). The transcripts of AtSAMDC1, AtSAMDC2, AtSAMDC3 and AtSAMDC4 in
vegetative and reproductive organs were detected (Franceschetti et al., 2001; Ge et al., 2006;
Jumtee et al., 2008; Urano et al., 2003). The results showed the expression of SAMDC] in all
organs of mature plants, high expression of SAMDC? in leaves, flowers and roots, weak
expression of SAMDC3 in all except in siliques and, ubiquitous and low expression of
SAMDC4, which may concluded in diverse distribution pattern of AtSAMDC RNAs
(Majumdar et al., 2017). Up regulation of SAMDC has been reported in response to diverse
biotic and abiotic stresses. The overexpression of SAMDC mostly results in enhanced tolerance
to different stresses (Wi et al., 2006). Although, in some cases, increased SAMDC expression
is not correlated with higher Spd and/or Spm contents, probably due to tight regulation of the
enzyme activity (Tiburcio et al., 2014).

1.12.4. Polyamine conjugation

In nature, polyamines occur not only as free amines, but also conjugated to different
macromolecules like proteins (bound form) or to small molecules such as phenolic acids
(conjugated forms) (Martin-tanguy, 1997; Tiburcio et al., 1997). The most common conjugated
polyamines in plants are hydroxycinnamic acid amides (HCCAs), which synthesis is catalyzed
by a class of enzyme that termed transferases (Martin-tanguy, 2001). HCCAs are classified as
secondary metabolites which are extensively distributed in plant species (Elejalde-palmett et
al., 2015; Luo et al., 2009). The first discovery of Caffeoyl- putrescine (paucine) goes back to
1983 (Tiburcio et al., 1990) in some leguminous seeds, but further studies revealed the presence
of other HCCAs (Coumaroylputrescine, feruloylputrescine, coumaroylagamatine,
dicoumaroylspermidine, diferuloylspermidine, diferuloylspermine and feruloyltyramine) in

different plant species (Martin-tanguy, 1997). When the plant initiates flowering, conjugated
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polyamines accumulate more in the floral organs by moving from leaves to young floral buds
(Havelange et al., 1996). In tobacco (Nicotiana tabacum) polyamine conjugates
(caffeoylputrescine and caffeoylspennidine) accumulate in the last initiated leaves and shoot
apices during floral induction (Martin-tanguy, 1997). Recently, it has been revealed the
existence of hydroxycinnamic acid conjugates of Spd in Arabidopsis thaliana flower buds
(Fellenberg et al., 2009). The occurrence of HCCAs is not limited only to floral organs, but
also in seeds and roots (Luo et al., 2009). The accumulation of feruloyltyramine,
diferuloyputresine, and diferuloyspermidine were detected in notable quantities in rice (Oryza
sativa) seeds (Bonneau et al., 1994). Moreover, tyramine-derived HCCAs were discovered at
high levels in the bark of Lycium chinense roots (Lee et al., 2004), and also tobacco roots
(Hagel & Facchini, 2005). In addition, HCCAs have been largely reported in plant defense
response and particularly against biotic stresses (Elejalde-palmett et al., 2015). Bacterial and
fungal infection in some Solanaceae plants induced the feruloyl and coumaroyl tyramine
synthesis (Keller et al., 1996; Negrel & Martin, 1984; Newman et al., 2001; Zacarés et al.,
2007). In like manner, Arabidopsis and barley in response to pathogen attack produced more

coumaroyl and feruloyl agmatine (Muroi et al., 2009; Ropenack et al., 1998).

1.12.5. Polyamine catabolism

Amine oxidases (AOs) participate in essential physiological processes involving plant growth
and development, response to abiotic stresses like salinity, drought, heavy metals, chilling and
frizzing, as well as in plant defense response to pathogen attack (Angelini et al., 2010; Cona et
al., 2006). Plants battle these stresses by regulating polyamine levels though their biosynthesis
and catabolism. Two classes of enzymes, copper-containing amine oxidases (CuAQOs) and
flavin-containing polyamines oxidases (PAOs) are involved in plant polyamine oxidation

(Alcazar et al., 20006).

Copper containing amino oxidases

Plant CuAOs usually exist in high level in dicotyledons (Cona et al., 2006), and prefer diamines
as substrates. Diamine oxidase that relies on Cu?" and pyridoxal phosphate as its cofactors, and

catalyze the oxidation of putrescine at primary amino groups, which generate 4-aminobutanal,
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H>0,, and ammonia (Alcazar et al., 2010; Moschou et al., 2012), although some results indicate
the activity of some CuAO on Spd oxidation in Arabidopsis (Planas-portell et al., 2013).
Arabidopsis possess 12 CuAO genes (Alcazar et al., 2006), however, only five of them (4t401,
AtCuAOI, AtCuAO2, AtCuAO3, and AtCuAOS8) have been characterized biochemically (Ghuge
et al., 2015; GroB et al., 2017; Moller & Mcpherson, 1998; Planas-portell et al., 2013).
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Figure 8.  Polyamine metabolism in plant-microbe interaction. 1, Recognition of plant pathogens via specific receptors
activate signaling transduction pathway with active participation of MAP kinases, such as WIPK and SIPK, which stimulate
defense gene expression and PA biosynthesis. This process leads to the accumulation of free and conjugated PAs; 2, Some
conjugated PAs have an antimicrobial effect; 3, Free PAs may contribute directly to the activation of gene expression or
indirectly through their catabolism; 4, PAs oxidation by DAO and PAO occur in the apoplast and peroxisome that generate
H>0,, DAP and aminoaldeydes; 5, H>O» acts as signaling molecule and stimulates the expression of defense-related gene.
Also, H>O; has effect of pathogen growth, induces stomata closure and HR. Other products of polyamine catabolism may have
defensive roles. The precursors of GABA biosynthesis are aminoaldehydes. GABA participates in plant-bacterial interaction
and plant defense. DAP is a substrate for the synthesis of uncommon PAs. B-alanine has an important role in biotic stress.
Adapted from Jiménez-Bremont et al., 2014.

Plant CuAOQOs are classified in two groups based on their localization (Zarei et al., 2015).
Members of the first group carry an N-terminal signal peptide and are usually extracellular
proteins. Arabidopsis thaliana (AtAO1 and AtCuAOl), Malus domestica (MdAQ?2), Pisum
sativum (PsCuAO) and Citrus sinensis (CsCuA0O4,CsCuAO5 and CsCuAO6) belong to this
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group (Moller & Mcpherson, 1998; Planas-portell et al., 2013; Tipping & McPherson, 1995;
Wang & Liu, 2015; Zarei et al., 2015). The second group possess C-terminal peroxisomal
targeting signal (PTS1), which includes Arabidopsis thaliana (AtCuAO2 and AtCuAO3),
Malus domestica (MdAOL1), Nicotiana tabacum (NtMPO1 and NtCuAO1) and Citrus sinensis
(CsCuAO2 and CsCuAO3) (Naconsie et al., 2014; Planas-portell et al., 2013; Wang & Liu,
2015; Zarei et al., 2015).

Flavin containing polyamines oxidases

In contrast to CuAOs, PAOs are enzymes that have strong affinity to Spd and Spm as well as
their acetylated forms (Alcazar, Altabella, et al., 2010). In relation to catabolic functions and
subcellular localization, PAOs are classified into two classes. The first class of PAOs catalyze
terminal catabolism of Spd and Spm, producing 1,3-diaminopropane (DAP), HO> and 4-
aminobutanal (Spd catabolism) or N-(3-aminopropyl)-4-aminobutanal (Spm catabolism)
(Bordenave et al., 2019; Cona et al., 2006; Moschou et al., 2012; Tavladoraki et al., 2016).
Maize PAO gene (ZmPAO) is the best characterized PAO gene of the first class (Cona et al.,
2006; Tavladoraki et al., 1998). The second class of PAOs catalyze polyamine back-conversion
reactions that convert Spd to Put and Spm to Spd and generate H>O> and 3-aminopropanal.
This class of plant PAOs are likely to the mammalian Spm oxidase (SMO) which catalyzes
the back-conversion of Spm to Spd (Moschou et al., 2008). Although PAOs occur at high levels
in monocotyledons (Sebela et al., 2001), some studies have revealed the presence of PAO genes
in both monocots and dicots, including maize (Cervelli et al., 2006), rice (Ono et al., 2012),
barley (Cervelli et al., 2006), Arabidopsis (Fincato et al., 2011), tobacco (Yoda et al., 2006),
grapevine (Paschalidis et al., 2009), apple (Kitashiba et al., 2006), sweet orange (Wang & Liu,
2015), tomato (Ono et al., 2012) and cotton (Chen et al., 2015). In the Arabidopsis genome,
five PAO genes (AtPAO1-AtPAOS5) have been characterized, which predominantly catalyze the
back-conversion of polyamines (Ahou et al., 2014; Alcazar et al., 2006; Fincato et al., 2011;
Tavladoraki et al., 2006). Besides, PAOs display substrate specificities, in which, the AtPAO1
catalyzes the oxidation of Spm but not Spd (Tavladoraki et al., 2006), whereas AtPAO3 prefers
Spd rather than Spm (Moschou et al., 2008). AtPAO2 and AtPAO4 show similar preference
for Spd and Spm (Fincato et al., 2011). AtPAOS catalyzes t-Spm back conversion to Spd (Kim

et al., 2014). According to the cellular localization, polyamines back-conversion mostly takes
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place in peroxisomes, whilst the polyamines terminal catabolism occurs in the apoplast space

(Wang et al., 2019).

Polyamine terminal catabolism and back-conversion leads to higher level of H>Oz, an
important signaling molecule, which modulates a span of physiological or biological processes
(Wang & Liu, 2015). For instance, H>O> derived from Spd catabolism, provokes Ca?" influx
and regulates pollen tube growth (Wu et al., 2010). Moreover, H2O> produced via PAOs
oxidation, has been revealed to be involved in the defense response against biotic and abiotic
stresses (Rodriguez et al., 2009; Wang & Liu, 2015). In addition, the involvement of PAO-
derived H>O» in hypersensitivity reaction (HR) and programmed cell death (PCD) has been
demonstrated (Fu et al., 2011; Moschou et al., 2008). Moreover, polyamine metabolism is
tightly related to the other metabolic pathways, such as proline metabolism, ethylene
biosynthesis, and the synthesis of nitric oxide (NO) (Freitasa et al., 2018; Lasanajak et al.,
2014; Mellidoua et al., 2017; Takahashi, 2016). Recent evidence suggests the relation between
polyamines metabolism and nitric oxide (NO), a crucial signaling compound, which has some
overlapping physiological roles with polyamines in plants (Agurla et al., 2018; Pél et al., 2015;
Yamasaki & Cohen, 2006).

1.13. Polyamines and plant responses to biotic stress

The active participation of polyamines has been documented in plant-pathogen interactions
(Jiménez-Bremont et al., 2014). Incompatibility, which is mostly an important form of
resistance to biotrophic pathogens (Glazebrook, 2005), leads to ETI response which is
accompanied by polyamine accumulation in plants. Increment of PA levels (free Put and Spd),
with enhanced enzymic activity of ODC, ADC and SAMDC were observed in response to
powdery mildew fungus, Blumeria graminis f. sp. hordei (Cowley & Walters, 2002).
Moreover, ETI activation in response to Fusarium graminearum, increased ODC and ADC
gene expression and Put accumulation in wheat plants (Gardiner et al., 2010; Rampersad,
2020). Other research demonstrated that polyamines, mainly Put, accumulate in response to
pathogenic strain of Fusarium culmorum in flax seedlings and this was correlated with higher
ADC expression. Moreover, the cell wall-bound polyamines content enhanced remarkably
compared to the free and conjugate level of polyamines, which indicates the possible role of

polyamine in cell wall strengthening and inhibition of Fusarium growth, however, these results
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were not evidenced in non-pathogenic strain of Fusarium (Wojtasik et al., 2015). Other works
revealed an increase in ODC activity and polyamine levels during HR and PCD in response to
Tobacco mosaic virus (TMV) (Negrel et al., 1984) and bacterium Xanthomonas campestris
(Kim et al., 2013). It has been reported that enhanced apoplastic polyamines, Spm particularly,
and the activity of PAOs and DAOs play critical roles in the defense response to biotrophic
bacterium Pseudomonas viridilava (Marina et al., 2008) and Cucumber mosaic virus (CMV)
(Mitsuya et al., 2009). Although, the occurrence of enzymic activity of PAOs and DAOs as an
very early response has been suggested by Walters (Walters, 2003).

In parallel, some studies explored the contribution of polyamines in compatible interactions.
Greenland and Lewis reported the accumulation of Spd in response to Puccinia hordei in barley
leaves (Greenland & Lewis, 1984). The increased polyamine content was also reported in
wheat plants inoculated with Puccinia graminis f. sp. tritici (Foster & Walters, 1992; Yin et

al., 2019).

Table 4. Polyamines and Defense response

Polyamines in defense resposne

Incompatible Interaction Plant Species Induction of Polyamine biosynthesis gene [Additional note Reference

Fungus, Fusarium graminearum

Fungus, Blumeria graminis f. sp. hordei

Triticum aestivum, Wheat

Hordeum vulgare L., Barley

ADC, ODC

ADC, ODC, SAMDC, PAO, DAO

Higher accumulation of Put

Higher accumulation of free Put and Spm/ Higher
accumulation of conjugated Put, Spd,Spm

Gardiner et al., 2010

Cowley and Walters, 2002

Negrel et al., 1984; Torrigiani et

Higher lation of free and conjugated Put  [al.,1997; Marini et al., 2001;
Tobbaco Musaic Virus (TMV) Nicotiana tabacum, Tobacco ADC, ODC, DAO and Spd/ Higher accumulation of apoplastic Spm ~ [Yamakawa et al., 1998
Fungus powdery mildew, Erysiphe graminis | Hordeum vulgare L., Barley ADC, ODC, PAO, SAMDC Higher accumulation of Put, Spd, Spm Walters and Wylie, 1986; Coghlan

and Walters, 1990; Walters et al.,
1985

Compatible Interaction Plant Species Induction of Polyamine biosynthesis gene | Additional note Reference

Fungus Puccinia graminis f. sp. tritici Triticum aestivum, Wheat ODC Higher accumulation of Put,Spd,Spm Foster and Walters, 1992

Pseudomonas syringae DC3000 Solanum lycopersicum, Tomato [ADCI, ODC, SAMDC Higher accumulation of Put Vilas et al., 2018

Despite of the fact that polyamines metabolism increases in both compatible and incompatible
plant-pathogen interactions, this response differs in resistant and susceptible cultivars.
Resistant cultivars exhibit higher polyamines content compared to susceptible ones (Asthir et
al., 2004; Cowley & Walters, 2002). However, in response to smut fungus Ustilago scitaminea,
susceptible sugarcane buds exhibits higher level of conjugated polyamines while decreased
free polyamine levels (Legaz et al., 1998).

