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Systemic acquired resistance (SAR) occurs when primary infected leaves produce several SAR-inducing chemical
or mobile signals that are transported to uninfected distal parts via apoplastic or symplastic compartments and

activate systemic immunity. The transport route of many chemicals associated with SAR is unknown.

glycerol-3-phosphate SA transport salicylic acid

| 1. Introduction

Salicylic acid (SA, 2-hydroxybenzoic acid) is an essential defense hormone in plants that accumulates upon a
pathogen attack to induce local defense and systemic acquired resistance (SAR) W[ Genetic analyses have
revealed that genes related to SA biosynthesis, conjugation, accumulation, signaling, and crosstalk with other
hormones have been characterized, providing insights into how the immune response is finely coordinated BI2I31(6]
B9, The effects of SA can change enzyme activity, increase defense genes, enhance several defense
responses, and/or generate free radicals 29, Moreover, the evidence that SA plays a role in signaling resistance
has been corroborated by analyses of Arabidopsis and tobacco plants, which accumulate little or no SA due to the
expression of the bacterial nahG gene, which encodes salicylate hydroxylase 1. SA biosynthesis and its complex

role in plant defense are not yet fully understood, despite extensive research over the past 30 years.

SAR provides long-lasting protection against secondary pathogen attacks by priming the plant’s defense response.
SAR is triggered by an initial infection, and results in the activation of the plant’s defense response throughout the
entire plant, even in tissues that are not yet infected. As a result of SAR, the plant is able to coordinate its defense
response and respond appropriately to pathogen attacks, even in distant tissues. Although the identity of a specific
mobile signal is unknown, numerous SAR-inducing chemicals have been identified, some of which are physically
mobile, and some of which are volatile in nature. These include salicylic acid (SA) 12 and its derivative methyl SA
(MeSA) 223l pipecolic acid (Pip) 24 and its derivative N-hydroxy Pip (NHP) 13 dehydroabietinal (DA) 1€, free
radicals, nitric oxide (NO), reactive oxygen species (ROS) 17, azelaic acid (AzA) (28], glycerol-3-phosphate (G3P)
(291 pinene volatiles 29, and extracellular (e)NAD(P) 21, Several proteins also play crucial roles in SAR, including
cuticle formation proteins such as acyl carrier protein 4 (ACP4) and mosaic death 1 (MOD1) 2Z: two
plasmodesmata (PD)-located proteins, such as plasmodesmata localizing protein 1/5 (PDLP1/5) [23]24]: and lipid

transfer proteins (LTPs), such as defective induced resistance 1 (DIR1) and AzA insensitive 1 (AZI1) [23]126],
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| 2. Salicylic Acid and Systemic Acquired Resistance
2.1. SA Biosynthesis

In higher plants, SA is synthesized from chorismate through two distinct metabolic pathways, each with multiple
steps: the isochorismate synthase (ICS)- and phenylalanine ammonia-lyase (PAL)-derived pathways [27128129]
Different plant species have different branches toward SA biosynthesis. Pathogen infections in soybeans lead to
equal contributions from the ICS and PAL pathways to the total pool of synthesized SA 29, In Arabidopsis, the
majority of pathogen-induced SA is derived from the ICS branch by plastid-localized ICS1 (also known as SA
deficient 2 (SID2)) BY. In Arabidopsis, there are two isochorismate synthase genes, ICS1 and ICS2; however, only
ICS1 is induced by pathogens. The ics1 mutants showed 90-95% less SA accumulation after pathogen infection
than wild-type plants B%. Only the ics1/ics2 double mutant strongly affected SA accumulation, indicating that ICS1
generates most of the SA via isochorismate during pathogen defense. BB, Several Arabidopsis mutants with
altered SA accumulation are known to result from mutations in three genes encoding ICS pathway components.
According to recent studies, bacteria have the Isochorismate Pyruvate Lyase (IPL) enzyme, which directly converts
isochorismate to SA, whereas Arabidopsis requires both AvrPphB-susceptible 3 (PBS3) and Enhanced
Pseudomonas Susceptibility 1 (EPS1) [291[321[331[34](35](36] The amidotransferase PBS3 catalyzes the conjugation of
isochorismate to glutamate, resulting in the formation of isochorismate-9-glutamate (IC-9-Glu). Subsequently,
either 1C-9-Glu can spontaneously decay into SA or convert into SA by EPS1. PBS3 and EPS1 are located in the
cytosol, whereas ICS is localized in the chloroplasts [22. Accordingly, the transport of isochorismate from plastids to
the cytosol is essential for SA production. EDS5 (Enhanced Disease Susceptibility 5) was originally believed to act
as a transporter of SA on the chloroplast envelope when pathogen-induced SA accumulation occurred 7381,
However, in the eds5-3 mutants, co-expression of /ICS1 and engineered chloroplast-targeted PBS3 can restore SA
biosynthesis, suggesting that EDS5 could participate in isochorismate transport to the cytosol during SA
biosynthesis 221,

