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Plant-pathogen interactions involve intricate signaling networks that coordinate the plant immune response. Recog-
nition of pathogens through pattern recognition receptors (PRRs) triggers activation of mitogen-activated protein kinase
(MAPK) pathways, initiating a cascade of defense mechanisms. Central to these responses is the synthesis of phytohor-
mones such as salicylic acid (SA), auxins—indole-3-acetic acid (IAA), and gibberellins—gibberellic acid (GA), pivotal for
immune activation. This review explores the multifaceted roles of these phytohormones in plant immunity, drawing on
recent findings from Arabidopsis thaliana and Gossypium hirsutum studies. The review discusses MAPK-mediated
activation of TGA1/4 (TGACG sequence-specific binding protein 1/4) transcription factors enhancing SA biosynthesis
via isochorismate synthase (ICS). Increased SA levels activate NPR1, promoting gene expression in immune-related
pathways including systemic acquired resistance (SAR). Concurrently, pathogen-induced IAA synthesis activates auxin-
responsive genes crucial for immune responses. Elevated biosynthesis of IAA from L-tryptophan activates these genes
by degrading repressor molecules. IAA acts antagonistically to SA, conserving energy during pathogen infection. Addi-
tionally, GA is vital for plant growth and development, operating DELLA (Asp-Glu—Leu—Leu—Ala) protein degradation
with the formation of a complex with gibberellin insensitive dwarf 1 (GID1). Once DELLA prevents releasing GA-
related response reactions, it is extremelly crucial for GA actions. In general, the review explores the intricate interplay
between SA, IAA, and GA, highlighting SA's antagonistic regulation of GA signaling and the synergistic effects of auxin
and GA. Understanding these hormone-mediated pathways is crucial for elucidating precise mechanisms underlying
plant immunity. Insights gained could inform strategies to enhance plant resistance against pathogens, contributing to
sustainable agriculture and global food security efforts.

Keywords: plant-pathogen interaction; salicylic acid; indole-3-acetic acid; gibberellic acid; Arabidopsis thaliana,
Gossypium hirsutum.

chemical, through the activation of enzymes with antimicrobial activity
and the inclusion of apoptotic processes in the area of contact of the plant

In the modem agricultural industry, much attention is paid to the inter-
action of fungal microorganisms with plants, since pathogenic fungi cause
the reduction of plant yields on a global scale. The interaction of fungi
with plants is closely related to the immune response of plants against
pathogenic fungi (Heuberger et al., 2014; Hua et al.,, 2018). Numerous
attempts have been made to apply more contemporary methods to elimi-
nate possible disruptive actions of these pathogens on plant organisms
(Mehdiyeva et al., 2023).

Pathophysiological and biochemical stimulation of a plant cell by a
pathogenic fungus in most cases occurs with the participation of chitin, a
homopolymer of N-acetylglucosamine units that forms the cell wall of
fungus. Through the cell wall, the fungal pathogen is in close contact with
its host plant (Langner & Gohre, 2016). The absence of chitin or its deri-
vatives in plant cells allows them to identify chitin as a foreign substance
and initiate an immune response against fungal pathogens (Shibuya et al.,
1993). This mechanism includes both mechanical protective reaction (cu-
ticle, waxy layer on the surface of leaves and other parts of plants) and bio-
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cell with the pathogen) (Osbourn, 1996; Rashid et al., 2019; Amrahov
etal., 2023). Ultimately, all processes lead to the activation of systemic ac-
quired resistance (SAR), which targets a wide range of pathogens.

The primary contact of a fungal pathogen with the surface of a plant
cell occurs through the involvement of surface receptors—pattern recogniti-
on receptors (PRR), responsible for recognizing the chitin of the fungal pa-
thogen, or more precisely for recognizing microbial-associated molecular
patterns (MAMP) and pathogen-associated molecular patterns (PAMPs)
(Kombrink et al., 2011; Shinya et al., 2015; Vazquez—Hemandez et al.,
2019).

Regardless of infection strategy and lifestyle, whether the fungal pa-
thogen was biotrophic, necrotrophic, or hemibiotrophic (Fernandez et al.,
2014; Presti et al., 2015), an immune response strategy involving chitin as
an elicitor was envisioned for all pathogen identifications. It was revealed
that this group of receptors are membrane-localized lysin motif (LysM)
proteins, which have a high affinity for chitin oligosaccharides (Kaku
etal., 2006). In studies conducted on the model rice plant, a receptor-like
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protein OsCEBIP was identified, this protein had a high affinity for chitin
oligosaccharides of the pathogen, which indicated its biological activity
and function (Kaku et al., 2006; Li et al., 2019). OsCEBIP binds to the in-
tracellular protein OsCERKI1 and LysM receptor-like kinase (RLK),
which is responsible for transmitting a signal into the cell and this occurs
after the interaction of 2 OsCEBiP molecules with 1 molecule of chitin
oligosaccharide (Buist et al., 2008; Shimizu et al., 2010; Akamatsu et al.,
2013). Different intracellular proteins responsible for chitin signal trans-
duction have been identified in different organisms, such as AtCERK1
(AtLYK1) in Arabidopsis thaliana (lizasa et al., 2010; Petutschnig et al.,
2010). At the same time, extracellular proteins responsible for the chitin
affinity, such as AtLYK4, AtLYKS, and the ortholog OsCEBiP, At-
LYM2, also showed the ability to bind to chitin of various pathogens,
while interacting with the intracellular protein AtCERK1 (Liu et al., 2012;
Shinya et al., 2012; Cao et al., 2014). Similar homologues of OsCEBIP,
MtLYM2 were identified in Medicago truncatula, and HvCEBIP — in
barley (Tanaka et al., 2010; Fliegmann et al., 2011). Identical results were
also demonstrated in wheat plants, in which blocking CEBiP and CERK1
analogues led to a decrease of immune resistance against pathogenic fungi
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(Lee et al., 2014). Chitin perception will follow the activation of extracel-
lular and intracellular proteins and will thereby trigger signal transduction
to the downstream signaling system through autophosphorylation of the
cell domain of the CERK1 protein (Petutschnig et al., 2010). This protein
has different homologs, identical to the CEBiP protein. In particular, we
can highlight the NbCerk1 protein, already identified in Nicotiana bentha-
miana, which is a homolog of AtCERK1 from the Arabidopsis thaliana
plant. In the subsequent process, a cascade reaction is initiated through mi-
togen-activated protein kinases (MAPKSs), responsible for transmitting a
signal to the nucleus for the expression of genes responsible for the produc-
tion of protective proteins (Fig. 1a) associated with pathogenesis (PR) and
other secondary metabolites (Yamaguchi et al., 2013; Shinya et al., 2014).