Consistent with this, variation of polyamines levels in plant-pathogen interactions alters gene

expression involved in phytohormone signaling, such as salicylic acid. The active contribution
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of salicylic acid to initiate defense responses against biotrophic and hemi-biotrophic is well
documented (Qi et al., 2018). Although some works have addressed the correlation of

polyamine metabolism and SA signaling, the SA-PA interaction still remained elusive.
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To face with diverse environmental conditions, such as a vast variety of pathogenic microbes,
plants possess two branches of pathogen recognition. PAMPs-triggered immunity (PTI) relies
on cell surface recognition of Microbial- or Pathogen-Molecular Associated Patterns (MAMPs
or PAMPs) such as flagellin, by transmembrane pattern recognition receptor (PRRs). In
addition, recognition of pathogen effectors by polymorphic NB-LRR protein products encoded
by Resistance (R) genes, results in activation of Effector-Triggered Immunity (ETI), which is
often associated with hypersensitive response (HR). A successful pathogen can disrupt PTT and

cause Effector-Triggered Susceptibility (ETS) by deploying effectors.

During plant- pathogen interactions, notable changes occur in polyamine metabolism that
usually result in the accumulation of most abundant PAs putrescine (Put), spermidine (Spd)
and spermine (Spm). However, little is known about signaling pathways which modulate
polyamine metabolism during defense. In addition, the responses of polyamines to the PTI and

ETI branches have not been studied in depth.

In addition to known polyamine metabolism genes, other genes might condition polyamine
homeostasis. The identification of new genes can be performed through genetics screens based
on the study of natural variation through GWAS mapping. The biosynthesis of higher
polyamines (Spd and Spm) requires S-adenosylmethionine (SAM) as universal methyl donor.
As an important metabolite, SAM participates in essential metabolic pathways in plants by
entering in polyamines and ethylene biosynthesis and plays a critical role in response to
environmental stresses. However, little is known about the competition for SAM between
polyamines and ethylene biosynthesis, as well as the limitations of polyamine biosynthesis by

SAM availability.

Based on this, we propose the following objectives:

I- To investigate the alteration of polyamines metabolism in response to PTI and ETI branches
of plant defense, using bacteria inoculations (Pseudomonas syringae) and pathogen-free

systems.

II- To study the contribution of the salicylic acid (SA) pathway to polyamine metabolism
during defense by using the loss-of-function mutants of the SA biosynthesis and signaling

pathways.
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III- To study the contribution of polyamines to cell death, and the effect of the co-treatment of

polyamines with known PAMPs (flg22) in cell death responses.

IV- To investigate the role of Spm and thermospermine (tSpm) to plant defense against
Pseudomonas syringae and the establishment of systemic acquired resistance by using spms

and acl5 loss-of-function mutants.

V- To identify new genes involved in the modulation of polyamine metabolism by GWAS

mapping.
VI- With a focus on SAM metabolism derived from GWAS mapping, to study the competition

between polyamine and ethylene biosynthesis via SAM metabolism, the influence of SAM

metabolism on polyamine levels and defense against Pseudomonas syringae.
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1. Plant material and growth conditions

1.1. Plant growth on soil

For plant growth on soil, seeds from different genotypes were vernalized for 3 days on a wet
filter paper at 4° C and directly sown on a mixture containing perlite (10%), peat moss (40%)
and vermiculite (50%). Plants were grown at 20-22 °C under 8 h light (8:00 a.m. to 4:00
p.m.)/16 hr dark cycles at 100—125 umol photons m?s™ of light intensity and 60—70 % relative
humidity. Seeds from auto-immune mutants were grown at 16 °C and 28 °C under the same

light conditions.

1.2. Plant in vitro culture

For in vitro culture, seeds were sterilized using the chlorine (Cl2) method for three hours. Seeds
were sown on growth media [1/2 Murashige and Skoog salts (MS) supplemented with vitamins
(Duchefa Biochemie), 1% sucrose, 0.5% plant agar (Duchefa Bio- chemie) and 0.05% MES
adjusted to pH 5.7 with 1 M KOH]. To synchronize germination, seeds were stratified in the
dark at 4° C for 2-3 days. Plates were incubated in 12 hr light/ 12 hr dark cycles at 20-22 °C at
100—-125 umol photons m—2 s—1 of light intensity.

1.3. Modified MS growth media

To avoid the suppression of autoimmunity phenotype in in-vitro condition, we applied

modified MS media to perform the experiment (Table 5).

Table 5. MS and modified MS media

Chemical compounds 0.5* MS 0.5 * modified MS
NH4NO, 10.31 mM 1 mM

:é’ KNO; 9.40 mM 9.40 mM

%]

E CaCl, 1.50 mM 1.50 mM

o}

g KI 2.5 uM 2.5 M

3

= MgS0,.7 H,O 750 uM 750 uM
KH,PO, 630 uM 630 uM
Fe-EDDHA 50 uM 50 pM
H;BO; 50.14 uM 50.14 uM

2

g, MnSO,.H,0 50 pM 50 uM

U

< ZnS0,.7 H,0 14.96 uM 14.96 pM

(=]

-

2 CuSO, 0.05 uM 0.05 uM

=
CoCl, 0.06 pM 0.06 uM
Na,MoO;. 2H,0 0.52 pM 0.52 uM
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1.4. Germplasm information

The npri-1 mutant (Cao et al., 1997) was kindly provided by Prof. Xinnian Dong (Duke
University, USA). The esd/-2 mutant was kindly provided by Jane Parker. The ac/5 mutant
was previously reported by (Hanzawa et al., 1997). The Arabidopsis thaliana accession
Kashmir (Kas-2) and NIL and cNIL lines were previously reported (Alcazar et al., 2010).The
mutants of SAM pathway were obtained from the Nottingham Arabidopsis Stock Center
(NASC, UK) are listed in Table 6.

Table 6. The list of SAM pathway genes and mutants

Gene Mutants ABRC stock number
Atlg02500/ SAM 1 N662619, N672705 SALK_059210C/ SALK_073599C
At4g01850/ SAM2 N676306 SALK 097197C

Methionine SAM synthase
At2g36880/ MAT3 N519375, N631793 SALK 019375/ SALK 131793
At3g17390/ MAT4 N658683, N511935 SALK_052289C/ SALK 011935
At3g02470/ SAMDC1 N520362, N531967 SALK 020362/ SALK_ 031967
SAMDC At5g15950/ SAMDC?2 N734813-N734827, N542743 | SALK_042743/ GK-492B08
At5g18930/ SAMDC4 N2046765-N2046776 GK-156H11.01/ GK-156H11.12
Atlg63855 N2011935, N2011602 GK-911F08.03/ GK-911F08.12
At4g26420/ GAMT1 N659188, N677684 SALK 088960C/ SALK 035597C
SAM dependent methyl |, ., 0, N542506, N656413, N657887 |SALK_ 042506/ SALK_042505C/ SALK_021186C
transferase

At4g26600 N671936, N686434 SALK 117497C/ SALK_084427C
At4g26730 N537987, N695454 SALK_037987/ SALK_206047C

The information of other mutants utilized in this research is listed in Table 7. These seeds were

obtained from the Nottingham Arabidopsis Stock Center (NASC, UK).

Table 7. The list of other seeds applied in this research

Gene Mutant ABRC stock number Gene Mutant ABRC stock number
At1G74710 sid2-1 [ At3g51770 etol CS3072
At3g52430 pad4 CS3806 At3g49700 eto3 CS8060
At5G53120 spms SALK 059355 [At5g03730 ctrl CS8057
At5G19530 acls | . At4g01370 mpk4 CS5205
At4G16890 sncl CS69908
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1.5. Isolation of homozygous mutants

The mutants obtained from NASC were tested for homozygosity by antibiotic resistance and

PCR genotyping. For antibiotic screening, seeds were sterilized (see 1.2.) and sown on growth

media supplemented with Kanamycin 50 pg/ml. The DNA of kanamycin resistant seedlings

was extracted using the CTAB method (Figure 9).

CTAB protocol for DNA extraction

Samples were grinded.

300 pl of CTAB 2X solution were added in the samples.

Samples were homogenized.

Samples were heated at 65°c for 10 minutes (Invert 3 times).

After cooled down, 300 pl of Phenol- Chloroform- Isoamyl alcohol (25:24:1) were added to the samples.

!

Vortex

!

Centrifuge
10 minutes,
12,000 rpm

SN was transffered to the new tube.
10 pl of sodium acetate (3 M, PH: 5.2) and 400 pl ethanol absolute were added to the samples.
Samples were incubated for overnight at -20°C,

!

Centrifuge
15 minutes,
12,000 rpm

* SN was discarded by pipeting.
* Pellet was washed by adding 700 ul of ethanol 70% (this step was repeated 2 times).

|

Vortex

|

Centrifuge
10 minutes,
12,000 rpm

SN was discarded by pipeting.

Pellet was dried at room temperature.

Pellet dissolved in 50 pl of PCR H,O.

DNA quality and quantity was checked by Nanodrop.

Figure 9. CTAB protocol for DNA extraction of Arabidopsis thaliana. 2X CTAB solution is consist of CTAB (2 g), NaCl
(8.182 g), Tris 1 M/ PH:8 (10 ml), EDTA 0.5 M (4 ml), PVP 40 (1 g) and H,O added up to 100 ml.

Each mutant was PCR tested by two pairs of primers, to amplify the corresponding gene

(primers Re and Fw) and to determine T-DNA insertion (primers Re and LB 1.3). The list of

the primers used for each mutant is shown in Table 8.
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Table 8. Primers used for the genotyping of homozygous mutants

Gene

ABRC stock number

Primer (forward)

T™ (°C)

Primer (Reverse)

TM (°C)

Atlg02500/ SAM1

SALK_059210C
SALK_073599C

CTT GAA GAA GTG CCA TCA AGC
TTA TCT CCG TTA CGA CGG TTG

59
59

CAG AAA GAA TGG TAC TTG CGC
AGC CATTGT CTG TCT TTG TGG

59
59

Atdg01850/ SAM2

SALK_097197C

CTT GCC TCA CGA TGT AAG CTC

61

AGC CAT AAA TGA GCC TTC CTC

59

Ae36880/ MAT3 SALK_019375 TGA GGC CTG ATG GTA AGA CAC 61 TAA AGG GAC ATC GAC AAG TGC 59
& SALK_131793 CCT CAG AAT CAC GAC GAA CTC 59 CTT TGC TCT ATC ATC GCC ATC 59
AtGg17390/ MATA SALK_052289C ACA TGA ACT TCG CAT ATT GGC 57 AAT CTC ACG GCA TGT TTT ACG 57
SALK 011935 AAT CTC ACG GCA TGT TTT ACG 60 ACA TGA ACT TCG CAT ATT GGC 60
SALK_020362 TAT GAT GGA GTC GAA AGG TGG 59 CCA GTC TTG TCA GCT TCA TCC 61

At3g02470/ SAMDC1
SALK 031967 CGT GTT GGA TAA CCG TTT GAC 60 GCG AAC TCA TAC AAG CCA GAG 60

At5g15950/ SAMDC?2

SALK_042743

TTG AAT TTC TTG ATT CCA CCG

55

GCA GTT TTT GTG TGG CTT AGC

59

SALK_206047C

CTA TGG CAT CAA AAT TCC TCG

57

TTG ACA AAT TTA GCC TAA GGT CG

At5g18930/ SAMDC4 ((,;E-E?: : : (1); AAA CTT GAT GCA TTG TGA CCC 57 AAA TGT TTA CTC GGA CAG GGG 59
5K-156H11.
GK-911F08.03
Atlg63855 AGT CCC CAT TTT ACC ATC AGG 59 CTT GTA GCG TTA TCC TCG CTG 61
GK-911F08.12
SALK_088960C TGA GAA TTT CTT TGT CGG CAG 57 AGA GCT CCA TGT CGT TGT GAC 61
At4g26420/ GAMT1 -
SALK_035597C CAC GTT TAG CCT TGA GCA AAC 59 AAG GGA CGT TTT GTC AAT TCC 57
426460 SALK_042505C GAT CCT TCT ATC CAC GCC TTC 61 CAA AAG GCC CCT TAA ATT TTG 55
1
€ SALK_021186C CTA TGG CAT CAA AAT TCC TCG 57 TTG ACA AAT TTA GCC TAA GGT CG 59
144226600 SALK_117497C CTA AAA TTA TGG GGC TGG AGG 59 GAG ACA AGC ACG AGA GGA ATG 61
1
& SALK_084427C AAC ATC CTC AAG CAT GTA CCG 59 TCT TCT GGC AGA TGT TTC CTG 59
41426730 SALK_037987 GGC CATTTT CGT AAT TTC TCC 57 TGT TGC CTT GGT CTC TCT TTG 59

59

The PCR runs were performed in Peltier thermocycler (PTC-225) by using 10X buffer (Peq
Lab), Taqg DNA polymerase (Peq Lab), dNTPs (1.25 mM) (Peq Lab), each primer 100 uM and
PCR H:O up to the final volume (20 pl). The thermal cycle was as follows: 5 min at 95 °C for

DNA polymerase activation, 15 sec at 95 °C for DNA denaturation, 45 sec at 55 °C or 48 °C

(gene amplification) and 50 °C or 48 °C (inserted T-DNA amplification) for annealing,

elongation for 2 min at 72 °C, 35 cycles of DNA denaturation (15 sec at 95 °C); and final

elongation step for 10 min at 72 °C.

2. Polyamine analyses

2.1. Chemicals

The chemical products were used in polyamines extraction are listed in Table 9.

2.2. Solutions

1. Saturated Na>xCO3 or CaCOs solution.

2. Polyamine stock solution; Fresh polyamine stock solutions were prepared at 100 mM

concentration in water and sterilized by filtration.
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Table 9. The list of chemical products for polyamine extraction

Chemical product CAS number Company
Putrescine dihydrochloride 110-60-1 Sigma- Aldrich
Spermidine 124-20-9 Sigma- Aldrich
Spermine 71-44-3 Sigma- Aldrich
Dandyl chloride 605-65-2 Sigma- Aldrich
1,7 Diaminoheptane (HTD) 646-19-5 Sigma- Aldrich
Toluene 108-88-3 Sigma- Aldrich
Perchloric acid (PCA) 7601-90-3 Sigma- Aldrich
Acetonitrile (ACN) 75-05-8 Sigma- Aldrich
Acetone 67-64-1 Merck

2.3. Polyamine extraction

The protocol of polyamines extraction from Arabidopsis thaliana used in this research is

described in Figures 10 and 11.

Grind samples and add

1 ml PCA5%
(
w ’ Transfer 100
‘ 9 W of 5N to the new tube
..(f _ 3 _— — " - .
> 200 mg of samples 30 seconds vortex Ice incubation 30 °
12,000 rpm, 10~
P
~ Add 800 ul ACN,
¢ Add 40 pl HTD
dissolve pellet
0/ 140 pl Na,Cos

300 pl Dansyle chloride

Q Transfer 400 .
/ pl of SN to the new tube
E E -—

Add 500 pl Toluene Overnight incubation in
darkness

Figure 10. Schematic of polyamines extraction process
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Polyamines extraction in Arabidopsis thaliana

* Leaf samples were weighted, transferred to 1.5 tubes and immediately frozen in liquid nitrogen.
» Samples were homogenized using glass beads and a MixerMill device.
*  Oneml 5 % PCA was added to every 200 mg of tissue.