A small amount of SA accumulation is induced by pathogens in the ics1/ics2 double mutant, which is blocked by
the ICS pathway (2. Arabidopsis contains four PAL genes, and studies with mutants or PAL-specific inhibitors
suggest that the PAL pathway is also involved in SA biosynthesis B39, Nevertheless, the PAL quadruple mutants
still have approximately 25% of the wild-type basal SA levels and approximately 50% of the induced SA levels
following pathogen infection 2. The PAL pathway involves trans-cinnamic acid synthesized from phenylalanine,

which is then converted to SA via benzoic acid 49 (Figure 1).
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plastid

Figure 1. The biosynthesis and transport of salicylic acid in a plant cell. In plastids, chorismite is converted to
isochorismate (IC) through the action of an IsoChorismate Synthase (ICS1/2). A MATE transporter called
Enhanced Disease Susceptibility 5 (EDS5) transports IC from the plastid to the cytosol. The AvrPphB susceptible 3
(PBS3) catalyzes the conjugation of IC to glutamate (Glu), which results in IsoChorismate-9-Glutamate (IC-9-Glu).
IC-9-Glu is then converted to salicylic acid (SA) by Enhanced Pseudomonas Susceptibility 1 (EPS1). SA moves

preferentially to the apoplastic compartment (APO) through the plasma membrane transporter (PMT).

2.2. Regulation of SA Biosynthesis

The expression of ICS1 is rapidly induced upon pathogen infection, which dramatically increases the SA levels. In
recent reviews 24 3 Jarge number of transcriptional and post-transcriptional regulators were identified that affect
ICS1. Furthermore, EDS5 and PBS3 were strongly induced during infection. These three SA biosynthesis genes,
as well as a number of immune regulator genes, are controlled by the transcription factors SAR-Deficient 1
(SARD1) and Calmodulin-Binding Protein 60-Like.g (CBP60g) “2. The transcription of SARD1 and CBP60g is
stimulated by TGACG-Binding Factors1l (TGA1) and TGA4, respectively, whereas the negative immune regulators
Calmodulin-Binding Transcription Factor 1 (CAMTAL), CAMTA2, and CAMTS3 inhibit their transcription by inhibiting
expression 43 |n addition, a pathogen induces the expression of ICS1, EDS5, and PBS3 by binding to its
promoter with CBP60g, and is homologous to SARD1 44 The cbp60g sardl1 double mutant impairs ICS1, EDS5,
and PBS3 induction and, subsequently, SA biosynthesis by bacterial elicitor flg22 or the avirulent bacterial strain
Pseudomonas syringae pv maculicola (Psm) ES4326 avrB, resulting in compromised pattern-triggered immunity
(PTI)- and effector-triggered immunity (ETI)-induced resistance as well as SAR [45]46] Mutants defective in EDS5
show impaired SA accumulation and resistance to Pseudomonas syringae pv. tomato (Pst) DC3000 B Likewise,
pbs3 mutants display reduced SA accumulation in response to pathogens, such as plants with defects in ICS1 and
EDS5. Additionally, several proteins contribute to SA accumulation and SAR in response to pathogens. These
include Enhanced Disease Susceptibility 1 (EDS1), Phytoalexin Deficient 4 (PAD4), and Non-race-specific Disease

Resistance 1 (NDR1), which show partial reductions in SA levels, unlike ICS1 and EDS5 “4Z48I4950151152)[53][54](58]
[56][57][58]
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| 3. Mobile Inducers of SAR
3.1. Biosynthesis of G3P and AzA in SAR