The ability of a host plant to recognize a fungal pathogen closely
competed with the ability of the pathogen itself to destabilize microbe-as-
sociated molecular pattern (MAMP)-triggered immunity (MTI) (Jones &
Dangl, 2006; Panstruga & Dodds, 2009). This process is associated with
the ability of a successful fungal pathogen to produce effectors that disrupt
MTI finction, thereby increasing the susceptibility of the plant cell to the
fungal pathogen (Panstruga & Dodds, 2009; De Jonge et al., 2011).
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Fig. 1. The process of formation of the response after the contact of fungal elicitors
with corresponding receptors: @ — in Arabidopsis thaliana and b — in upland cotton — Gossypium hirsutum

Chitinase, being a protective component of plants, is mainly localized
apoplastically and is responsible for the production of soluble components
of fungal chitin (Han et al., 2019). Chitin, produced by the interaction of
chitinase and the pathogenic fungal membrane, is a critical factor in the re-
cognition of invading fungal pathogens (Pusztahelyi, 2018). In Arabidop-
sis thaliana, AtLYKS receptors and AtCERK1 coreceptors are responsi-
ble for chitin recognition and signal transmission from the intermembrane
space to the intracellular space (Han et al., 2019; Yang et al., 2022). Kina-
se domains of these receptors are involved in further transmission of extra-
cellular pathogen-plant interaction, either through the GTP-BIK 1 com-
plex (with the direct participation of PBL1 to NADPH oxidase (AtR-
BOHD)), or through activation of the MAPK cascade pathway, by preli-
minary signal transmission to PBL 27 and to the first component of the
MAPK cascade pathway, MAPKKKS (Liu et al., 2013; Yamada et al.,
2016). Activation of AtRBOHD leads to the production of superoxide ra-
dical, which, being a substrate of SOD (superoxide dismutase), forms
hydrogen peroxide (Torres et al., 2002). Hydrogen peroxide, penetrating
through the aquaporins of the plasma membrane, provokes the release of
calcium ions into the cytoplasm from the intracellular storage vacuole
(Dangol et al., 2019; Mukherjee et al., 2024).

In Gossypium hirsutum, fungal pathogens of upland cotton; Verticil-
lium dahlia and Fusarium oxysporium, were exposed to the plant's extra-
cellular enzyme chitinase, which led to the cleavage of the pathogen's ext-
racellular membrane and the release of chitin (Man et al., 2022). Receptors
GhWAKT7A, GhLYKS, and co-receptors GhCERK1 are responsible for
recognizing chitin and transmitting a signal from the intermembrane space
to the intracellular space (Wang et al., 2020). The rest of the signaling via
intracellular domains is similar to the process in Arabidopsis. The excep-
tion is the types of MAPK kinases, which in upland cotton is GhMPK3/6

(Zhang et al., 2016). The process of formation of free radicals and their de-
gradation, as well as the transfer of hydrogen peroxide into the cell with
the involvement of the vacuole in the immune reaction, is similar in both
plants. Calcium cations, being signaling molecules, are released from the
vacuole into the cytoplasm (Fig. 1b), this cation directly triggers an addi-
tional immune defense reaction of plants (Gaspar et al., 2002; Jiang at al.,
2013).

The process of adaptive reactions of plants, combined with an immu-
ne response against an external stressor, involves the initial diagnosis of
the stressor, information about which is then transmitted to other cells and
tissues through various signaling mechanisms (Sukhova & Sukhov,
2021). This process is necessary to coordinate the biochemical and phy-
siological functions of different plant organs and tissues (Shah & Zeier,
2013; Hilleary & Gilroy, 2018; Farmer et al., 2020; Sukhova & Sukhov,
2021; Alizade et al., 2023; Mammadova et al., 2024). Depending on the
concentration and type of stressor, signals can be divided into several gro-
ups: signals of a chemical nature (glutamate (Qiu et al., 2020), peptides
and small proteins (Takahashi et al., 2019), phytohormones (Roychoud-
hury & Aftab, 2021; Tripathi et al., 2021)), signals created by reactive
oxygen species (ROS) (Aliyeva et al., 2023; Amrahov et al., 2023), and
transmitted with the participation of apoplasts (Suzuki & Mittler, 2012; Qi
et al,, 2017), Ca®" induced signaling pathway (Choi et al., 2014; Kiep
etal., 2015), electrical signals (Fromm & Lautner, 2007, Gallé et al., 2015;
Hedrich et al., 2016; Sukhova & Sukhov, 2021), and hydraulic waves
(Christmann et al., 2007; Christmann et al., 2013). Against the adverse ef-
fects of a variety of stressors, some most comprehensive research works
are currently conducted, even with the use of nanoparticles (Ahmadov
etal., 2020; Baran et al., 2023; Olatunbosun et al., 2023; Muradov et al.,
2024; Vorobyova et al., 2024).
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Effect of biotic stressor on salicylic acid biosynthesis

Activation of signaling pathways also involves phytohormones. Once
the pathogen infection activates the MAPK pathway, some components
of this mechanism enhance the upregulation of certain transcription factor
genes, such as TGA 1/4, which in tum activates key transcription factor
genes for salicylic acid synthesis, like systemic acquired resistance defici-
ent (SARD1) and cam binding protein60-like g (CBP60g) inside the nuc-
leus. Salicylic acid (SA) serves as a pivotal phytohormone, intricately in-
volved in local defense mechanisms and systemic acquired resistance