Vortex
30 seconds

!

* Samples were incubated on ice for 30 minutes.

!

Centrifuge
10 min
12,000 rpm

}

* 100 pl of supernatant (SN) was transferred to the new tube.
e 40 ul of HTD 0,05mM, 140 pl of CaCO3 and 300 pl of Dansyl chloride were added to the samples.
» Samples were kept an overnight in dark place.

}

e 500 pl of Toluene was added to the samples

}

Vortex
30 seconds

|

Spin
1 minute
12,000 rpm

}

400 pl of of SN was transferred to the new tube.
Samples were dried by SpeedVac vacuum.

Pellets were disolved in 800 pl of ACN and infiltrated.
Samples were ready for HPLC analysis.

e o o o

Figure 11. The protocol of polyamines extraction in Arabidopsis thaliana

2.4. Polyamine levels determination

Polyamines were analyzed by high-performance liquid chromatography (HPLC) separation of
dansyl chloride- derivatized polyamines. Polyamines were injected into the column (BRISA-
LC2, C18) that was previously eluted with 100% acetonitrile and water. The gradient used is
shown in Figure 12. The initial condition was 70% acetonitrile and 30% water for 4 minutes
(Perkin-Elmer 200). At minute 4, the concentration of acetonitrile was elevated up to 100 %
for 10 minutes. High concentration of acetonitrile is optimized for Spd and Spm elution, which
are strongly retained on the column. This concentration of acetonitrile returned to the initial
condition at minute 10 (Figure 12). The column was re-equilibrated during the remaining time

(Marcé et al., 1995).
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HTD

Spd  Spm

% Concentration

12 3 4 5 6 1 B 9 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 “Time [min]

Time

Figure 12. Schematic of HPLC analysis. A. HPLC gradient for polyamine analysis (Adapted from Marce et al., 1995). B.
Chromatograph of HPLC analysis.

2.5. Polyamine levels calculation

According to the data derived from HPLC chromatographs, polyamine values were calculated

as follows:

Putrescine ~ —» nmol/g PF: 44,3085. Area Put. (Area HTD)"!
Spermidine —» nmol/g PF: 27,4505. Area Put. (Area HTD)'!
Spermine —» nmol/g PF: 22,9089. Area Put. (Area HTD)!
1,3DAP —» nmol/g PF: 51,2205. Area Put. (Area HTD)!

3. Pathoassays

3.1. Bacterial inoculation

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) strains (Table 10) were streaked on
solid NYGA medium (3 gr/L yeast extract, 5 gr/L bacto peptone, 20 ml/L glycerol, 15 g/ L
bacto agar in case of solid medium) containing corresponding antibiotics (Table 10). The day
of inoculation, bacteria were suspended on 10 mM MgCl, to the required ODgoo (Table 10),
Silwet L-77 was added to a final concentration of 0.04% (v/v) before spraying. Samples were

harvested at Oh, 24h and 72h for polyamine analysis.
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Table 10. Bacterial strains and growth conditions

Pseudom(:::aizringae P Antibiotic Incubation temprature
Pst DC3000 Rifampicin / 50 pg/ml 28° C
Pst DC3000 AvrRpm1 Rifampicin / 50 pg/ml and kanamycin / 25 pg/ml 28° C
Pst DC3000 AvrRps4 Rifampicin / 50 pg/ml and kanamycin / 25 pg/ml 28° C
Pst DC3000 COR - Rifampicin / 50 pg/ml 28° C
Pst DC3000 boiled extract Rifampicin / 50 pg/ml 28° C

3.2. Arabidopsis bacterial growth curve

Pseudomonas syringae pv tomato DC3000 (Pst DC3000) was grown on solid NYGA medium
supplemented with 25 pg/ml rifampicin for an overnight at 28° C. Bacteria was collected from
the plate and resuspended in 10 mM MgCl> to ODsoo = 0.1. Silwet L-77 was added to a final
concentration of 0.04% (v/v) before spray inoculation of 4-week-old Arabidopsis plants.
Leaves were harvested at 3 h and 72 h of pathogen inoculation for the determination of
bacterial growth as described in Alcazar et al. (2010). At least three biological replicates were

determined for each time point of analysis.

3.3. Arabidopsis bacterial growth curve by infiltration

The bacterial propagation method was described above (see 3.2). Bacteria collected from the
plate and resuspended in 10 mM MgCl, to ODgoo = 0.001. Leaves were harvested at 72 h of
inoculation. At least three biological replicates were determined for the analysis. The details

are shown in Figure 13.

4. Ion leakage

The leaves of 4-weeks-old Arabidopsis soil-grown plants were cut and rinsed with distilled
H>O. Leaf discs were incubated with different solutions (Put and Spm (100 uM), B-estradiol
(10 uM), f1g22 (100 nM) and mock (distilled H>O)) and vacuum infiltrated for 5 minutes. Leaf
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discs were then rinsed by distilled H>O and distributed in 10 ml falcon tubes (6 leaf discs per
replicate). Ion conductivity was measured over time (0, 1h, 2h, 4h, 8h, 16h, 24h and 72h).

Arabidopsis bacterial growth curve by
infiltration

*  Pst DC3000 grown on solid NYGA medium supplemented with 25 pg/ml rifampicin and grown an overnight on 28° C.
* The day of infection bacteria resuspended in 10 mM MgCl, to ODgqo = 0.001.
» Silwet L-77 did not add. 1

Pst DC3000
Infiltration

!

*  3-4leaves were marked for infiltration. Approximately 1 ml of bacterial extract was required per each pot.
* Leaved were dried with tissue paper to avoid curl up the leaves.
* Plants were covered for 3-4 hours post inoculation.

|

* At 72h post inoculation, the marked leaves were harvested and punched (0.6 mm disc size).
* 3 leaf discs were collected per each replicate and placed in 1.5 ml tube with 0.5 ml of 10 mM MgCl, + 0.01% Silwet L-77.

!

Shake samples
1h,28°C,
650rpm

|

* Dilution series were prepared with 10 mM MgCl, in microtiter plate: 10!, 102, 103, 104, 103.
+ 100 pl of each sample plated in first column and dilution series were made up to 10° as follows.

After 1 h incubation, 100 pl from l

samples was pipetted to the first
column (1). \
-
123456
(V)

10 pl of sample from column 1
was pipetted to the column 2
until column 6.

l

* Plates were incubated for 1 day at 28° C, and 1 day at room temperature.
* Colonies were counted after incubation.

Figure 13. Bacterial growth curve of Arabidopsis thaliana by infiltration.
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5. Trypan blue staining

Leaves of 3-weeks-old Arabidopsis soil-grown plants were cut and immersed in Trypan Blue
1:2 (v/v) with ethanol 96%. Stock solution of Trypan Blue consists of phenol (10 ml), glycerol
(10 ml), lactic acid (10 ml), H>O (10 ml) and trypan blue (0.02 g). Samples were boiled for 3-
5 minutes, and then immersed in glycerol-ethanol (1/4) (v/v) solution for microscope

visualization.

6. Salt stress

Sterilized seed were sown on 1/2 MS media and stratified in the dark at 4° C for 2-3 days.
Plates were incubated in 12 hr light/ 12 hr dark cycles at 20-22 °C at 100—125 pmol photons
m—2 s—1 of light intensity. After germination, seedlings were transferred to new MS media
supplemented with NaCl (0 mM, 100 mM and 150 mM). Samples were harvested for trypan

blue staining when salt stress symptoms appeared.
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1- Polyamine metabolism in response to bacteria-triggered ETI, PTI,
and ETS.

During plant- pathogen interactions, notable changes occur regarding to polyamine
biosynthesis and catabolism to maintain the homeostasis balance. Several works demonstrated
the modification of PA metabolism in response to biotic stresses, that usually result in the
accumulation of most abundant PAs such as Putrescine, Spermidine, and Spermine (Jiménez-
bremont et al., 2014; Walters, 2000; Walters, 2003). These data suggest the contribution of
PA metabolism to the defense response (Broetto et al., 2005; Romero et al., 2018). Many
reports have shown that overexpression of PA biosynthesis genes is an effective tool to improve
stress tolerance (Liu et al., 2015). In addition, enhanced levels of PAs result in plant tolerance
to biotic stresses, whereas plant susceptibility correlates with the suppression of PA
metabolism gene expression and reduction in PA contents (Fernandez-Crespo et al., 2015;
Marini et al., 2001; Mo et al., 2015; Mo et al., 2015).

Another line of evidence demonstrates that increased endogenous levels of PAs in Arabidopsis
alters the expression of genes involved in signaling and biosynthesis of various plant hormones
and secondary metabolites, such as salicylic acid (SA), auxins, abscisic acid (ABA),
gibberellins (GAs), ethylene and jasmonic acid (JA). The overall picture points to a role for
PAs in the crosstalk between signaling pathways (Alcédzar, Altabella, et al., 2010; Marco et al.,
2011). Consistent with this, changes in PA levels are important for fine-tuning PA signaling,
which affects hormonal balance that mediates plant defense response (Szalai et al., 2017).
Salicylic acid mediates the defense response against biotrophic pathogens to establish local
defense and SAR (Glazebrook, 2005; Hernandez et al., 2017). The investigation of the
relationship between SA and PAs suggests a positive feedback loop between them in some
species. Many studies revealed that the synthesis and/or catabolism of PAs is influenced by
exogenous SA application (Hassannejad et al., 2012; Németh et al., 2002; Szepesi et al., 2011).
However, there are few reports on the effect of PA treatment on SA content under optimum
conditions (Radhakrishnan & Lee, 2013; Rahdari & Hoseini, 2013; Szalai et al., 2017; Liu et
al. 2020).

In order to study the involvement of polyamine metabolism in plant defense, and the
contribution of SA pathway in such responses, the present study includes SA-related defense
loss-of-function mutants and Pseudomonas syringae pv. tomato (Pst) DC3000 strains that
trigger different immune responses (Table 11). In addition, temperature-dependent auto-

immune hybrids between wild accessions have been tested.
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Table 11. Bacteria-triggered defense response in Arabidopsis thaliana

Pseudom(::;saizringae PY Stress treatment Defense response
Pst DC3000 In vitro, 15 days old seedlings treated with bacteria ODyg PTIHETS
Pst DC3000 AvrRpml In vitro, 15 days old seedlings treated with bacteria ODygj: 0. ETHPTI
Pst DC3000 AvrRps4 In vitro, 15 days old seedlings treated with bacteria ODyq: 0. ETHPTI
Pst DC3000 COR - In vitro, 15 days old seedlings treated with bacteria ODygqy: 0. PTIHETS
Pst DC3000 boiled extract In vitro, 15 days old seedlings treated with bacteria ODygg: 0. PTI

1-1 Polyamine levels in response to Pst DC3000 carrying the Avr Rpm1

effector

Previously, it has been demonstrated that the delivery of Avr effectors into the plant cell is

unavoidably accompanied with PAMP perception, which results in co-activation of ETI and

PTI (Hatsugai et al., 2017; Tsuda et al., 2009). ETI seems to halt pathogen progression through

potentiation of PTI responses, likely involving ROS production, callose deposition and PTI-

related gene expression (Ngou et al., 2020). To investigate how ETI+PTI co-activation affects

PA metabolism, we inoculated wild-type, edsi-2, sid2-1, npri-1 and pad4 mutants with P.

syringae pv. tomato (Pst) DC3000 carrying the AvrRpml effector (Pst AvrRPMI) and

monitored the levels of free Put, Spd and Spm during three days (Figure 14).
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Figure 14. Polyamine levels in response to Pst AvrRpmI. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 15-day-old wild-type, sid2-1, pad4, eds1-2 and npri-1 Arabidopsis seedlings treated with Pst AvrRpmI. Seedlings
were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by spraying with Pst AvrRpm1 (ODggo=
0.1). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses. Results are mean of three biological
replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student-Newman—
Keuls test at P value <0.05.

One-day post inoculation, the Put content in sid2-1, eds1-2, pad4 and nprI-Imutants enhanced
between 2- to 10-fold higher in plants inoculated with Pst AvrRpml than in mock (10 mM
MgCl,) - inoculated plants (Figure 14). The result was also evidenced at three-days post

inoculation (Figure 14). Conversely, Spd and Spm levels did not exhibit significant changes
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in response to Pst AvrRpm1, except for edsl-2, in which Spd levels dropped almost by half

after 72 h of treatment, with no concomitant increases in Spm (Figure 14).

We further analyzed the level of 1,3 Diaminopropane (DAP), which is the byproduct of
terminal oxidation of higher PA (Spd and Spm) (Tavladoraki et al., 2016) (Figure 15).
Significant increase of DAP level was evidenced in eds /-2 mutant compared to mock (Figure
15). These results suggest that higher PA (Spd and Spm) oxidation occurs in eds/-2 mutant
inoculated with Pst AvrRpm1.

1,3 DP Woh O24hAT B72hAT
40 -
35 |
30 |
25 |
20 | 3
15 | a,
10 r 3y a a a

| a a a a a, a a 3 ami

TaiR gaz SN 220 &d2 ae: ans &l A @::

Mock AviRpml Mock AvrRpml Mock AviRpml Mock AvrRpml | Mock AvrRpm1l

n mol/gr FW

wild type sid2-1 pad4 eds1-2 nprl-1

Figure 15. 1,3 Diaminopropane (DAP) levels in response to Pst AvrRpml. 15-day-old wild-type, sid2-1, pad4, edsI-2 and
nprl-1 Arabidopsis seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by
spraying with Pst AvrRpm1 (ODggo= 0.1). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses.
Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that are significantly different
according to Student-Newman—Keuls test at P value <0.05.

Overall, the data indicate that co-activation of ETI+PTI triggered by Pst AvrRpm 1 inoculation
mainly results in Put accumulation, which is independent of salicylic acid (SID2), PAD4, EDS1
and NPRI. The highest Put accumulation in response to Pst AvrRpm [ was detected in the eds -
2 mutant. This might be related to the higher bacteria growth supported in this immune-
deficient mutant (Bhandari et al., 2018; Sun et al., 2020). However, this pattern was not
observed in other mutants also exhibiting compromised defense responses (sid2-1, pad4 and
npri-1). It remains to be determined the molecular mechanism underlying such differential

metabolic response between immune compromised mutants.
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1-2 Polyamine levels in response to Pst DC3000 carrying the AvrRps4
effector

The Pseudomonas syringae pv. tomato carrying the AvrRps4 virulence gene (Pst AvrRps4)
(Hinsch & Staskawicz, 1996), also induces PTI+ETI response by delivering the AvrRps4
effector into the plant host cell (Halane et al., 2018). In order to determine whether alteration
in polyamines metabolism induced by PTI+ETI was influenced by diverse Avr proteins, we
determined Put, Spd and Spm contents in wild-type sid2-1, edsI-2, pad4 and npri-1 mutants
inoculated with Pst AvrRps4. Polyamines levels were quantified at 0 h, 24 h and 72 h after
treatment (Figure 16).
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Figure 16. Polyamine levels in response to Pst AvrRps4. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 15-day-old wild-type, sid2-1, pad4, eds1-2 and npri-1 Arabidopsis seedlings inoculated with Pst AvrRps4. Seedlings
were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by spraying with Pst AvrRps4 (ODgoo=
0.1). Samples were harvested at 0 h, 24 h, and 72 h after_inoculation for polyamine analyses. Results are mean of three
biological replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student—
Newman—Keuls test at P value <0.05.