Pathogen infections result in rapid NO accumulation during SAR via unknown mechanisms. NO application did not
confer SAR to Respiratory Burst Oxidase Homologs (RBOH) mutants rbohD and rbohF, indicating that ROS
radicals function downstream of NO in SAR [21l, As a result of pathogen infection, these mutants do not accumulate
superoxide radicals. There is no redundancy between rbohD and rbohF, and mutation in either of them
compromises SAR. Nevertheless, exogenous ROS application restored SAR in NO associated protein 1
(noal)/nitrate reductases 1 (nial) or the noal/nia2 double mutants, which were deficient in NO B9, Plants infected
with pathogens accumulate AzA up to six-fold more in petiole exudates, and at least some of this AzA translocates
to the distal tissues (up to 7%) (L8281 A pathogen infection releases free FAs from membrane lipids that are
hydrolyzed by ROS to generate AzA. Plant Ilipids digalactosyldiacylglycerol (DGDG) and
monogalatosyldiacylglycerol (MGDG) contain C18 FAs that are catalyzed by different ROS species 9. In
particular, AzA is formed by cleaving the double bonds between carbons 9 and 10 of C18 unsaturated FAs,
including oleic (18:1), linoleic (18:2), and linolenic acids (18:3) [24. G3P is a phosphorylated metabolite of glycerol
that plays a crucial role in lipid metabolism. The biosynthesis of G3P in plants takes place mainly during
photosynthesis. Some of the glucose produced is then converted into G3P through a series of metabolic reactions.
G3P is synthesized from dihydroxyacetone phosphate (DHAP) by triose phosphate isomerase (TPI) [,
Exogenous AzA increased the expression of the G3P biosynthesis genes GLY1 (G3P dehydrogenase, G3PDH)
and GLI1 (glycerol kinase, GK), resulting in G3P accumulation 2. Exogenous G3P causes resistance to
Colletotrichum higginsianum and induces SAR in Arabidopsis and monocots 2Bl |nterestingly, plants do not
accumulate SA following exogenous G3P and AzA administration, which induce SAR in wild-type plants. Despite
this, neither G3P nor AzA is able to confer SAR in ics1(sid2) mutant plants, which have significantly reduced either
basal or pathogen-induced SA levels 9. As a result, SA is essential for establishing SAR, but the accumulation of
SA alone is not sufficient. A defect in G3P synthesis in gly1 and glil mutant plants resulted in a compromised SAR
phenotype, which could be restored by exogenous G3P application 12281 |ntriguingly, glyl and glil mutants
exhibited levels of SA and AzA similar to those in the wild-type plants. Additionally, exogenous application of G3P
alone was not sufficient to induce SA biosynthesis or SAR. These results suggest that, similarly to SA, AzA and

G3P may not be sufficient to induce SAR.

3.2. Regulation of G3P and AzA Transport in SAR

In the presence of DIR1, G3P is systemically mobile, but its direct binding has not yet been identified 28. DIR1 is
likely to be directly associated with this bioactive G3P-derivative, and upon translocation to distal tissues, induces
SAR in response to pathogen infection. SAR does not seem to be associated with AzA transport, which may be
explained by its independence from DIR1, AZI1, GLY1, GLI1, or exogenous G3P [28 |n contrast to SA, G3P and
AzA are preferentially transported from local to distal leaves through the PD, and defects in PD permeability affect
their transport (Figure 2). Thus, PD-localizing proteins (PDLPs) not only regulate PD permeability, thereby
controlling AzA and G3P transport, but also signal through the SAR [23l Plants overexpressing PDLP5 have
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impaired AzA and G3P transport, as well as compromised SAR. In addition, 35S-PDLP5-expressing plants show
reduced transport of DIR1, a lipid-transfer protein involved in SAR 23241, The lipid transfer-like protein AZI1, an
important component of the SAR pathway, is also regulated by PDLP1 and PDLP5 23], Thus, SAR was impaired in
both pdip1 and pdip5 mutant plants, but only pdip5 plants showed an increase in PD permeability. As AZI1 interacts
with both PDLP1 and PDLP5, it is likely to form complexes with both proteins. Loss of PDLP1 or PDLP5 increases
the chloroplastic localization of AZI1, although the biological significance of the chloroplastic localization of AZI1 or
its intracellular partitioning during SAR is not known [2362 Therefore, understanding how AzA functions in
subcellular compartments is crucial to understanding SAR. G3P and AzA, which induce SAR in wild-type plants, do
not induce SA accumulation in plants. In spite of this, neither G3P nor AzA can confer SAR in ics1(sid2) mutant

plants, which have significantly reduced either basal or pathogen-induced SA levels.
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Figure 2. The biosynthesis and transport of azelaic acid and glycerol-3-phosphate in the plant cell. AzZA and G3P
are transported via the symplast through plasmodesmata (PD). AZA induces G3P biosynthesis through its effects
on genes involved in SAR. DIR1 and AZI1, both of which depend on G3P for stability, are required for G3P-
mediated SAR signaling. G3P is either converted to glycerol by G3P phosphatase or used to synthesize membrane
lipids (glycerolipids) and triacylglycerol (TAG). The source of DHAP is glyceraldehyde-3-phosphate (Gld-3-P),
which originates from glycolysis and the Calvin cycle. DGDG, galactolipid digalactosyldiacylglycerol; MGDG,
monogalatosyldiacylglycerol; AzA, azelaic acid; G3P, glycerol-3-phosphate; Gld-3-P, Glyceraldehyde-3-Phosphate;
DHAP, DHA phosphate; GK, glycerol kinase; G3Pdh, G3P dehydrogenase; DIR1, Defective Induced Resistance 1;
AZI1, AzA Insensitive 1 (AZI1).
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