PRR

(SAR), as corroborated by Vlot et al. (2009) and Zhang & Li (2019).
Inthe model Arabidopsis plants, when faced with pathogen infection,
there is a substantial surge in SA levels due to the activated SA biosynthe-
sis primarily through the isochorismate pathway which is affected by
SARDI and CBP60g (Wildermuth et al., 2001; Rekhter et al., 2019; Liu
et al., 2020). In Arabidopsis thaliana, approximately 10% of SA associa-
ted with defense responses is generated through the cytosolic phenylalani-
ne ammonia lyase pathway (Fig. 2), while the remaining 90% is derived
from isochorismate, a product of the plastid-localized isochorismate syn-
thase 1 (ICS1) (Rekhter et al., 2019).
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Fig. 2. Salicylic acid biosynthesis and its effector systems: PRR — pattern recognition receptors, MAPK — mitogen—activated protein kinase,
TGA1/4-TGACG sequence-specific binding protein 1/4, SARD1 — systemic acquired resistance deficient 1, Cbp60g — cam binding protein 60-like g,
ICS1 —isochorismate synthase 1, EDS5 —enhanced disease susceptibility 5, PBS3 — AvrPphB susceptible 3, ALD1 — AGD2-like defense response
protein 1, SARD4 — systemic acquired resistance deficient 4, FMO1 — Flavin-dependent monooxygenase 1, P2C — Al-piperideine-2-carboxylic acid,
Pip —pipecolic acid, NHP — N-hydroxypipecolic acid, SAR — systemic acquired resistance, G3P — glycerol-3-phosphate, Aza — azelaic acid,

ROS —reactive oxygen species, NO —nitric oxide, CA — chorismate, IC — isochorismate, Ic-9-Glu — isochorismate-9-glutamate, EPS1 —enhanced
Pseudomonas susceptibility 1, SA — salicylic acid, Phe — phenylalaine, PAL — phenylalanine ammonia-lyase, Trans-CA — trans-cinnamic acid,
AIM1 — abnormal inflorescence meristem 1, BA — benzoic acid, NPR3 —nonexpresser of PR genes 1-like protein 3, NPR1 —nonexpresser
of PR genes 1, SABP — salicylic acid-binding proteins, (TGA2/5/6) — TGACG-sequence-specific binding protein2/5/6, PCD — programmed
cell death, PTI —pattemn-triggered immunity, ETI — effector triggered immunity

The expression of the SA-deficient 2 (SID2) gene, responsible for en-
coding the enzyme ICS1 involved in SA biosynthesis was notably facili-
tated by the SARD1 and CBP60g (Wang et al., 2009, 2011; Zhang et al.,
2010; Liu et al., 2020). Additionally, SARD1 and CBP60g also regulate
the transcription of two other SA biosynthesis genes, PBS3 and EDS5
(Sunetal, 2015; Liu et al., 2020).

Once isochorismate is synthesized from chorismate by the key enzy-
me ICS1 within the plastid, these newly produced molecules must be
transported to the cytosol. In this crucial step, the multidrug and toxin
extrusion (MATE) family transporter EDSS, localized in the chloroplast
envelope, plays a pivotal role. EDSS facilitates the export of isochorismate
from the plastid into the cytosol, where PBS3 converts it into isochoris-
mate-9-glutamate. Subsequent nonenzymatic breakdown leads to the ge-
neration of SA. Remarkably, this pathway involves only three essential
proteins (ICS1, EDSS5, and PBS3), their spatial separation, and unidirec-
tional flux, potentially offering protection against evolutionary pressures
and pathogenic effectors (Rekhter et al., 2019).

The loss of either SARD1 or CBP60g results in a drastic reduction in
ICS1 accumulation and SA production (Liu et al., 2020). Similarly, plants
carrying mutations in PBS3 gene also exhibit a reduced SA amount in res-
ponse to pathogen infection. Although PBS3 has relatively low activity
with SA as a substrate, the transcriptional co-regulation of PBS3 with
ICS1 and EDSS implies that all three gene products contribute in a coor-
dinated manner to the modification, transport, or production of SA or its
precursors (Liu et al., 2020).

Regul. Mech. Biosyst., 2024, 15(3)

The 2,5-dihydroxybenzoic acid (2,5-DHBA) assumes a significant
role as a major catabolite of SA and its formation, so it plays a pivotal role
in the intricate regulation of SA levels (Zhang et al.,, 2017; Liu et al,
2020). This regulatory process is crucial for maintaining SA homeostasis.
At the heart of this regulation is the downy mildew resistant 6 (DMR6)
gene, which encodes an SA-5-hydroxylase (SSH) responsible for the con-
version of SA to 2,5-DHBA (Zhang et al, 2017; Liu et al, 2020).
In plants carrying mutations in the DMR6 gene, the conversion of SA to
2,5-DHBA is impeded, resulting in elevated SA levels and heightened
disease resistance (Van Damme et al., 2008; Zhang et al., 2017).

During the senescence process, Arabidopsis plants also accumulate
substantial levels of 2,3-DHBA, a metabolite of SA. This conversion is
catalyzed by an SA 3-hydroxylase (S3H) enzyme that shares similarity
with DMR6/S5H (Zhang et al., 2013). In plants carrying a double muta-
tion affecting both SSH and S3H (s5h s3h double mutant), SA levels
increase even further than the dmr6 single mutant. This excessive SA
accumulation leads to severe dwarfism and autoimmune responses, as evi-
denced by Zhang et al. (2017). Despite the critical role of DMR6 in the
maintenance of SA levels, the mechanisms governing its transcriptional
regulation remain a subject of inquiry and are currently not well under-
stood (Liu et al., 2020).

In the model plant Arabidopsis (Arabidopsis thaliana), intracellular
accumulation of SA molecules' recognition hinges upon two receptor clas-
ses: NPR1 and NPR3/NPR4. These receptors orchestrate two parallel sig-
naling pathways, thereby orchestrating the activation of defense-related
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genes and the enhancement of immunity (Fu et al,, 2012; Wu et al., 2012;
Dingetal., 2018).

Using a unique equilibrium dialysis ligand binding technique, Wu
etal. (2012) provided significant proof'in the search for SA receptors, sug-
gesting that NPR1 itself serves as a SA receptor. On the other hand, Fu
etal. (2012) reported an interesting discovery, showing that in standard
ligand binding tests, NPR1 failed to attach to SA directly. Rather, it was
discovered that two similar proteins, NPR3 and NPR4, were SA recep-
tors. These proteins connect to SA and coordinate its signaling processes
(Attaran & He, 2012; Fuetal., 2012).