In loss-of-function mutants sid2-1, eds1-2, pad4 and npri-1, the level of Put in response to Pst
AvrRps4, increased significantly at 24 h and 72 h post-inoculation compared to mock (10 mM
MgCl,) treatment (Figure 16). The level of Put did not change remarkably after 3 h of treatment
(data not shown), which indicated that Put accumulation triggered by Pst AvrRps4 is not an
early response. The level of Spd and Spm in seedlings treated with Pst AvrRps4 did not show
significant changes except for Spd levels in sid2-1 and pad4, and Spm levels in eds/-2, which
were reduced after 72 h of Pst AvrRps4 inoculation (Figure 16). In addition, we analyzed the
level of DAP in response to Pst AvrRps4 (Figure 17), and we observed the accumulation of
DAP in sid2-1, edsi-2, pad4 and nprl-1 mutants (Figure 17), which suggests the occurrence
of terminal catabolism during the defense response. Similarly, to AvrRpm1-triggered ETI, Pst
AvrRps4 did not favor the synthesis or accumulation of Spd and/or Spm. These data indicated
that Put accumulation in response to Pst AvrRps4 is independent of SA (SID2), PAD4, EDSI
and NPRI. Except for EDSI, Put content in response to Pst AvrRps4 inoculation increased to
a similar extent as Pst AvrRpml, although the effectors are recognized by a different set of

receptors and involve different signaling components.
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Figure 17. 1,3 Diaminopropane (DAP) levels in response to Pst AvrRps4. 15-day-old wild-type, sid2-1, pad4, edsi-2 and
nprl-1 Arabidopsis seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by
spraying with Pst AvrRs4 (ODggo= 0.1). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses.
Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that are significantly different
according to Student-Newman—Keuls test at P value <0.05.

1-3 Polyamine levels in response to virulent Pst DC3000 bacteria

The Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) carries multiple potential
virulence factors that initiate the defense response, particularly PTI (Boller & Felix, 2009). As
discussed earlier, PTI is often suppressed by Type III effectors from Pst DC3000 and other P.
syringae strains and results in Effector-Triggered Susceptibility (ETS) (Jones & Dangl, 2006).
Although PTI signaling has been studied in depth, the relationship between effector recognition
and polyamine metabolism during PTI and PTI+ETS is not completely established. In order to
study the involvement of polyamines during PTI induced by Pst DC3000 and to determine
whether type III effector proteins might suppress the changes in polyamine metabolism, we
monitored polyamines level in wild type and sid2-1, edsI-2, pad4 and npri-1 at 0 h, 24 h and
72 h after Pst DC3000 inoculation (Figure 18).

The level of Put in sid2-1, eds -2, pad4 and npri-1 mutant increased up to 6- to 8- fold higher
at 24 h of Pst DC3000 treatment compared to mock (10 mM MgCl,) inoculated plants (Figure
18). As infection progressed, Put content elevated in all loss-of-function mutants at 72 h after
treatment, however, at this time point of analysis, the absolute Put levels (nmol/g FW) in SA-

pathway compromised mutants were significantly lower than in wild-type (Figure 18). The
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Spd levels were significantly reduced in all genotypes after 72 h of treatment. In addition, the

Spm levels were found to be reduced in pad4 and eds-2 mutants at the same time point of

analysis (Figure 18).
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Figure 18. Polyamines level in response to Pst DC3000. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 15-day-old wild-type, sid2-1, pad4, edsl-2 and npri-1 Arabidopsis seedlings treated with Pst DC3000. Seedlings
were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by spraying with Psz DC3000 (ODsgo:
0.1). Samples were harvested at 0 h, 24 h, and 72 h after treatment for polyamine analyses. Results are mean of three biological
replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student-Newman—
Keuls test at P value <0.05.

Further, we analyzed DAP content in response to Pst DC3000 (Figure 19), and we observed
the accumulation of DAP at 72 h after inoculation in sid2-1 and npri-1 mutants (3.8- and 7.6-
fold) compared to the wild type mock (Figure 19), although no significant increment of DAP

was evidenced in pad4 and eds-2.
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Figure 19. 1,3 Diaminopropane (DAP) levels in response to Pst DC3000. 15-day-old wild-type, sid2-1, pad4, edsI-2 and
nprl-1 Arabidopsis seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated by
spraying with Pst DC3000 (ODgoo= 0.1). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses.
Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that are significantly different
according to Student-Newman—Keuls test at P value <0.05.

64




Results

These results indicated that significant reduction of Spd level in sid2-1, npri-1 and wild type
(Figure 18) resulted from terminal oxidation of Spd (Figure 19). We concluded that Pst
DC3000 inoculation triggers Put accumulation and Spd depletion independently of SA (SID2),
EDS1, PAD4 and NPRI. The lower Spm levels were only detected in pad4 and eds -2 mutants.
These results indicated that Put accumulates during PTI + ETS activation and type III effectors
delivered by Pst DC3000 do not suppress the increases in Put levels. It is intriguing to know
whether Pst DC3000 effectors underlie the reduction in Spd levels observed after 72 h of
treatment. The increases in Put triggered by Pst DC3000 might be related to recognition of
PAMPs, ETS or other virulence factors such as the phytotoxin coronatine (COR). To address
this question, we further examined polyamine levels in response to COR deficient Pst DC3000

bacteria (see next section).

1-4 Polyamine levels in response to coronatine deficient Pst DC3000

The phytotoxin coronatine (COR) is synthesized by P. syringae pv. tomato (Pst) as an
important virulence factor for bacterial pathogenicity. COR has remarkable structural
homology to methyl jasmonate (MeJA), an endogenous plant regulator involved in the defense
response (Bender et al., 1999) . Pst DC3000 produces COR to suppress stomatal defense by
inhibition of ABA- and flg22-triggered NADPH oxidase-dependent ROS production in guard
cells (Toum et al, 2016). COR mimics JA, interfering SA signaling through SA-JA
antagonistic crosstalk (Kloek et al., 2001). The effect of Pst DC3000 COR" inoculation on
polyamine levels was studied in wild type Col-0 (Figure 20). In addition, boiled bacteria
extract of Pst DC3000 were tested for their polyamine inducing activity (Figure 20).
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Figure 20. Polyamines level in response to Pst DC3000, DC3000 COR™ and DC3000 boiled extract. Levels of free putrescine
(Put), spermidine (Spd) and spermine (Spm) in 15-day-old wild-type Arabidopsis seedlings were grown in vitro on a nylon
mesh in 1/2 Murashige and Skoog media and inoculated by spraying with Pst DC3000, DC3000 COR™ and DC3000 boiled
extract (ODgoo: 0.01). Samples were harvested at 0 h, 24 h, and 72 h after treatment for polyamine analyses. Results are mean

of three biological replicates + SD (standard deviation). Letters indicate values that are significantly different according to
Student-Newman—Keuls test at P value <0.05.

The level of Put enhanced significantly (10.6- fold) in wild type plants at 72 h post inoculation

with Pst DC3000 compared to mock (10 mM MgCl,) treatment (Figure 20). In wild type plants

Put accumulated significantly less (5.4-fold) in response to Pst DC3000 COR™ inoculation,

however, Put content in wild type plant treated with boiled extract did not exhibited notable
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changes (Figure 20). In this experiment, Spd and Spm levels did not change significantly in
contrast to a previous analysis (Figures 16 and 18). No significant change in Spd level in wild
type inoculated plants with Pst DC3000 compared to previous analysis (Figure 18) might
result from the bacterial inoculation used (ODeoo: 0.01) in this experiment, which differs from

the previous one (ODgoo: 0.1). In addition, we analyzed the DAP level of in wild type Col-0 in

response to Pst DC3000, Pst DC3000 COR™ and Pst DC3000 boiled extract (Figure 21).
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Figure 21. 1,3 Diaminopropane (DAP) levels in response to Pst DC3000, DC3000 COR™ and DC3000 boiled extract. 15-
day-old wild-type, sid2-1, pad4, edsi-2 and npri-1 Arabidopsis seedlings were grown in vitro on a nylon mesh in 1/2
Murashige and Skoog media and inoculated by spraying with Pst DC3000, DC3000 COR™ and DC3000 boiled extract (ODggo=
0.1). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses. Results are mean of three biological
replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student-Newman—
Keuls test at P value <0.05.

No significant accumulation of DAP was observed in the wild type Col-0 (Figure 21). This
data is consistent with our observation of Spd and Spm level in this experiment (Figure 20).
These data indicated that in the absence of coronatine, Put accumulation is reduced, which
suggests the contribution of coronatine to Put accumulation. Alternatively, this limited
response can be associated with lower bacterial colonization due to stomatal defense activation

in the absence of coronatine. Indeed, previous studies in Arabidopsis revealed that the DC3000
COR™ mutant is severely reduced in growth rate and virulence, (Brooks et al., 2004; Kloek et

al., 2001; Mittal & Davis, 1995). This view is supported by the fact that boiled extracts of Pst
DC3000 did not trigger Put accumulation.
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1-5 Polyamine metabolism in temperature-dependent autoimmune
mutants (sncl, mpk4) and hybrids (Ler/Kas-2)

Permanent activation of the immune system is costly for plant, and to avoid this, plant immune
receptors are retained in an ‘off” state, until pathogen perception. By utilizing genetic screens,
several autoimmune mutants have been identified that unravel how NLRs receptors switch
from inactive to active states. Gain and loss-of-function mutants in plant immune receptors
such as sncl, which leads to an autoimmune phenotype, have been reported in the last years
(Wersch et al., 2016). In this work, we used autoimmune mutants (sncl, mpk4) and an
incompatible hybrid line ( Ler/Kas-2 near isogenic line, NIL) (Alcazar & Parker, 2011) to study
the changes in polyamine metabolism in plants exhibiting constitutive activation of defense
(ETI) in the absence of pathogens. Autoimmune hybrids are sensitive to temperature (Alcazar
& Parker, 2011), and the severe stunning phenotype of Ler/Kas-2 NIL plants shown at low
temperature (16 °C) is suppressed at higher temperature (20 °C) (Alcézar et al., 2009).

In this regard, we analyzed polyamines level in the parental Ler and Kas-2 accessions, the
autoimmune hybrid Ler/Kas-2 NIL, and a complemented NIL line (cNIL) which suppresses
autoimmunity. The data was complemented with the use of autoimmune mutants snc/ and
mpk4. Wild type plants (Col-0) Ler, Kas-2, NIL, cNIL, sncl and mpk4 were grown at 28 °C
for 3 weeks and then transferred to 16 °C to activate autoimmunity. Polyamine levels were

determined at 24 h and 48 h of low temperature treatment (Figure 22).
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Figure 22. Polyamines level in response to auto-immune activation. Levels of free putrescine (Put), spermidine (Spd) and
spermine (Spm) in 3-weeks old Arabidopsis autoimmune mutants (sncl and mpk4), incompatible lines (NIL and ¢cNIL) and
natural accessions (Ler and Kas-2) were grown in 28 °C and treated with low temperature (16 °C). Samples were harvested at
0 h, 24 h, and 48 h after treatment for polyamine analyses. Results are mean of three biological replicates = SD (standard
deviation). Letters indicate values that are significantly different according to Student—Newman—Keuls test at P value <0.05.

In wild type plants, low temperature treatment (16 °C) did not affect Put and Spd levels.
However, Spm content was reduced to half at 24 h after temperature shift (Figure 22).
Conversely, in NIL plants Put accumulated significantly at 48 h of the temperature shift, even
s0, a slight increment of Spd was observed at 24 h (Figure 22). This increase was not evidenced
in Spm level - which was reduced similarly to the wild-type. It has been reported that
autoimmunity in NIL incompatible lines is triggered by TIR-NB-LRR proteins and is strongly
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conditioned by EDSI and SA-pathway activation (Alcazar et al., 2009). This result
demonstrated that ETT activation in the absence of pathogens also triggered Put accumulation.
In response to temperature shift, cNIL incompatible plants exhibited slight accumulation of Put
and Spd at 24 h of treatment, although, Spm level was found to be reduced notably (Figure
22). We further examined the two parental accessions, Ler and Kas-2, to determine whether
low temperature influences polyamine levels. Put or Spd levels were not increased in Ler and
Kas-2, whereas Spm levels were reduced (Figure 22).

To further investigate the polyamine metabolism in autoimmune mutants, we analyzed
polyamine levels in sncl and mpk4 plants after temperature shift from 28 °C to 16 °C. In
response to low temperature, Put content did not increase in mpk4 mutants, however enhanced
level of Spd was observed at 24 h of temperature shift (Figure 22). In snc/ mutants slight
increase of Put was observed at 24 h after treatment. This mutant did not exhibit significant
change in Spd level, although reduction of Spm was noticed at 24 h of temperature shift (Figure
22).

These data indicated that Put accumulates to different degrees in autoimmune mutants upon
temperature shift that activates defense responses, independently of the presence of the
pathogen. The most responding line was the Ler/Kas-2 NIL, which involves the Kas-2
background. This response was not observed in wild-type genotypes (Col-0, Ler and Kas-2).
Conversely, the reduction in Spm levels is observed in all genotypes tested, which indicates
that this is a response to low temperature treatment. Indeed, lower Spm levels have also been

documented in wild-type plants exposed to cold (4 °C) (Cuevas et al. 2008).

1-6 Polyamine metabolism in Ler/Kas-2 autoimmune hybrids
inoculated with Pst DC3000 AvrRpm1

In order to reveal more about polyamine metabolism during ETI and to investigate whether
autoimmune activation affects polyamine level in response to pathogens, we inoculated NIL
and cNIL plants with Pst AvrRpmI and quantified polyamines level at 0 h, 24 h and 72 h after
treatment. NIL and cNIL seedlings were grown on 1/2 Murashige and Skoog (MS) media at
16 °C for two weeks. To avoid the suppression of the autoimmune NIL phenotype due to in
vitro growth (Alcazar & Parker, 2011), we used a modified MS media (MS*) which contains

lower concentration of ammonium (NH4NOs) (Figure 23). This media reconstitutes
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autoimmunity in Ler/Kas-2 NIL plants grown in vitro (Atanasov, 2019). Polyamine contents
were determined in response to Pst AvrRpmlI in MS and low ammonium MS media (Figure
24).

Figure 23.  Arabidopsis NIL phenotype with severe growth defect. 15-day-old NIL and cNIL Arabidopsis seedlings were
grown in vitro on a nylon mesh in 1/2 Murashige and Skoog low ammonium MS media._1. NIL seedlings, 2. cNIL seedlings.