Following their inability to find SA associating to NPR1 through tra-
ditional receptor binding assays, Fu and colleagues embarked on a series
of experiments to gain deeper insights into the dynamic turnover of NPR1
within the cell (Attaran & He, 2012; Fu et al., 2012). This work built upon
their earlier research, revealing key structural attributes of NPR1. Broad-
Complex, Tramtrack and Bric-a-brac/Pox virus and zinc finger (BTB/
POZ) domains at the N-terminal end, a main ankryin repeat site, and a
transactivation-capable C-terminal site make up NPR1. Interestingly, it
has been discovered that certain proteins with the BTB domain connect to
the Cullin 3 (CUL3) E3 ligase, making it easier for the 26S proteasome to
recognize substrates, ubiquitinate them, and ultimately break them down.
Expanding on this realization, a set of tests revealed that NPR4 and NPR3
relate to NPR1 and CULS3, serving as essential CUL3 adaptors for NPR1
breakdown that is regulated (Attaran & He, 2012). Based on their intri-
guing findings, Fu and their team further proposed a hypothesis elucidat-
ing the roles of NPR receptors in plants with a basal level of SA (Fu et al.,
2012). NPR4, a component of the CUL3-NPR4 ubiquitin ligase complex,
binds to NPR1 in healthy plants, where SA amounts stay at the initial
state, making it easier to remove NPR1 protein. The start of energy-
intensive defense responses is successfully prevented by this interaction.
On the other hand, SA levels rise in diseased tissues as well as throughout
the plant in response to pathogenic risks, with the greatest levels found at
the location of infection. In the infected tissue, the elevated SA concentra-
tion increases the association of NPR3 with NPR1, triggering the break-
down of NPR1 and subsequently leading to PCD at the site of the patho-
genic assault. The primary reason for NPR1 degradation being essential
for PCD release was revealed in their previous research. They observed
that the mutated forms—npr3npr4, characterized by elevated NPR1 levels,
fail to undergo local tissue PCD following infection with avirulent bacte-
ria. In contrast, in uninfected parts, such as uninfected leaves, where SA
accumulates at comparatively lower levels than the infection part, NPR1
interactions with both NPR3 and NPR4 weaken. This results in the collec-
tion of NPR1, the suppression of programmed cell death (PCD), the trig-
gering of genes related to defence action, and the activation of SAR (Atta-
ran & He, 2012).

As the relevant amount of SA is recognized by NPR receptors, NPR1
must be transferred from the cytosol into the nucleus. NPR1 exhibits
duality in its cellular existence, existing in at least two distinct forms. Un-
der conditions of low SA concentration within the cell, as observed in the
absence of pathogen infection, NPR1 adopts an oligomeric state within
the cytoplasm, facilitated by intermolecular disulphide bonds. Conversely,
when SA levels are elevated, particularly following pathogen incursion,
redox changes within the cytosol facilitate the reduction of these disul-
phide bonds, causing NPR1 to transition into a monomeric form. In this
monomeric state, NPR1 translocates into the nucleus, where it assumes its
role as a transcriptional co-activator (Mou et al., 2003).

Four SA-binding proteins (SABPs) discovered in tobacco play a pi-
votal role in this translocation. They include a catalase, a methyl salicylate
esterase known as SABP2, and others (Vlot et al., 2009; Attaran & He,
2012). For instance, SABP2 stands out due to its remarkably great sensi-
tivity for SA. This protein utilizes methyl salicylate (MeSA) as a substrate,
catalyzing its transformation into SA. Additionally, catalase and ascorbate
peroxidase are believed to play roles in redox alterations following expo-
sure to SA (Attaran & He, 2012). These alterations could potentially lead
to the disassembly of NPR1 oligomers into monomeric forms, and help
the movement of NPR1 into the nucleus (Tripathi et al., 2010).

After entering the nucleus, NPR1, lacking DNA binding domains,
requires interaction with the TGACG sequence-specific binding protein
(TGA) transcription factors, specifically TGA2, TGAS, and TGA6, for
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effective signal transduction. (Zhang et al., 1999; Després et al., 2000,
Zhou et al., 2000; Zhang et al., 2006; Liu et al., 2020). The Arabidopsis
TGA ensemble, comprising 10 members, is taxonomically stratified into
five clades. Of particular interest, clade I encompasses TGA 1 and 4,
while clade I is comprised of TGA 2, 5 and 6 (Gatz, 2013).

Significantly, TGA2, TGAS, and TGAG exhibit functional redundan-
cy in mediating immunity against necrotrophs, and biotrophic plant patho-
gens, contributing to SAR, and goveming the mitigation of oxidative
stress induced by factors such as UV-B radiation and reactive oxylipins
(Zhang et al., 2003; Zander et al., 2010; Stotz et al., 2013; Herrera—
Vasquez et al., 2021). NPR1 is a transcriptional co-activator for the TGA
transcription factors, which are identified by the presence of a basic re-
gion/leucine zipper motif. It also produces an advanced control protein
that coordinates SA-dependent defensive reactions (Attaran & He, 2012).

In contrast to NPR1, NPR3/NPR4 plays a key role as transcriptional
repressors in the lacking of pathogen influence, suppressing the expression
of SA-related genes (Attaran & He, 2012). On the other hand, when SA
contacts with NPR3/NPR4, it hinders their ability to act as transcriptional
repressors. This leads to the release of their target genes from repression
and the initiation of defense mechanisms (Ding et al., 2018; Liu et al.,
2020).

Fu et al. (2012) continued their investigation by assessing the binding
affinities of SA for NPR3 and NPR4 through conventional ligand-recep-
tor binding assays (Attaran & He, 2012). Interestingly, their discoveries
revealed significant differences in salicylic acid (SA) binding affinities bet-
ween the two receptors. NPR4 exhibited an exceptionally low dissociation
constant (Kd) of 46.2 + 2.35 nM, indicative of high SA affinity. In stark
contrast, the Kd value for NPR3 was notably elevated, rendering accurate
estimation challenging, but it is believed to hover around ~1000 nM.
Furthermore, it was observed that SA interacts with multiple sites on both
NPR3 and NPR4.

Besides SA, N-hydroxypipecolic acid (NHP) and pipecolic acid (Pip)
assume pivotal roles in plant immune signaling, playing an essential role
in SAR (Chen et al., 2018; Hartmann et al,, 2018; Liu et al., 2020).
In Arabidopsis, Pip is obtained through a two-step process, originating
from L-Lys (Ding et al., 2016; Hartmann et al., 2017; Hartmann et al.,
2018). The aminotransferase AGD2-like defense response protein 1
(ALD1) catalyzes the removal of the a-amino group from L-lys, forming
2,3-dehydropipecolic acid (2,3-DP). Consequently, 2,3-DP is converted
into Pip through the action of SARD4 and an another reductive reaction
(Hartmann et al., 2017; Hartmann et al., 2018). FMOL1 further transforms
Pip to produce NHP, a mobile signaling molecule highly likely to be
involved in SAR (Chen et al., 2018; Hartmann et al., 2018; Liu et al,
2020). Upon pathogen invasion, the ALD1, SARD4, and FMOL1 gene
expressions are markedly induced, resulting in an increased production of
Pip and NHP (Liu et al., 2020). Additionally, it is probable that the tran-
scriptional regulation of NHP synthesis implicates SARD1 and CBPG60.
This assumption arises from chromatin immunoprecipitation analyses
suggesting that these factors effect the ALD1 and FMO1 gene promoters
(Sun et al., 2015; Hartmann et al., 2018).

An intriguing observation from the analysis of the SA perception-de-
ficient npr1-1 nprd4-4D double mutant is that SA perception is crucial for
the induction of genes involved in NHP biosynthesis and the subsequent
production of NHP during pathogen infection (Liu et al., 2020). This like-
ly occurs through SA-mediated upregulation of SARD1 and CBP60g,
two transcription factors that directly govern the expression of NHP bio-
synthesis genes, including ALD1, SARD4, and FMO1, (Sun et al., 2015,
2018; Liu et al., 2020). Given that NHP serves as a mobile signal for
SAR, one of SA's contributions to SAR is the induction of this mobile
signal in local tissue (Liu et al., 2020).

The investigations revealed that NHP leads to SAR through a central
transcriptional module comprising TGA2/5/6 and NPR1. This module is
affected by TGA1/4 to transduce elevated NHP levels into SAR. It is
worth noting that NHP has been indicated to enhance the expression of
SARDI1, CBP60g, and SA biosynthetic genes, likely promoting SA bio-
synthesis and thus activating SA-mediated immunity (Liu et al., 2020).

The characteristics of SAR-activated plants suggest that they proacti-
vely prepare for future pathogen attacks by orchestrating the upregulation
of genes involved in various stages of defense signaling, encompassing
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elicitor perception, signal transduction, and transcriptional gene activation.
Concurrently, these plants downregulate processes related to photosynthe-
sis and growth-associated functions (Bemsdorffet al., 2016).

In summary, NPR1, NPR3 and NPR4 indicated as SA receptors ex-
hibit multiple roles in the plant immune system by overseeing the regula-
tion of SA-responsive defense-related genes. The perception of SA not
only promotes both PTI and ETI but is also indispensable for activating
NHP production in local tissue, thereby inducing NHP-triggered defense
responses during SAR (Bemsdorffet al., 2016).

Several SAR stimulators, such as SA (Gaftney et al., 1993), azelaic
acid (C9 dicarboxylic acid, AzA) (Jung et al., 2009; Yu et al., 2013), nitric
oxide (NO), glycerol-3-phosphate (G3P) (Chanda et al.,, 2011; Yu et al.,
2013), reactive oxygen species (ROS) (Wang et al., 2014; Wendehenne
etal., 2014; Kachroo et al., 2016), and galactolipids (Gao et al., 2014) have
been determined (Wang et al., 2018). Recent studies have revealed the
existence of a linear pathway involving NO&ROS=AzA=G3P, which
operates in parallel with SA-derived signaling and is crucial for SAR
activation (Wang et al., 2018). The initiation of ROS production leads to
the catalytic oxidation of unbound C,g-unsaturated fatty acids that have
been liberated from membrane lipids. The resultant oxidation produces
AzA, which subsequently induces the biosynthesis of G3P by activating
the genes responsible for encoding enzymes involved in G3P biosynthesis
(Wang et al,, 2018). In order to diminish undesired amount of nitrate
species, which leads to releasing negative consequences on ROS amount,
some research approaches are proposed (Valiyeva et al., 2022).

Short-distance cell-to-cell SA transport

The efficient transport of SA from the site of infection to distant tis-
sues is a crucial aspect of SAR, which is influenced by the water potential
within the infected tissue. Recent researches suggest that the movement of
SA from the primary infected tissue to distant locations likely occurs
through the apoplast, the space situated between the cell wall and the plas-
ma membrane (Lim et al., 2016, 2020). When plants are infected by pa-
thogens, there is a notable increase in the accumulation of SA in the apop-
lastic compartment. This accumulation appears to be independent of any
deficiencies in symplastic transport through plasmodesmata (PD).
In contrast to SA, other chemical signals associated with SAR, such as
G3P and AzA, are primarily transported through PD (Lim et al., 2016,
2020). Disruptions or defects in the permeability of PD can hinder the
efficient transport of these SAR-related signals from the infected tissue to
distant tissues. AzA operates in a position preceding G3P, with both the
AzA-G3P pathway and SA-derived signaling pathways functioning con-
currently during the process of SAR (Chanda et al., 2011; Yu et al,, 2013;
Gao et al., 2014; Wang et al., 2014; Lim et al., 2016, 2020). Pip, another
inducer of SAR, acts at a level preceding the AzA-G3P pathway, enhanc-
ing SAR by stimulating the production of free radicals (Wendehenne et
al.,, 2004; Navarova et al., 2012; Wang et al., 2014; Wang et al,, 2018; Lim
et al., 2020). The exact relationship between NHP and other SAR signals
remains a topic of current uncertainty and ongoing research (Lim et al.,
2020). Significantly, the transportation of both SA and G3P plays a crucial
role in facilitating the accumulation of Pip in distant plant tissues (Wang et
al., 2018; Lim et al., 2020). Consequently, the synchronized transport and
feedback regulation of these diverse chemical signals ultimately activates
SAR in plants (Lim et al., 2020).