In response to Pst AvrRpm1, NIL seedlings grown on MS*, exhibited significant accumulation
of Put (21.6- fold) at 24 h after treatment, however, stronger response was observed in NIL
grown on MS with higher accumulated Put (36- fold) at 72h after inoculation compared to
mock (10 mM MgCl,) plants (Figure 24). This might be result from the interplay between

polyamines and nitrogen (N) assimilation in plant stress conditions, reviewed by Paschalidis
etal. (2019).
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Figure 24. Polyamines level in response to Pst AvrRPM]I. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 15-day-old seedlings of Arabidopsis incompatible lines (NIL and cNIL) were grown in vitro on a nylon mesh in 1/2
Murashige and Skoog media (MS) and reconstitute media (MS*) and inoculated by spraying with Pst AvrRPM1 (ODggo: 0.1).
Samples were harvested at 0 h, 24 h, and 72 h after treatment for polyamine analyses. Results are mean of three biological
replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student-Newman—
Keuls test at P value <0.05

Nitrogen as an essential nutrients elements, plays a crucial role in plant development and stress
responses (Majumdar et al., 2016; P. N. Moschou et al., 2012; Serapiglia et al., 2008;
Skopelitis et al., 2006). As it mentioned above, MS* media has lower level of ammonium

compared to MS, that might be results in less available nitrogen for polyamine biosynthesis.
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This data suggests a competition between autoimmunity and polyamines for nitrogen
resources. In NIL plants grown in both media, slight decrease of Spd was observed in response
to Pst AvrRpm i, although, Spm level dropped significantly at 24h after inoculation (Figure
24). The reduction of Spd and Spm level in NIL plants grown in MS* media might the result
of polyamine oxidation to keep polyamine homeostasis in the low level of ammonium.

These results indicated that constitutive activation of defense (ETI) in NIL hybrid line
amplifies plant response to Pst AvrRpml in favor of Put accumulation. Although NIL
phenotype is suppressed in vitro (MS media), a robust defense response was observed in
response to pathogen attack (Figure 24). Altogether, these data determined that ETI activation
triggered by autoimmunity amplifies plant response to pathogen effectors, and this response is
independent of incompatibles phenotypes.

In cNIL plants grown in both media, significant accumulation of Put (30- to 54- fold) was
evidenced in response to Pst AvrRpmI(Figure 24). Noteworthy to say that the highest level of
Put was quantified at 72 h of treatment in cNIL plants grown in MS* media. No notable
changes were noticed in Spd and Spm levels in of cNIL plants, except for a slight decrease in
Spd content in ¢cNIL plant grown in MS (Figure 24).

These data revealed that auto- immune activation amplifies plant response to pathogen attack,
and Put accumulation is a crucial part of this defense response. Moreover, autoimmunity
increases the consumption of nitrogen which can be a matter of competition with polyamine
biosynthesis in lower ammonium context. Lack of autoimmune phenotype in cNIL plants

might be the reason of higher accumulated Put in response to pathogen attack.

1-7 Polyamines involvement in Programmed Cell Death (PCD)

Defense responses triggered by pathogen recognition are often associated with HR, a form of
programmed cell death that contributes to pathogen restriction (Coll et al., 2011; Mur et al.,
2008). Accumulation of hydrogen peroxide (H202) and superoxide (O2) is an early event to
initiate HR (Delledonne et al., 2001), although the burst production of ROS and NO is
necessary to stimulate HR. Plant polyamine accumulation is involved in PCD. PCD might be

* influxes

induced by direct action of polyamines through their effects on K* and Ca ?
(Lecourieux et al., 2006; Zepeda-Jazo et al., 2011) or indirectly by yielding hydrogen peroxide

(H202) (Cohen, 1998), as a part of PCD inducers (Clément et al., 1998).
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1.7.1 Polyamines in ETI, PTI or both?

We performed an additional analysis to have an overall view about the contribution of
polyamines in plant immunity. In this regard, we induced ETI, PTI and ETI+PTI separately,
and studied the involvement of polyamines in the different layers of pathogen recognition. To
stimulate ETI response we used homozygous a// transgenic line, that produces a strong
avrRpm - RPM1 dependent response in the presence of 3-estradiol (ED) (Tornero et al., 2002).
From this perspective, Arabidopsis wild type Col-0 and all transgenic line were vacuum
infiltrated with B-estradiol (10 uM), flg22 (100 nM), Put (100 uM) and mock (distilled H»0)
and electrolyte leakage was monitored over time at 0 h, 1 h, 2 h, 4 h, 8 h, 16 h, 24 h and 48 h

after treatment (Figure 25).

In ETI response induced by B-estradiol, a// plants exhibited strong ion leakage compared to
the control (Figure 25-A, B). A clear induction of membrane damage was notably found after
8 h (Figure 25-B). Conversely, ion leakage in a// plants treated with Put did not significantly
change (Figure 25-D). This result was also evidenced in the wild type (Figure 25-C). Although
exogenous application of Put stimulated a defense response similar to PTI (Liu et al., 2019),
the data also indicated that cell death is not a part of Put- triggered PTI response, in agreement

with Liu et al. (2019).
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Figure 25. Involvement of Polyamines in cell death during plant defense responses. Four-weeks old Arabidopsis wild type
and al] transgenic line were vacuum infiltrated with p-estradiol (10 pM), flg22 (10 nM), Put (100 uM) and mock (distilled
H,0). Cell death was measured at 0 h,1 h, 2 h, 4 h, 8 h, 16 h, 24 h and 48 h post- infiltration by electrolyte leakage. Results are
the mean of three biological replicates + SD (standard deviation).

It is well known that recognition of the peptide flagellin 22 (flg22) results in PTI activation
(Felix et al., 1999). To study the role of Put during PTI, we treated wild type Col-0 and all
plants with flg22+Put and analyzed ion leakage during HR (Figure 25-E, F). We observed that
ion leakage was increased after 8 h in a// plants in response to flg22+ Put (Figure 25-F),
similar to the control (Figure 25-E). This increase might be induced by the high production of
ROS due to flg22-triggered RBOHD activity (Torres et al., 2002, 2005). Regarding to our
previous study (Figures 14 and 16), which indicated that co-function of ETI+PTI boosts plant
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immunity in a favor of Put accumulation, we performed the analysis to investigate HR response
triggered by ETI+PTI. We did so by vacuum infiltration of a// plants with Put, flg22 and B-
estradiol and determination of ion leakage over the same period (Figure 25-H). Ion leakage
was increased significantly after co-infiltration of Put+flg22+ f-estradiol and exhibited a
kinetics response seemingly stronger than Put+ flg22 infiltration. Moreover, a clear induction
of membrane damage was observed after 4 h, that is an earlier response compared to the control
(Figure 25-G). Further, we quantified cell death induction in response to ETI and exogenous
application of Put (Figure 25-I). Compared to mock or estradiol induction (Figure 25-B) the
induction of cell death was quicker and increased markedly after 8 h in response to ETI+Put.
This result suggested that Put modifies cell death kinetics to an earlier, but not stronger, ETI
response. Overall, Put treatment led to an earlier PTI and ETI response. We further examined
cell death in response to Put and Spm in SA-defense signaling mutants. In this regard, we
vacuum infiltrated sid2-1, pad4, edsi-2 and npri-1 mutants with 100 uM of Put, Spm and
mock (distilled H>O). Electrolyte leakage was monitored over time at O h, 1 h, 2 h,4 h, 8 h, 16
h, 24 h and 48 h post- treatment (Figure 26).
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Figure 26. Involvement of Polyamines in Cell Death. Four-weeks old Arabidopsis loss-of-function mutants, sid2-1, pad4,
eds1-2 and npr-1-1 were infiltrated with 100 uM Put, Spm and mock (distilled H»0). Cell death was measured at 0 h,1 h, 2 h,
4 h, 8 h, 16 h, 24 h and 48 h after infiltration by electrolyte leakage assay. Results are means of three biological replicates +
SD (standard deviation). wild type Col-0 (21-A), eds1-2 (21-B), nprl-1 (21-C), sid2-1 (21-D).
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Although, Put treatment in wild type plants did not induce cell death (Figures 25-C, 26-A),
exogenous application of Spm stimulated cell death indicated by increment of ion leakage
(Figure 26, A). In the wild-type, cell death induced by Spm was observed as early as 1 h post-
infiltration. However, more evident cell death was noted after 8 h. In eds -2 and sid2-1 mutants
the cell death was induced by Spm infiltration (Figure 26-B, D), even so, this response was
not evidenced in Put treatment. These results indicated that exogenous applied Spm provokes
cell death independently of EDSI and SA in Arabidopsis. Overall, these data evidenced the
role of Spm inducing HR (Sagor et al., 2009), which might be related to Spm catabolism and
PAOs activity (Yoda et al., 2003).

1.8 Involvement of Spermine in the defense response

Activation of HR by exogenous Spm led us to analyze its potential role in the response to biotic
stress. In this regard, we first monitored cell death induced by Spm and its structural isomer
tSPM at different concentrations (100 uM and 500 uM) by trypan blue staining at 24 h after
treatment (Figure 27).

Mock 100 puM 500 puM

Spm

Figure 27. Cell death in response to Spm and t-Spm. Trypan blue staining of 4 weeks-old Arabidopsis wild- type Col-0
infiltrated by Spm and t-Spm (100 pM and 500 uM) and mock (HPLC H,0). Samples were harvested at 24 h after treatment.

One-day post infiltration, wild-type leaves treated with 100 uM Spm and t-Spm exhibited cell
death (Figure 27), although this response was more clearly evident at 500 uM Spm.
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Application of t-Spm, induced less cell death than Spm at the higher concentration, and no
clear differences were found between 100 uM and 500 uM t-Spm. These data demonstrated
that the optimal concentration of Spm to induce cell death was 500 uM and we used this

concentration for further experiments.

1.8.1 Polyamine metabolism in spms and acl5 in response to Pst DC3000

To study the potential contribution of Spm metabolism to bacterial disease resistance, we
challenged Arabidopsis wild-type, spms and acl5 loss-of-function mutants with Pst DC3000
and quantified polyamine levels at 0 h, 24 h and 72 h post-treatment (Figure 28).
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Figure 28. Polyamines level in response to Pst DC3000 Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 3 weeks-old, soil-grown Arabidopsis wild-type Col-0 and spms and acl5 loss-of-function mutants sprayed by Pst
DC3000 (ODggo: 0.1) and mock (10 mM MgCL,+ Silwet L-77). Samples were harvested at 0 h, 24 h and 72 h after treatment
for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that
are significantly different according to Student-Newman—Keuls test at P value <0.05.

Similar to our previous results in Figure 18, accumulation of Put in wild type in response to
Pst DC3000 was also evidenced here (Figure 28). Interestingly, in spms and ac/5 mutants,
higher Put accumulation was detected in response to Pst DC3000 compared to the wild type.
Put content increased significantly (between 4.5- to 11- fold) in acl5 and spms mutant at 24 h
and 72 h after treatment (Figure 28). Nevertheless, total Put levels were similar in either
genotype at 72 h post-inoculation and about 1.8-fold higher than the wild-type. These results
indicated that Put accumulates more in spms and acl/5 loss-of-function mutants in response to
Pst DC3000. The data might suggest the occurrence of a Put to Spm canalization in response
to Pst DC3000, which is impaired in spms or acl5 mutants. Alternatively, the higher Put levels
might be related to increased susceptibility, considering Put as a marker of stress. Spd levels
were slightly and transiently increased at 24 h post-inoculation in spms and ac/5 mutants,
although their levels did not increase after 72 h of treatment (Figure 28). acl5 mutants
exhibited very small increment of Spm level at 72 h post-inoculation with Pst DC3000. As
expected, no remarkable change was evidenced in Spm content of spms mutants compared to
mock (Figure 28). Noteworthy to mention that defense response to Pst DC3000 is
accompanied by Put accumulation and Spd depletion in wild type plants (Figures 18, 28), and
this response seems to be related to bacterial dilutions. The data demonstrated that Ps¢t DC3000
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mainly leads to changes in Put, however, and this response is stronger in spms and ac/5 mutants.
Conversely, Spd does not accumulate, even though it is the direct substrate of SPMS and ACL5
enzymes. The possibility of Spd oxidation cannot be excluded. In order to investigate whether

Spd oxidation occurred, we analyzed the levels of 1,3-diaminopropane (DAP) (Figure 29).
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Figure 29. 1,3-diaminopropane (DAP) level in response to Pst DC3000. Three weeks-old, soil-grown Arabidopsis wild-
type Col-0 and spms and acl5 loss-of-function mutants sprayed by Pst DC3000 (ODggo: 0.1) and mock (10 mM MgCLy+
Silwet L-77). Samples were harvested at 0 h, 24 h and 72 h after treatment for polyamine analyses. Results are mean of three
biological replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student—
Newman—Keuls test at P value <0.05.

Consistent with its Spm accumulation, DAP also accumulated up to 3.2-fold in ac/5 mutant
inoculated with Pst DC3000. However, the detection of DAP was very variable between
replicates. Hence, a Put to Spd/Spm metabolic flow seems to occur in ac/5 which is not so
evident in the wild-type or spms mutant (Put to Spd metabolic flow, in this case). The increases
in Spm levels may be buffered by the oxidation of Spm or its precursor, although this question
still remains to be determined what causes the metabolic imbalance of acl5 in response to Pst

DC3000.

1.8.2 Disease resistance to P. syringae pv. tomato DC3000 in spms and
acl5

In order to determine whether the deficiency in Spm or t-Spm affects bacterial disease

resistance, we performed pathoassays in Arabidopsis wild-type plants, spms and ac/5 mutants

infiltrated with Pst DC3000.
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Figure 30. Macroscopic symptoms in response to Pst DC3000. Arabidopsis wild-type and spms and acl5 loss-of-function
mutants after infiltration with Pst DC3000 (ODggo: 0.001) at 72 h post inoculation.

As shown in Figure 31, no statistically significant differences were detected in the growth of
Pst DC3000 in spms and acl5 loss-of-function mutants compared to wild type. As expected,
the eds! mutant enabled higher bacteria growth (Bhandari et al., 2018). We concluded that,
although Spm plays a critical role in response to abiotic stresses such as high salinity and
drought (Kusano et al., 2007), disease resistance in response to hemi-biotrophic bacteria Pst

DC3000 does not seem to be strikingly affected by Spm-deficiency.
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Figure 31. Growth of Pst DC3000 on spms and acl5 mutants. Growth of Pseudomonas syringae pv. tomato DC3000 in
Arabidopsis wild-type and spms and acl5 loss-of-function mutants. Four-week-old plants were infiltrated with Pst DC3000
(ODgpo: 0.001). Bacterial counting was performed at 3 days post-inoculation. Results are the mean of five replicates + SD
(standard deviation). Asterisks indicate values that are significantly different according to T-test P value <0.05.
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1.8.3 Involvement of Spm in the systemic response

Local defenses trigger systemic responses leading to Systemic- Acquired Resistance (SAR) ,
which establishment is tightly dependent on SA and other defense-related metabolites (Q. M.
Gao et al., 2015; Wildermuth et al., 2002). Liu et al., 2019 reported the contribution of Put in
the establishment of SAR. To investigate the potential participation of Spm on SAR
establishment, we pre-infiltrated local (1°) leaves of the wild-type Col-0 and sid2-1, pad4,
eds1-2 and npri-1 mutants with 500 uM Spm and mock (H20O). After 24 h, systemic (2°) leaves

were inoculated with Pst DC3000 and bacterial titers analyzed at 72 h.