Exogenous SA application and long-distance SA transport

Controversially, applying SA exterally, whether through seed pri-
ming (soaking seeds with SA solution before planting), adding SA to a
hydroponic solution, or spraying plants with an SA solution, benefits plant
growth and protection them against abiotic stresses by triggering SAR
(Hayat et al., 2010; Maruri-Lopez et al., 2019). The primary challenge lies
in how plant cells accept externally introduced salicylic acid. Spraying SA
allows upperground cells, like those in leaves, to absorb it, whereas apply-
ing SA through a hydroponic solution leads to uptake by root cells. Sub-
sequently, the absorbed SA particles are transmitted through the plant's
vascular system for long-distance transport.
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SA moves freely within the plant, primarily using the phloem as its
transportation route. SA molecules present in the phloem sap are obtained
from SA accumulated cells via the phloem apoplast, known as apoplastic
loaders (Bonnemain et al., 2013). The loading of SA into the phloem
depends on the pH. Given SA's low pKa value (2.98), the COOH group is
mostly deprotonated (COO-) in the cytosol, which tends to be neutral to
slightly alkaline (pH 7.0-7.5) (Kim & Lim, 2023). To prevent swift in-
creases in cytosolic pH due to protons released while SA accumulates, a
regulated amount of SA might be moved to the apoplast, based on pH
levels. This implies that the acidic pH in the apoplast significantly aids the
absorption of apoplastic SA in distant tissues. This concept further propos-
es that transporting SA across the plasma membrane could involve a
proton pump (Lim et al., 2020; Kim & Lim, 2023).

In the later case of SA, it needs to traverse the plasma membrane of
the companion cell-sieve cell complex to move through the phloem. Like-
wise, synthetic derivatives or analogs, when applied to foliage to trigger
plant defense, must also cross the plasma membrane at least once before
reaching the sieve tubes. The capacity of molecules to diffuse through this
membrane relies on their chemical attributes, such as molecule size, Log
D (distribution coefficient), polar surface area, and the number of hydro-
gen bond donors. Through these characteristics, salicylic acid molecules
can be conveyed to distant tissues, enhancing SAR (Bonnemain et al,
2013).

Following the detection of external SA, a shift occurs in the cellular
redox system, a change associated with the SA-induced suppression of
jasmonic acid (JA) responses (Lu et al., 2016; Maruri-Lopez et al., 2019).
This leads to the dissociation of the NPR1 complex into monomers by
reducing disulfide links (Tada et al., 2008; Maruri-Lopez et al., 2019).
These monomeric forms are then transported to the nucleus, where they
contact with basic leucine zipper (bZIP) TGA-type transcription factors.
This interaction triggers modifications in the transcriptome, notably activa-
ting the transcription of defense-related genes like PR-1 (Fu & Dong,
2013; Birkenbihl et al., 2017; Maruri-Lopez et al., 2019). From this stage,
the subsequent steps in SAR activation follow the mechanisms mentioned
earlier (Amrahov et al., 2022).

Auxine phytohormones-1AA/IBA and their effector systems
during pathogen—plant interaction

Plant hormones play a crucial role in coordinating responses to both
developmental signals and environmental stimuli, thus mitigating the fit-
ness costs associated with defense. Among these hormones, those gover-
ning plant growth responses are particularly notable (Denancé et al., 2013;
Ludwig-Miiller, 2015). In the context of plant-pathogen interactions, the
term "arms race" has been coined to depict the ongoing coevolutionary
dynamics between defense and colonization strategies employed by both
partners (Anderson et al., 2010; Ludwig-Miiller, 2015). This concept can
also be extended to encompass the interplay between growth promotion,
such as nitrogen fixation (Gresshoff et al., 2015) and defense responses
(Ludwig-Miiller, 2015). The outcome of this "race" is contingent upon the
hormonal balance: when favoring the plant, this plant will be the winner;
however, if the pathogen can manipulate the hormonal system in its favor,
it emerges as the victory of the pathogen (Ludwig-Miiller, 2015). Hormo-
nes govern various pathways, including direct defense mechanisms, nutri-
tional aspects, and the maintenance of cell wall integrity (Lopez et al.,
2008; Ludwig-Miiller, 2015). These pathways collectively influence the
plant's response during interactions with pathogens, delineating the out-
come of this intricate interplay.

Auxins exert diverse influences on plant growth and development,
just as extensively (Davies, 2004; Ludwig-Miiller, 2015). At the cellular
level, they intricately regulate various fundamental processes such as cell
division, expansion, differentiation, and polarity. On a broader scale, they
significantly contribute to organ development, including roots (both lateral
and adventitious), shoots (like apical dominance), leaves, flower organs,
and fruits. Additionally, auxins play pivotal roles in vascular patterning
and orientation in response to environmental cues, such as gravitropism
and phototropism. These varied examples underscore the indispensable
roles of auxins across all major developmental processes in plants. More-
over, auxins are integral in modulating alterations in growth processes lin-
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ked to both pathogens and symbiotic relationships. Pathogens can mani-
pulate the auxin response, inducing specific disease symptoms during in-
fection and disease progression. Conversely, beneficial microorganisms
interfere with the host plant's auxin metabolism, triggering plant growth
for their own advantage (Ludwig-Miiller, 2014, 2015).

Auxin biosynthesis plays a dual role in plant health: it contributes to
the symptoms of certain plant diseases while also being indispensable for
normal plant development and environmental responses. Pathogens can
exploit this biosynthetic system by either hijacking the host plant's system
or producing auxin themselves. A prime illustration of the latter is demon-
strated by the soil bacterium Agrobacterium tumefaciens, which induces
tumor formation by genetically incorporating auxin and cytokinin biosyn-
thesis genes into the plant tissue (Zupan & Zambryski, 1995; Ludwig-
Miiller, 2015). Other bacteria exhibit the ability to produce IAA via diffe-
rent ways, contributing to the modulation of plant growth and develop-
ment (Spaepen et al., 2007; Ludwig-Miiller, 2015).

The involvement of auxin in biotrophic interactions has received con-
siderable attention in past research works, yet its role in the resistance res-
ponse to necrotrophic pathogens remains less understood. Some reports
indicate that hemibiotrophic or necrotrophic fungi have the capability to
produce IAA, the primary auxin molecule (Ludwig-Miiller, 2015). For in-
stance, the rice blast fungus Magnaporthe oryzae generates IAA during its
biotrophic phase, particularly in the region of infection hyphae (Tanaka
etal,, 2011; Ludwig-Miiller, 2015). However, the precise purpose of this
TAA production by the fungus — whether to manipulate the host plant or
for the fungus's own advantage — is not yet definitively established. Stu-
dies using an auxin-inducible promoter have shown that the host plant res-
ponds transcriptionally to the IAA secreted by the fungus. Similarly, ob-
servations of auxin biosynthesis in two Colletotrichum species (Chung
etal., 2003; Maor et al., 2004; Ludwig-Miiller, 2015) further support the
idea that fungal-produced auxin might serve to maintain the host plant in a
state conducive to the fungus's nutrient acquisition. This strategy potential-
ly keeps the plant in a growth stage where the fungus can derive necessary
nutrients, especially during stages when the pathogen does not rely on the
host plant's survival (necrotrophic stages). It seems that manipulating the
plant by utilizing its own growth-promoting signaling molecules, like
auxin, may be a widespread strategy employed by pathogens. Additional-
ly, auxin is known to induce the expression of numerous genes, thereby
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potentially steering the cellular program favorably for the pathogenic fun-
gus (Ludwig-Miiller, 2015).

IBA serves as another example of auxin phytohormones. Historically,
IBA has been characterized as a 'synthetic auxin', demonstrating similar
effects such as root growth initiation, stem curling and leaf epinasty. Nota-
bly, IBA is widely employed as the active ingredient in plant propagation
media (Frick & Strader, 2018).

The existence of a four-carbon side chain at position 3 of the indole
ring, as opposed to IAA's two-carbon side chain, is one characteristic that
sets IBA apart from IAA. The molecule's inability to adopt a conforma-
tion that would allow it to attach into the TIR1-Aux/IAA co-receptor poc-
ket is probably due to its extended side chain (Uzunova et al., 2016; Frick
& Strader, 2018). This idea is corroborated by surface plasmon resonance
studies, which shows that IBA lacks detectable interaction activity (Uzu-
nova et al., 2016). This is consistent with genetic research (Strader & Bar-
tel, 2011; Frick & Strader, 2018) that suggests IBA's action is manifested
via its transition to IAA. IBA is likely transformed into IAA through a
process reminiscent of fatty acid 3-oxidation. Various plant species, inclu-
ding Arabidopsis (Ruzicka et al., 2010), hazelnut, and elm (Kreiser et al.,
2016) have been reported to convert IBA to IAA (Epstein & Ludwig-
Miiller, 1993; Frick & Strader, 2018). In Arabidopsis, this conversion is
dependent on peroxisomes (Rizicka et al., 2010). It has been found that a
large number of mutants with reduced peroxisome production and peroxi-
somal proteins are resistant to IBA but still sensitive to the active auxin
IAA (Huetal., 2012; Frick & Strader, 2018).

The peroxisomal transporterl/comatose/ABCD1  (PXA1/CTS/
ABCDI) transporter probably facilitates the transport of IBA into the per-
oxisome for its conversion into active auxin (Strader & Bartel, 2011; Frick
& Strader, 2018). Some peroxisomal enzymes appear to be specialized to
IBA -oxidation (Frick & Strader, 2018), whereas others, such as the
PED 1 3-ketoacyl-CoA thiolase, are thought to be involved in both fatty
acid (Hayashi et al., 1998) and IBA B-oxidation (Zolman et al., 2000).
Notably, certain enzymes, including acyl-CoA dehydrogenase/oxidase-
like IBR3 (Zolman et al., 2007), enoyl-CoA hydratase IBR10 (Zolman
etal,, 2008), and enoyl-CoA hydratase enoyl-CoA hydratase 2 (ECH2)
(Strader et al., 2011), are predicted to play specific roles in the transforma-
tion (Fig. 3) of the auxin predecessors IBA to the active form IAA (Frick
& Strader, 2018).
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Fig. 3. The main pathways of JAA (Indole-3-acetic acid) metabolism and effector systems in plants: IBA — indole-3-butyric acid, PXA1/CTS/ABCD1 —
peroxisomal transporter 1/comatose/ABCD1, IBR1,3,10 — indole-3-butyric acid response 1,3,10, PED — peroxisome defective, ECH2 — enoyl-CoA hydra-
tase 2, IAA — indole-3-acetic acid, L-Trp — L-tryptophan, [AOx — indole-3-acetaldoxime, [AM — indole-3-acetamide, IPyA — indole-3-pyruvic acid,
TAM — tryptamine, IAN — indole-3-acetonitrile, IAAld — indole-3-acetaldehyde, TAA — tryptophan aminotransferase of Arabidopsis, YUC — Yucca
flavin monooxygenase-like proteins, AMI — Arabidopsis amidase, PAMP — pathogen-associated molecular patterns, Aux/[AA —auxin/indole-3-acetic
acid transcriptional corepressor, ARF —auxin response factor, SCF Complex — auxin-receptor S-phase kinase associated protein 1 (SKP1)— cullin-F-box
complex, TIR/AFB —transport inhibitor resistant/auxin signaling F-box proteins, U — ubiquitin, GH3 — Gretchen Hagen 3
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Apart from the conversion of IBA to IAA, TAA synthesis involves se-
veral steps originating from tryptophan, with only a few genes responsible
for this process thoroughly understood (Woodward & Bartel, 2005; Rei-
neke et al., 2008). Tryptophan-dependent auxin biosynthesis includes in-
termediates such as IAOx, IAM, IPyA, and TAM. While the pathways
for [AOx and IAM to auxin production remain unclear, the IPyA pathway
is indicated as the primary route for IAA synthesis in plants. This pathway
involves Trp being deaminated to [PyA by tryptophan aminotransferase
Of Arabidopsis 1 (TAAT) and TAA1-related proteins (TARs) (Stepanova
et al., 2008; Tao et al., 2008; Yamada et al., 2009; Casanova-Saez et al.,
2021), followed by decarboxylation of IPyA to IAA catalyzed by Flavin-
containing monooxygenases from the YUC family (Mashiguchi et al.,
2011; Stepanova et al., 2011; Won et al., 2011; Casanova-Séez et al.,
2021). Another product of Trp, called IAOX, is an intermediary in an IAA
biosynthesis pathway that is still being worked out. It involves the cyto-
chrome P450 (CYP) monooxygenase family members CYP79B2 and
CYP79B3 (Hull et al., 2000; Mikkelsen et al., 2000; Zhao et al., 2002;
Casanova-Séaez et al, 2021). The conversion of indole-3-acetonitrile
(IAN) to TAA with the use of plant nitrilases (NITs) is proposed as the
route for JAOx-dependent auxin biosynthesis, although direct genetic and
biochemical proof'is lacking (Lehmann et al., 2017; Casanova-Séez et al.,
2021). An altemative route involves IAAld originating from tryptamine
(TAM) (Zhao et al., 2001, 2002; Reineke et al., 2008). A similar pathway
has been proposed in Arabidopsis based on the presence of indole-3-
acetamide (IAM) and the IAM hydrolase activity expressed by the AMI1
gene (Pollmann et al., 2002, 2003; Reineke et al., 2008).