Figure 32. Macroscopic symptoms in response to Pseudomonas syringae pv. tomato DC3000. Arabidopsis wild-type and
sid2-1, pad4, eds1-2 and nprl-1 mutants pre-infiltrated with Spm 500 uM and mock (H,O), and after 24 h were inoculated
with Pst DC3000 (ODgoo: 0.001).

Spm pre-treatment did not inhibit growth of Pst DC3000 in 2° leaves of wild type compared
to mock inoculated plants (Figure 33). This result indicated that Spm treatment does not
initiate defense response leading to SAR establishment. Moreover, no significant resistance
was observed in sid2-1, pad4 and nprI-1 mutants in comparison with mocks after pre-treatment
of Spm. However, these loss-of-function mutants exhibited more susceptibility in response to
pathogen inoculation compared to the wild-type, which is consistent with the requirement of

SA during defense response.
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Figure 33. Analysis of Spm contribution in SAR response in SA pathway. Four-week-old soil-grown Arabidopsis wild-type
and sid2-1, pad4, eds1-2 and npri-1 mutants pre-treated in 1° leaves with Spm 500 uM. At 24 h post-infiltration, 2° leaves
inoculated with Pst DC3000 (ODgoo: 0.001). Bacterial counting was performed at 3 days post-inoculation. Results are the mean
of five replicates + SD (standard deviation). Letters indicate values that are significantly different according to Student—
Newman—Keuls test at P value <0.05.

1.8.4 Spm-deficient mutants in response to abiotic stress

Protective roles of plant polyamines in response to abiotic stresses are well reviewed (Alcazar
et al., 2020). Given that Spm and t-Spm triggered cell death when infiltrated in leaves, we
wondered whether abiotic stresses leading to cell death would be attenuated in spms or acl5
mutant. For this, we exposed spms and ac/5 mutants to different NaCl concentrations and

determined cell death by trypan blue staining (Figure 34).

Sporadic cell death was observed in the wild type, spms and acl5 seedlings grown in MS media
+ 100 mM NaCl. At 150 mM NaCl, stronger cell death was detected in the spms mutant,
whereas ac/5 and wild type did not show differences between them, or with the 100 mM NaCl
treatment. These data are in agreement with a protective role for Spm during salinity stress.
Huh et al. (2002) suggested that salt-triggered PCD is associated with ion disequilibrium,
which is mainly controlled through Ca?-dependent signaling pathway (Huh et al., 2002). Here
we report that high concentrations of Spm lead to cell death, whereas its absence also enhances
cell death during salinity. A dual role for Spm is envisaged: ROS scavenger at low dosages

(physiological concentrations) and ROS producer at higher dosages.
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Figure 34.  Analysis of cell death initiated by different concentration of NaCl. Arabidopsis wild type and spms and acl5
seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media. 7-days-old seedlings were moved to new
MS media supplemented with NaCl (0. mM, 100 mM, 150 mM). Samples were harvested once phenotypic symptoms revealed
for cell death detection by trypan blue staining assay.
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2. Identification of new genes regulating Polyamine metabolism by
GWAS mapping

2.1 GWAS mapping of polyamine levels under basal conditions

Genome-Wide Association Study (GWAS) identifies genetic variation associated with specific
traits and represents a powerful tool to dissect a vast variety of complex traits (Huang et al.,
2011). This technology enabled scientists to reveal new genes involved in plant development
such as growth, flowering time and plant defense responses (Gonzalez et al., 2020; Kooke et
al., 2016). In the current study GWAS was applied to Arabidopsis thaliana to identify new

genes modulating polyamine metabolism.

Figure 35. Geographic distribution of Arabidopsis thaliana natural accessions used in this study.

A GWAS analysis previously performed in our lab used 204 Arabidopsis natural accessions
from worldwide (Figure 35), with some overrepresentation of Central European and North
European accessions, but with limited population structure. Polyamine levels were determined
under non-stressed basal conditions at 14-16° C, which is the average temperature of
Arabidopsis populations in the wild. The quantitative traits were used for GWAS mapping
using the accelerated mixed model (AMM) (Figure 36).
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Table 12. List of top-associated genes with polyamine levels variation identified by GWAS analysis

Gene Description Chromosome
At4g26420 GAMT1 Gibberellin methyltransferase 1 4
At4g26460 _ S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 4
At4g26600 _ S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 4
At4g26730 _ S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 4
At4g23590 _ Tyrosine transaminase family protein 4

The analysis of data obtained from GWAS, allowed us to identify genes associated with free

Put and Spm contents (Table 12). A cluster of SAM-dependent methyltransferases on

chromosome 4 and the ACC-synthase At4g23590 were found associated with the variation of

Put and Spm levels, respectively (Figure 36).

SAM is a universal methyl donor. When decarboxylated by SAM decarboxylases, dcSAM can

only be used for polyamine (Spd and Spm) biosynthesis. SAM is also substrate for ethylene

biosynthesis via ACC synthase. Competition for SAM in ethylene and polyamine biosynthesis

has been a subject of debate in the last decades.
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Figure 36.

Manbhattan plot of GWAS results for polyamine levels. The SNPs with significant differences (higher than the
established threshold — logP > 5) were selected. Some SNPs which placed within the genes marked by arrows.
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Our finding that Put and Spm levels are directly or indirectly modulated by SAM metabolism,
prompted us to investigate the SAM-polyamines-ethylene interrelationship. For this, we
selected a number of mutants impaired in either SAM biosynthesis (SAM synthases), as well

as SAMDC, ethylene and SAM-methyltransferase mutants shown in (Figure 37).

2.2 Isolation of homozygous SAM synthase mutants

Mutants were ordered from the Nottingham Arabidopsis Stock Center (NASC, UK) (see
material and methods, Table 6). All the mutants contained T-DNA insertion expected to disrupt
the gene expression. In order to gain insight into the SAM pathway and its contribution to
polyamine biosynthesis, primary we checked the homozygosity of mutants by antibiotic
screening (MS medium+ kanamycin 50 pg/ml) and PCR method. The list of the homozygous
mutants and their location in the SAM pathway is shown in Figure 37 (For more information

see material and method).

SAM-dependent methyltransferases

At1g63855 (N2011935, N2011602)
Atdg26420 GAMT1 (N659188, N677684)
Atdg26460 (N542506, N656413, N657887)
Atdg26600 (N671936, N686434)
At4g26730 (N537987, N695454)

03, etol-1, ctrl
Methionine SAM synthase SAM — 2o Ethylene

At1g02500 AtSAM1 (N662619, N672705) |  At3g02470 SAMDCI (N520362, N531967)
Atdg01850 AtSAM2 (N676306) At5915950 SAMDC2 (N542743)

At2936880 MAT3 (N519375, N631793) At3925570 SAMDC3 (none available)
At3917390 MAT4 (N658683, N511935) At5g18930 SAMDC4 (N2046765-N2046776)

Spd
Spm

Figure 37. S-adenosylmethionine (SAM) pathway in Arabidopsis thaliana. The enzymic function of SAMDC, results in
dcSAM that is the main aminopropyl group donor, which is exclusively used in higher polyamines (Spd and Spm) production.
SAM is also a substrate for ethylene biosynthesis.
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2.3 Polyamine levels in SAM synthase mutants

SAM is synthetized from methionine and ATP by the action of SAM synthase (SAMS). As an
important metabolite, SAM participates in essential metabolic pathways in plants by entering
in polyamines and ethylene biosynthesis (Sauter et al., 2013), and plays a critical role in
response to environmental stresses (Jang et al., 2012; Roje, 2006). Therefore, tight regulation
of its metabolism is required for plant development and stress responses.

To have new insight into SAMS function in Arabidopsis and to identify whether polyamine
levels of SAM synthase mutants show any difference under basal conditions, polyamine levels
were determined in the mutants N672705, N662619 (At1g02500/ SAMI gene), N676306
(At4g01850/ SAM?2 gene), N519375, N631793 (At2g36880/ MAT3 gene), N511935 and
N658683 (At3g17390/ MAT4 gene). (Figure 38).
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Figure 38. Basal polyamine levels of SAM synthase mutants. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 20-day-old Arabidopsis wild type Col-0 and SAM synthase loss-of-function mutants in basal condition. Seedlings
were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media. Samples were harvested and grinded with TissueLyser
for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that
are significantly different according to Student-Newman—Keuls test at P value <0.05.

Under non-stress conditions, the levels of Put did not exhibit significant (<2-fold) changes in
saml (N662619- N672705), sam2 (N676306) and mat4 (N511935- N658683) compared to the
wild type (Figure 38), however, a slight reduction of Put content was observed in mat3
(N631793) mutant. The basal level of Spd and Spm did not show any difference in all the SAM
synthase mutants compared to the wild type (Figure 38). Even though the contribution of
SAMS to polyamine metabolism is demonstrated in response to several environmental stresses
(Gong et al., 2014; Z. Guo et al., 2014; Heidari et al., 2020; Ma et al., 2017; Y. C. Qi et al.,
2010), our data indicated that compromised SAM synthetase does not affect polyamine

metabolism under non-stress condition.

2.4.1 Polyamine levels in SAMDC mutants

SAMDC a key enzyme in SAM cycle, is coded by multigene family and mainly function in
response to plant stresses. Overexpression of SAMDC genes increase resistance to several
(a)biotic stresses in Arabidopsis, tomato and rice (Hazarika & Rajam, 2011; Marco et al., 2014;

Roy & Wu, 2002; Wi et al., 2014). To further investigate SAMDC genes family function in
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polyamine metabolism, we quantified the basal polyamine levels in SAMDC loss-of-function
mutants (Figure 39).

Under basal conditions, polyamine metabolism did not show remarkable changes in SAMDC
loss-of-function mutants compared to the wild type. However, small increments of Put and Spd
contents (1.2- fold) were evidenced in samdcl, samdc?2 and samdc4 mutants (Figure 39).
These results determined that under non-stress conditions, SAMDC genes seem redundant and

single loss-of-function mutations do not affect polyamine metabolism significantly.
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Figure 39. Basal polyamine levels of SAMDC mutants. Levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) in 20-day-old Arabidopsis wild type Col-0 and SAMDC loss-of-function mutants under basal conditions. Seedlings
were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media. Samples were harvested and dried with TissueLyser
for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that
are significantly different according to Student-Newman—Keuls test at P value <0.05.

2.4.2 Contribution of SAMDC genes to biotic stress in Arabidopsis

Up-regulation of SAMDCs in response to several abiotic stresses has been reported. Here we
studied their contribution to polyamine biosynthesis in response to pathogens. For this we
inoculated Arabidopsis wild type plants and samdc loss-of-function mutants with Pst DC3000

and determined polyamine levels at 0 h and 72 h post-inoculation (Figure 40).
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Figure 40. Polyamine levels in samdcl, samdc2, mat3 and mat4 mutants in response to Pst DC3000. Levels of free putrescine
(Put), spermidine (Spd) and spermine (Spm) in 15-day-old Arabidopsis wild-type Col-0 and SAMDC loss-of-function mutants
inoculated with Pst DC3000. Seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media and inoculated
by spraying with Pst DC3000 (ODggo: 0.01) and mock (10 mM MgCl,). Samples were harvested at 0 and 72 h post- treatment
for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation). Letters indicate values that
are significantly different according to Student-Newman—Keuls test at P value <0.05.

Three-days post inoculation Put accumulated significantly in wild type plants and samdc

mutants in response to Pst DC3000 (Figure 40). Conversely, slight reduction of Spd level was
observed in samdcl (N531967) and samdc2 (N542743) mutants similar to the wild type

(Figure 40).

Although, this result was not evidenced in samdcl (N520362) and samdc4
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(N2046773). The Spm level did not exhibit remarkable changes, except for samdc4
(N2046773), that Spm content enhanced at 72h post inoculation (Figure 40). These data
indicated that defense response triggered by Pst DC3000, results in Put accumulation and Spd
reduction in wild type plants (section I, Figure 18). According to our previous results in section
I, Put accumulates in response to hemi-biotrophic pathogens, whereas Spd and Spm levels do
not increase. Several studies indicate that an increase in SAMDC activity leads to enhanced
level of Spd (Pedros et al., 1999; Thu-Hang et al., 2002). Moreover, it has been demonstrated
that Spd synthesis is mainly regulated by SAMDC rather than SPDS (Franceschetti et al., 2004;
Gomez-Jimenez et al., 2010).

Altogether, this data indicated that SAMDC expression may not be required for polyamines
metabolism in response to Pst DC3000, however, overexpression of SAMDCs increased
resistance in response to fungal (Hazarika & Rajam, 2011) and bacterial pathogen (Marco et
al., 2014). Moreover, it seems that defense response triggered by Pst DC3000 manipulates
polyamine metabolism in favor of Put accumulation, which reinforces the view that Spd and
Spm metabolism is tightly regulated.

We further analyzed 1,3-diaminopropane (DAP) content after Pst DC3000 inoculation (Figure
41) as proxy for polyamine oxidation in SAMDC mutants.
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Figure 41.  1,3-diaminopropane (DAP) level in response to Pst DC3000. Level of DAP in 15-day-old, Arabidopsis wild-
type Col-0 and SAMDC loss-of-function treatment for polyamine analyses. Results are mean of three biological replicates +
SD (standard deviation). Letters indicate values that are significantly different according to Student-Newman—Keuls test at P
value <0.05.
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At 72h post- inoculation with Pst DC3000, samdc loss-of-function mutants accumulated DAP
similar to the wild type (Figure 41). The data indicates that Spd or Spm oxidation is not
significantly different between samdc mutants and the wild type. Thus, absence of Spd/Spm
changes in response to Pst DC3000 in samdc mutants are not due to differences in catabolism.
Overall, the data indicates a high level of redundancy between SAMDC members in pathogen

responsces.

2.4.3 Pst DC3000 pathoassays in samdc mutants

According to previous studies, down-regulation of SAMDC genes family reduces the tolerance
to abiotic stresses (Chen et al., 2014; Panagiotis N Moschou et al., 2008). To investigate
whether mutation in samdc would influence Arabidopsis tolerance to hemi-biotrophic
pathogens, we inoculated wild type Col-0 and samdc loss-of-function mutants with Pst

DC3000 and determined bacteria growth at 3h and 72h post inoculation (Figure 42).
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Figure 42.  Growth of Pseudomonas syringae pv. tomato DC3000 on Arabidopsis wild type Col-0 and SAMDC loss-of-
function mutants. Four-week-old plants were spray inoculated with Pst DC3000 (ODgoo: 0.2). Bacterial counting was
performed at 3h and 72h post inoculation. Results are the mean of five replicates = SD (standard deviation). Letters indicate
values that are significantly different according to Student-Newman—Keuls test at P value <0.05. Pictures were captured at
72h post-inoculation.
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As shown in Figure 42, at 72h after inoculation with Pst DC3000, no differences were detected
in bacterial growth in samdc mutants compared to the wild type. This result indicated that
defense response activated by Pst DC3000 is not compromised by SAMDC dysfunction. Even
though overexpression of SAMDC enhances tolerance to the biotic stress induced by Fusarium
oxysporum and Alternaria solani in tomato (Hazarika & Rajam, 2011) and Pseudomonas
syringae and Hyaloperonospora arabidopsidis in Arabidopsis (Marco et al., 2014), SAMDC
dysfunction does affect resistance in response to Pst DC3000. The absence of polyamine
differences between wild-type and samdc mutants inoculated with Pst DC3000 are in

agreement with these results.

2.5 Polyamine-ethylene interrelationship

2.5.1 Polyamine levels in eto1, eto3, and ctrl mutants

In addition to the role of SAM in the biosynthesis of higher polyamines, it also acts as a
substrate for ethylene biosynthesis through enzymatic activity of ACS (1-aminocyclopropane-
I-carboxylic acid synthase) (Harpaz-Saad et al., 2012), which suggest a cross talk between
ethylene and polyamine biosynthesis. Several studies revealed the inhibitory effect of ethylene
in polyamine biosynthesis (Icekson et al., 1985; Roberts et al., 1984). Conversely, the
modulation of ethylene biosynthesis by polyamines has also been discussed (Hyodo & Tanaka,
1986; Li et al., 1992). In order to gain inside into the interrelationship between ethylene and
polyamines, we determined polyamine contents in ethylene overproducing mutants (eto/ and
eto3) and constitutive triple response (ctrl) under basal conditions (Figure 43) and in response

to Pst DC3000 (Figure 44).
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Figure 43. Basal polyamine levels of ethylene mutants. Levels of free putrescine (Put), spermidine (Spd) and spermine (Spm)
in 20-day-old Arabidopsis wild type Col-0 and ethylene overproducing mutants (efol and eto3) and ctr/mutants in basal
condition. Seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media. Samples were harvested and
dried with TissueLyser for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation).
Letters indicate values that are significantly different according to Student-Newman—Keuls test at P value <0.05.

The basal level of Put did not exhibit significant changes in efo3 and ctr/ mutants. However,
etol mutant showed significant reduction in the basal Put level compared to the wild type
(Figure 43). In etol, eto3, and ctrl, the basal level of Spd did not show notable changes
compared to the wild type (Figure 43). The basal level of Spm remained unchanged in c#r/
and efo3 mutants, even so, a slight increase in Spm level (1.3- fold) was observed in etol
mutants (Figure 43). The elevation of ethylene biosynthesis in efo/ and efo3 mutants results
in the constitutive triple-response phenotype due to increased ACS activity (Woeste et al., 1999;
Zhong & Chang, 2012), which is the rate-limiting for ethylene biosynthesis. Previously it has

been reported that efol recessive mutation increases ethylene production up to 10-fold

96




Results

compared to the wild type, whereas, ethylene production enhanced 100-fold higher than the
wild type in efo3 (Kieber et al., 1993). The difference in Put content of efo/ and eto3 in non-
stress condition might resulted from their endogenous level of ethylene. Thus, high ethylene
biosynthesis is accompanied by high Put levels. The data argues against competition for SAM
between polyamine-ethylene biosynthesis. Rather, high ethylene levels may activate a stress

signaling response that leads to high Put levels.

2.5.3 Polyamine metabolism in ethylene overexpressor lines in response to
pathogen

Myriad studies revealed the contribution of ethylene in response to pathogen attack (Argueso
et al., 2007; Boller, 1991). Recognition of pathogen in plants induces ethylene biosynthesis as
an early event. For instance, HR-triggered by incompatible plant-pathogen interactions is
accompanied by a large burst of ethylene production (Van Loon et al., 2006). However, this
response varies depending on the plant-pathogen interaction. It is supposed that enhanced
ethylene production in response to pathogen contributes to stress depletion, although many
pathogens can produce ethylene and interrupt plant responses. In Arabidopsis, R gene
activation in response to Pst avrRpt2 induced ethylene biosynthesis, indicating the involvement
of ethylene in PTI and ETI (Guan et al., 2015). However, higher accumulation of ethylene was
observed in ETI response due to the suppression of ethylene induction by PTI.

To get more insight into polyamine metabolism during defense activation and to investigate
the role of ethylene in this regard, we tested Arabidopsis wild type Col-0 and etol, eto3 and
ctrl mutants with Pst DC3000 and quantified polyamine levels at Oh, 24h and 72h after

inoculation (Figure 44).
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Figure 44. Polyamine levels in ethylene mutants in response to Pst DC3000. Levels of free putrescine (Put), spermidine
(Spd) and spermine (Spm) in 15-day-old Arabidopsis wild-type Col-0 and ethylene overproducing mutants (etol and efo3)
and ctr/mutants treated with Psz DC3000. Seedlings were grown in vitro on a nylon mesh in 1/2 Murashige and Skoog media
and inoculated by spraying with Pst DC3000 (ODgoo: 0.01) and mock (10 mM MgCl,). Samples were harvested at 0, 24h and
72 h after treatment for polyamine analyses. Results are mean of three biological replicates + SD (standard deviation). Letters
indicate values that are significantly different according to Student-Newman—Keuls test at P value <0.05.

One-day post inoculation, Put accumulated between 2- to 2.5- fold higher in efo!, eto3, ctrl
and wild type in response to Pst DC3000 (Figure 44). However, significant increase in Put
content was evidenced at 72h after inoculation. The level of Put enhanced up to 6- fold in ctr/
mutants compared to mock inoculated plants (10 mM MgCly) (Figure 44). At 72h after
inoculation of efo/ and efo3 mutants with Pst DC3000, Put accumulated 4- fold higher
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compared to mocks (Figure 44). Three-day post inoculation, the slight decrease of Spd level
was observed in wild type in response to Pst DC3000, although this response was not evidenced
in etol, eto3 and ctrl mutants (Figure 44). In efol mutants, Spm level increased remarkably
at 72h post inoculation, the increment of Spm content was also observed in efo3 mutants but
not significant as eto/ (Figure 44). These results determined that in compatible interaction
between Arabidopsis and Pst DC3000, Put accumulates in etol, eto3 and ctrl mutants.
However, when disease progressed, the accumulated Put in eto/ and efo3 mutants was lower
compared to the wild type and ctrl (Figure 44). These data indicated that under stress
conditions, over production of ethylene might suppress the accumulation of Put and induces

biosynthesis of Spm.
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Figure 45. 1,3-diaminopropane (DAP) level in response to Pst DC3000. Level of DAP in 15-day-old, Arabidopsis wild-
type Col-0 and ethylene overproducing mutants (efo! and eto3) and ctrImutants sprayed by Pst DC3000 (ODggo: 0.01) and
mock (10 mM MgCL,). Samples were harvested at 0, 24h and 72h after treatment for polyamine analyses. Results are mean
of three biological replicates + SD (standard deviation). Letters indicate values that are significantly different according to
Student-Newman—Keuls test at P value <0.05.

Further, we analyzed the level of 1,3 DAP in efol, eto3 and ctrl mutants in response to Pst
DC3000 to study oxidation of polyamines in these mutants (Figure 45).

At 72h after inoculation with Pst DC3000, DAP accumulated up to 3- fold in efol, eto3 and
ctr] mutant and the wild type compared to mock inoculated plants (10 mM MgCl,) (Figure
45). Consistent with Spm accumulation in efo/ mutant, the DAP content was also increased

2.7- fold higher compared to mock (Figure 45). This result demonstrated that in response to
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hemi-biotrophic pathogen, ethylene over producer mutants (efo/ and eto3) accumulate Put,
however this response is lower compared to the wild type (Figure 45). In etol, Spm
accumulated significantly in response to Pst DC3000, although, increment of Spm in eto3 was
absent. As it mentioned above, efo3 produces 10- fold higher ethylene compared to etol

(Kieber et al., 1993). We suggest that over production of ethylene results in Spm accumulation.

2.5.3 How ethylene modulates plant response to pathogen attack?

In order to indicate the role of ethylene in Arabidopsis resistance to hemi-biotrophic bacteria,
we inoculated wild type, edsi-2, etol, eto3 and ctrl mutants with Pst DC3000 and bacterial

titer was measured at 3h and 72h after infection (Figure 46).
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Figure 46. Growth of Pseudomonas syringae pv. tomato DC3000 on Arabidopsis wild type Col-0 and ethylene
overproducing mutants (efo! and efo3) and ctrImutants. Four-week-old plants were spray inoculated with Ps¢ DC3000 (ODgoo:
0.2). Bacterial counting was performed at 3h and 72h post inoculation. Results are the mean of five replicates + SD (standard
deviation). Letters indicate values that are significantly different according to Student-Newman—Keuls test at P value <0.05.
Pictures were captured at 72h post-inoculation.

As shown in Figure 46, at 72h after inoculation, ethylene over production lead to higher
pathogen resistance in efo3 mutants, however, the growth of Pst DC3000 in eto/ did not show

notable change compared to the wild type. This difference might be resulted from endogenous
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level of ethylene in efol and efo3. Previously the positive role of ethylene in pathogen
resistance has been reported (Guan et al., 2015). The growth of Pst DC3000 was also limited
in ctrl mutants (Figure 46), which determined that ethylene biosynthesis and signaling play

role in defense response to hemi-biotrophic pathogen.
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The contribution of putrescine to different layers of plant immunity

Polyamines are small polycationic compounds with essential roles in plant growth and
development. The participation of polyamines in fundamental physiological processes of plants
has been studied in depth (Galston & Sawhney, 1990; Kusano et al., 2008; Martin-tanguy,
2001). In addition, contribution of polyamines in response to (a)biotic stresses has also been
reported (Alcazar et al., 2006; Alcazar, Altabella, et al., 2010; Jiménez-bremont et al., 2014).
Many studies have evidenced the alteration of polyamine metabolism in response to stress (Alet
et al., 2011; Takahashi, 2016).

Plants are continuously exposed to a vast variety of microbes, and to combat with, several
layers of immunity are utilized. Activation of PTI is initiated by recognition of Microbial- or
Pathogen Associated Molecular Patterns (MAMPs or PAMPs) such as flagellin by PRRs
(Zipfel & Felix, 2005). However, ETI is activated upon recognition of pathogen effectors by
polymorphic NB-LRR protein products encoded by Resistance (R) genes (Dangl & Jones,
2001). Its noteworthy to mention that PTI response can be disrupted by pathogen effectors,
which results in Effector-Triggered Susceptibility (ETS). Several works indicated that
activation of defense response is associated with remarkable changes in polyamines contents
and enzymatic activities involved in polyamine biosynthesis and oxidation (Romero et al.,
2018). Moreover, alteration in polyamine content can affect the hormonal balance to mediate
plant defense responses (Szalai et al., 2017) . In plant-pathogen interactions, salicylic acid (SA)
plays an important role mediating the defense response against biotrophic and hemi-biotrophic
pathogens (Herndndez et al., 2017). Despite of the fact that many studies uncovered the relation
of polyamines and SA during defense responses (Liu et al., 2020; Nagai et al., 2020; Pal et al.,
2011; Rossi et al., 2020), the contribution of SA signaling to polyamine triggered defense
responses is not fully understood. In this work we show that co-activation of PTI+ETI
(Hatsugai et al., 2017) triggered by Pst AvrRPM 1 and Pst AvrRPS4, stimulate Put accumulation
independently of SA-pathway (SID2, EDS1, PAD4 and NPRI) (Figures 14 and 16). This data
also suggests that diverse Avr proteins do not dampen polyamine metabolism during the
defense response.

The involvement of Put in the defense response to incompatible and compatible plant-pathogen
interactions has previously been documented. In the incompatible interaction between powdery
mildew fungus Blumeria graminis f. sp. hordei and barley, the increment of Put and Spd
content was evidenced (Walters et al., 1985). In another work, the incompatible interaction

between the fungus Fusarium graminearum and wheat resulted in enhanced level of Put
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(Gardiner et al., 2010; Rampersad, 2020). Remarkable changes in polyamine contents induced
by pathogen attack are associated with alteration of biosynthesis and oxidative enzymatic
activities. For instance, enhanced activity of ADC, ODC, PAO, DAO and SAMDC was
reported in response to powdery mildew fungus Blumeria graminis f. sp. hordei (Cowley &
Walters, 2002). Moreover, up-regulation of ADC, ODC and DAO activity was detected in
response to Tobacco mosaic virus (TMV) (Marini et al., 2001; Negrel et al., 1984). The
compatible interaction between Pseudomonas viridiflava and Arabidopsis resulted in Spm
accumulation (Gonzalez et al., 2011). More recently, Liu et al., 2019 revealed that the defense
response triggered by Pst DC3000 results in Put accumulation (Liu et al., 2019). We show that
activation defense by Pst DC3000 stimulates Put accumulation and Spd depletion
independently of SA (SID2, EDS1, PAD4 and NPRI) (Figure 18). Our data indicates that
accumulation of Put is not suppressed by type III effectors from Pst DC3000, which is
consistent with Liu et al., 2019. In addition, diminished level of Spd might be due to its
oxidation or back-conversion into Put. It has been reported that AvrBsT effector from
Xanthomonas campestris pv. vesicatoria, increases ADCI1 activity (Kim et al., 2013). This
result was also evidenced in ADC genes targeted by TALE-like effectors from the plant
pathogen Ralstonia solanacearum (Wu et al., 2019).

The Put accumulation triggered by Pst DC3000 prompted us to investigate which virulence
factors produced by Pst DC3000 induced this response. Interestingly, we found the partial
contribution of the phytotoxin coronatine to Put accumulation (Figure 20). Coronatine as a
multifunctional defense suppressor (Geng et al., 2012), can facilitate bacterial entry into the
host cell though opening PAMP-closed stomata (McLachlan et al., 2014), and DC3000 Cor—
mutant is significantly inhibited in bacterial virulence (Brooks et al., 2004).

To have an overall view of contribution of polyamines to plant immunity, we also employed
the autoimmunity concept. We demonstrate that upon temperature shift of Ler/Kas-2 NIL
plants to cold temperature (Alcazar & Parker, 2011), which leads to constitutive activation of
defense (ETI) in the absence of pathogens, Put accumulates (Figure 22). Autoimmunity in NIL
plants is triggered by TIR-NB-LRR proteins and requires SA signaling through EDS1 pathway
(Alcazar et al., 2009). We also examined mpk4 and sncl autoimmune mutants in response to
temperature shift, and we concluded that constitutive activation of defense in the absence of
pathogens results in different degrees of Put accumulation (Figure 22). Despite of the variation
in Put content in autoimmune hybrid lines and mutants, the reduction of Spm was evidenced

in all genotypes. In fact, lower levels of Spm were also observed under cold treatments (4 °C)
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in Arabidopsis wild type plants (Cuevas et al. 2008) and Thellungiella salsuginea (Lee et al.,
2012), which indicates that lower Spm is a response to low temperature.

Autoactivation of plant immunity enhances resistance in incompatible hybrid lines and
autoimmune mutants to virulent pathogens. Hybrid lines in Arabidopsis exhibited enhanced
resistant to the biotrophic oomycete pathogen Hyaloperonospora parasitica (Alcazar et al.,
2009). Li et al, demonstrated the increased resistance of sncl gain-of function mutants (Zhang
et al., 2003) to Pseudomonas syringae maculicola ES4326 (Li et al., 2001). Growth of Pst
DC3000 was also attenuated in mpk4 loss-of function mutants (Brodersen et al., 2006). In this
work we show that autoimmune activation (ETI) in NIL and cNIL hybrid lines amplifies
metabolic response to Pst AvrRpml in the favor of Put accumulation (Figure 24).
Autoimmunity is conditioned by temperature and air moisture (Alcazar & Parker, 2011).
However, the autoimmune phenotype can be reconstituted in vitro using a modified media with
lower ammonium (NHsNOs) (AtanasovEvgeniev, 2019). Nitrogen (N) as one of the main
nutrients in plants (Moschou et al., 2012), is commonly taken up as ammonium ions and nitrate
from the soil. Several studies indicate that, due to the participation of nitrogen in important
stress response metabolites, such as polyamines, its content affects plant productivity
(Moschou et al., 2012). Elevated level of polyamines results in N consumption, which indicates
the interaction between polyamines and N assimilation in stress responses (Paschalidis et al.,
2019). Our observation in Figure 24, suggests a competition between polyamines and
autoimmunity for nitrogen resources due to the lower Put content in NIL plants grown in media

with lower amount of ammonium in response to pathogens.

Putrescine treatment leads to an earlier cell death response

Hypersensitive response (HR), is a rapid localized cell death, mostly accompanied by disease
resistance (Mur et al., 2008). HR is initiated by a pathogen or metabolite, which leads to
electrolyte leakage, as a result of cell membrane damage. HR response is mostly initiated in
resistance-triggered by effectors. However, PTI response does not include HR (Balint-Kurti,
2019). Despite of ETI-triggered HR, other metabolites such as red maple hydroalcoholic
(RMEL) (Peghaire et al., 2020) and N-hydroxy-pipecolic acid (N-OH-Pip) (Chen et al., 2018)
are describe as HR inducers. Several studies indicated the polyamines contribution as a source

of H,0O during HR. For instance, in response to Tobacco mosaic virus (TMV), production of
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H>O> through polyamines oxidation in apoplast, results in HR in tobacco (Nicotiana tabacum)
leaves (Yoda et al., 2003). Moreover, the key role of polyamines oxidation to initiate oxidative
burst has been discussed (Yoda et al., 2006). It has also been reported that lowering PAO
activity suppresses H>O» production and HR (Yoda et al., 2009). In ETI stimulated by B-
estradiol in a/ ! plants, a clear induction of cell death was evidenced (Figure 25-B). However,
Put did not stimulate cell death (Figure 25-C and 25-D). Previously, Liu et al reported that
exogenous Put application triggers callose deposition and increased expression of PTI related
genes, with no induction of cell death (Liu et al., 2019). Other work also reported that Put
treatment in Arabidopsis and rice (Oryza sativa) leaves do not trigger cell death (Yoda et al.,
2009), which is an agreement with our data.

During PTI activation, a rapid burst of reactive oxygen species (ROS) occurs through NADPH
oxidase (Averyanov, 2009; Lee et al., 2020), which in plants is also termed as respiratory
oxidase homologs (RBOHs). The generation of ROS during the PTI response is initiated by
RBOHD activity after PAMP recognition (Miller et al., 2009). The cell death increment
observed in our result might be induced by the high production of ROS independently of
RBOHD activity (Torres et al., 2002, 2005).

Previously, we observed that co-activation of ETI+PTI favors Put accumulation (Figures 14
and 16). Interestingly, this stronger response is accompanied by an earlier and stronger
induction of cell death (Figure 25-H). We also observed that exogenous application of Put
likely promotes cell death (Figure 25-I).

Spermine and defense response

Yoda et al, reported that exogenous application of Spm in Arabidopsis and rice stimulates HR
(Yoda et al., 2009). Furthermore, the role of Spm as a signaling molecule in defense response
triggered by TMV and its contribution to trigger cell death has been proposed (Sagor et al.,
2009). The relationship between HR and Spm was examined by Yoda et al mainly in tobacco,
which demonstrates that polyamines oxidae activity results in hydrogen peroxide production
in the apoplast, and this catalytic activity is substrate dependent (Yoda et al., 2003).
Noteworthy to mention that apoplastic polyamine oxidases have more affinity for Spm than
Spd. Here we show that exogenously applied Spm to Arabidopsis elicits cell death
independently of DS/ and SA (Figure 26).
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HR-triggered by Pst DC3000 AvrRpm 1, AvrRpt2 and AvrRps4 was evidenced in sid2 and eds5
mutants (Dewdney et al., 2000; Nawrath & Métraux, 1999), which indicates that not all HR is
SA dependent. Recently, a negative regulatory of SA in triggering cell death during ETI has
Acquired Resistance (SAR) (Gao et al., 2015; Zhang et al., 2010). Recently, the contribution
of Put to SAR has been reported (Liu et al., 2020). The role of Spm in plant defense against
pathogens is mainly unveiled by utilizing spms mutant. For instance, infection of Arabidopsis
plants with Pseudomonas viridiflava, results in Spm accumulation (Gonzalez et al., 2011;
Marina et al., 2008). In addition, transgenic plants with overexpressing the SPMS gene
exhibited more resistance to P. viridiflava. However, higher susceptibility was also evidenced
in spms mutant (Gonzalez et al., 2011). In this regard, we found no evident enhanced
susceptibility of spms and acl5 mutants to Pst DC3000 infiltration (Figure 31).

Important to mention that infection of Arabidopsis with P. viridiflava results in Spm
accumulation. In response to Pst DC3000, Arabidopsis wild type Col-0 exhibited Put rather
than Spm accumulation (Figure 28). Remarkable changes in Put content were also evidenced
in spms and acl5 mutants (Figure 28). The accumulation of precursor (Put) in spms and ac/5
suggests the main contribution of SPMS and ACLS5 to convert Spd to Spm and/or t-Spm during
defense. With our observation, we suggest the possibility of a Put to Spm canalization in
response to Pst DC3000.

Such canalization has been shown in response to drought stress (Alcazar et al., 2011). The lack
of Spd accumulation in response to Pst DC3000 might be due to terminal oxidation of Spd
(Figure 29).

In addition to biotic stresses, the involvement of Spm in abiotic responses has been studied.
Arabidopsis plants with enhanced levels of Spm, exhibit higher tolerance to salt and drought
stresses (Marco et al., 2011, 2019). The Spm-deficient mutants show hypersensitivity in
response to salt treatment. However, this phenotype is rescued by exogenous application of
Spm (Yamaguchi et al., 2006). Earlier, Huh et al., 2002 revealed that salt stress triggers PCD
in Arabidopsis roots resulted by ion disequilibrium (Huh et al., 2002), and suppression of PCD,
as an plant defensive response, diminishes salt tolerance in Arabidopsis (Bahieldin et al., 2016).
This work is in agreement with a protective role of Spm during the salt stress response, which
demonstrated by cell death triggered in spms mutant in response to salinity (Figure 34).
According to our observation, (i) the absence of Spm enhances cell death during salinity

(Figure 34), whilst (i1) high concentration of Spm triggers cell death (Figure 27). We suggest
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a dual role for Spm, ROS scavenger at low dosages (physiological concentrations) and ROS

producer at higher dosages.

New genes modulating polyamine metabolism

The study of natural variation has allowed to determine the genetics of plant developmental
processes (Alonso-Blanco et al., 2009). Natural variation has been used to study secondary
metabolism (Kliebenstein, 2009), plant development (Alonso-Blanco et al., 2005), pathogen
resistance (Holub, 2007) and other quantitative traits. Here we used GWAS mapping in 204
Arabidopsis natural accessions to identify new genes involved in polyamine homeostasis.
GWAS mapping identified a cluster of SAM- dependent methyltransferases (Table 12), which
indicates a possible role for SAM metabolism in modulation of polyamine content. SAM as an
essential molecule and universal methyl donor, also participates in metabolism pathways in
plants, like the biosynthesis of polyamines, ethylene and nicotianamine (Sauter et al., 2013).
The competition for SAM as a common substrate for ethylene and polyamine biosynthesis is a
matter of controversy in the last decades. SAM is synthesized from methionine and ATP by
the enzymic activity of SAMS (Binet et al., 2011). The involvement of SAMS gene family in
several metabolic pathways such as ethylene, polyamines and plant cell signaling is
demonstrated (Chen et al., 2016; Roje, 2006; Wang et al., 2016). However, the expression
pattern of SAMS genes family varies in response to biotic and abiotic stresses. Enhanced
expression level of tomato SAMS genes was evidenced in response to salinity (Sanchez-Aguayo
et al., 2004). Soybean SAMS genes were downregulated in response to drought and flooding
stresses (Wang et al., 2016). Moreover, a positive correlation among SAMDC and SAMS
activity in response to abiotic stress was suggested. For instance, in response to cold stress,
alfalfa (Medicago sativa) exhibited an association between SAMI gene expression and
polyamine levels (Guo et al., 2014). Overexpression of SAMS gene in transgenic tobacco
plants, enhanced SAMDC expression in response to salinity (Y. C. Qi et al., 2010). Despite of
the SAMS contribution to polyamine metabolism in response to several stresses, we show that
under non-stress conditions, compromised SAM synthetase does not modify polyamine
metabolism (Figure 38).

Earlier studies showed that genes involved in SAM pathways (Figure 37) also play a critical
role in stress responses. Among them, SAMDC is a key enzyme for higher polyamines

synthesis. Downregulation of SAMDC in tobacco negatively affected salt stress tolerance
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(Moschou et al., 2008). In contrary, SAMDC overexpression enhanced resistance to salinity (Ji
et al., 2019). We provide evidence that under non-stress conditions, single SAMDC loss-of-
function mutations do not affect polyamine metabolism, which suggests the occurrence of
redundancy (Figure 39).

A positive role for SAMDC in biotic responses is also documented. Marco et al., 2014
demonstrated that SAMDC1 overexpression enhanced Arabidopsis resistance to Pseudomonas
syringae and Hyaloperonospora arabidopsidis (Marco et al., 2014). The effect of SAMDC
overexpression in resistance of Arabidopsis plants to powdery mildew caused by Podosphaera
xanthii (P. xanthii) was also reported (Liu et al., 2014). Interestingly, our data indicates that
SAMDCI expression is not required for polyamine metabolism in response to hemi-biotrophic
Pst DC3000 (Figure 40). samdc mutants in response to Pst DC3000 also accumulate Put
whereas no differences in Spd or Spm contents are observed (Figure 40). These results
emphasize the tight regulation of Spd and Spm levels in Arabidopsis.

SAMDC loss-of-function mutations do not compromise resistance to Pst DC3000 (Figure 42).
However, SAMDC silencing in tomato resulted in reduced resistance to fungal pathogen
Cladosporium fulvum (Zhao et al., 2018).

In this work we also studied the interaction between polyamines and ethylene metabolism. by
using ethylene overproducer (efol and eto3) and constitutive triple response (ctrl) mutants.
Kieber et al., 1993 reported that ethylene production was elevated up to 100-fold in efo3 and
10-fold in etol due to increased ACS activity (Kieber et al., 1993; Woeste et al., 1999). We
show that higher ethylene biosynthesis (ef03) lead to enhanced Put content under non-stress
conditions (Figure 43), which might be associated with a stress response to high ethylene. In
any case, the high ethylene production was not accompanied by a reduction in polyamine
contents.

The involvement of ethylene in defense has been shown (Argueso et al., 2007; Broekaert et al.,
2006). For instance, in ETI triggered by Pst avrRpt2, enhanced ethylene biosynthesis, as a part
of defense response was evidenced (Guan et al., 2015). We investigated the effect of ethylene
competition in polyamine metabolism during the compatible interaction between Arabidopsis
and Pst DC3000. We show that Put accumulates in efo/ and efo3 mutants in response to Pst
DC3000, although with a lower response compared to the wild type and ctr/ (Figure 44).
Moreover, no differences in DAP levels were detected between the ethylene mutants and the
wild type (Figure 45). Overall, our data argues against a competition for SAM between

polyamine and ethylene biosynthesis pathways.
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1- Polyamine metabolism is affected by Pseudomonas syringae infection in Arabidopsis

thaliana, thus being part of the metabolic response against bacterial infection.

2- The defense response triggered by the virulent Pst DC3000 strain induces Put accumulation
and Spd depletion independently of SA, EDS1, PAD4 and NPRI. Spd depletion might be due

to its oxidation to aldehyde forms or back-conversion into Put.

3- During ETI triggered by Pst AvrRpml and Pst AvrRps4, putrescine accumulates
independently of SA, EDSI, PAD4 and NPRI. Therefore, Put accumulation is a SA-pathway
independent response. We also conclude that the alteration of polyamine metabolism is not

different between CNL or TNL - triggered signaling.

4- Temperature-conditioned ETI activation in autoimmune hybrids results in Put accumulation.
We also observe a competition between polyamine biosynthesis and autoimmunity for nitrogen

resources.

5- The contribution of coronatine to putrescine accumulation is revealed by the lower levels of
Put in plants inoculated with the coronatine deficient Pst DC3000 Cor strain. The response to

coronatine may also underlie the common metabolic response observed between Pst DC3000
strains used in this study. However, coronatine does not explain the total increases in Put

content.

6- Exogenously supplied Put does not trigger cell death, but it contributes to a faster cell death
in response to flg22. We suggest that Put might amplify already activated PTI defense

responsces.

7- In contrast to Put, exogenously supplied Spm leads to cell death as revealed by TB staining
and ion leakage assays. This response is independent of EDS/ and SA. However, Spm does
not lead to enhanced Pst DC3000 resistance in systemic leaves (SAR establishment) and the
spms mutant is not compromised in disease resistance in response to Pst DC3000 infiltration.

It remains to be determined whether Spm triggered cell death is related to defense activation.
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8- GWAS mapping identified SAM-dependent methyl transferases in the natural variation of
polyamine levels in Arabidopsis. However, individual mutation of SAM synthases and
SAMDC genes family do not affect polyamine metabolism or disease resistance to Pst DC3000.
The high redundancy in SAMS and SAMDC genes might mask the effect of SAM and dcSAM

metabolism in polyamine contents and defense responses.

9- We find no obvious evidence for a competition for SAM between polyamine and ethylene
biosynthesis. Rather, high levels of ethylene trigger Put accumulation under non-stress

conditions.
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