Auxin perception involves the action of F-box proteins TIR1, AFB1,
2 and 3. These receptors play a crucial role within a nuclear-localized SCF
ubiquitin ligase complex. Mutations in genes responsible for auxin recep-
tors or core SCF subunits lead to declined sensitivity to auxin. When cellu-
lar auxin amounts fall below a threshold level, AUX/IAA repressor pro-
teins come into play, inhibiting auxin responses. These repressors hinder
ARFs, essential for activating gene expression in response to auxin, by
interacting with the conserved sequence ARE detected in the promoters of
auxin-responsive genes. Under conditions of elevated auxin concentra-
tions, the binding of auxin to its receptor enhances the ubiquitin-mediated
disruption of AUX/IAA. This process liberates ARFs from transcriptional
repression, ultimately inducing auxin responses (Woodward & Bartel,
2005; Paciorek & Friml, 2006; Vieten et al., 2007; Delker et al., 2008,
Mockaitis & Estelle, 2008; Strader & Bartel, 2008; Chandler, 2009; Ka-
zan & Manners, 2009; Sugawara et al., 2009).

During their interaction with host plants, many plant pathogens in-
duce an increase in auxin levels. In the non-infection state or steady state,
plant cells maintain a low, essential concentration of auxin. In this state,
the AUX/IAA repressor protein contacts with ARFs, effectively repress-
ing the transcription of auxin genes (Kazan & Manners, 2009).

Upon pathogen infection, the plant's auxin levels rise, facilitating the
binding of auxin to the auxin-receptor SKP-Cullin-F-box (SCF) complex
(Naseem et al., 2015). This binding leads to the removal and cleavage of
the repressor AUX/IAA via the 26S proteasome and associated proteases.
As a consequence, ARFs are released from repression and can bind to the
promoters of auxin-responsive genes, activating their transcription
(O’Donnell et al., 2003; Dharmasiri et al., 2005; Thilmony et al., 2006;
Kazan & Lyons, 2014; Naseem et al., 2015).

The concentration of active IAA in specific tissues undergoes strict
regulation, influenced by a variety of metabolic processes. These proces-
ses include the control of IAA synthesis, its transport to or from specific
cells or tissues, inactivation and reactivation of IAA, and degradation
through oxidative pathways (Normanly, 2010; Gonzalez-Lamothe et al.,
2012). The last two mechanisms involve the modification of IAA to gly-
cosyl esters and amide-linked conjugates with various amino acids and
peptides. In Arabidopsis thaliana, a significant portion of the conjugated
forms is associated with amino acids or small peptides. IAA-amino acid
conjugates are categorized as either storage or catabolism conjugates
(Ludwig-Miiller, 2011; Gonzalez-Lamothe et al., 2012). Storage conju-
gates, such as IAA-Ala and IAA-Leu can be enzymatically hydrolyzed by
plant enzymes to release fiee auxin. On the other hand, catabolism conju-
gates like IAA-Asp and IAA-Glu are not substrates for [AA-amino acid
aminohydrolases. Given that free IAA is recognized as the biologically

active form of auxin, only specific hydrolysable conjugates have demon-
strated activity in auxin bioassays (Woodward & Bartel, 2005; Ludwig-
Miiller, 2011; Gonzalez-Lamothe et al., 2012). While IAA-Asp has been
suggested to play a role in abiotic stress and ripening in henbane (Hyos-
cyamus niger) and grape (Vitis vinifera) (Oetiker & Aeschbacher, 1997;
Béttcher et al., 2010; Gonzalez-Lamothe et al., 2012), a direct biological
function for [AA-Asp and IAA-Glu has not been conclusively demon-
strated. These conjugates are generally regarded as the starting point of
auxin catabolism (Woodward & Bartel, 2005; Ludwig-Miiller, 2011,
Gonzalez-Lamothe et al., 2012). The conjugation of auxin to amino acids
is facilitated by the GH3 protein family, consisting of 19 members, with at
least seven confirmed to catalyze the synthesis of TAA-amino acid combi-
nations (Staswick et al., 2005; Gonzalez-Lamothe et al., 2012).

Similar to the mechanisms governing IAA levels (Zazimalova et al.,
2010; Korasick et al., 2013; Frick & Strader, 2018), the regulation of IBA
levels involves processes such as the formation of IBA conjugates and
IBA transport. IBA is found in both amide- and ester-linked forms
(Woodward & Bartel, 2005; Bajguz & Piotrowska, 2009; Ludwig-
Miiller, 2011; Frick & Strader, 2018). While some members of the Arabi-
dopsis GH3 amino acid synthetase family — GH3.4, GH3.5, GH3.6, and
GH3.17 — show evidence of adenylation action with IBA and IAA (Stas-
wick et al., 2005), no particular enzymes have been identified to date that
are in charge of conjugating IBA to amino acids (Frick & Strader, 2018).

The precise mechanism through which auxin signaling contributes to
disease remains unclear. One notable response triggered by the activation
of auxin signaling is the synthesis of conjugated forms of auxin, facilitated
by GH3 proteins (Gonzalez-Lamothe et al., 2012). Previous studies have
demonstrated the involvement of certain members of the GH3 gene fami-
ly in the interaction between plants and pathogens, particularly in Arabi-
dopsis and rice (Oryza sativa) (Jagadeeswaran et al., 2007; Nobuta et al.,
2007; Park et al., 2007; Zhang et al., 2007; Ding et al., 2008; Domingo
etal., 2009; Kazan & Manners, 2009; Fu et al., 2011; Gonzalez-Lamothe
et al.,, 2012). In each of these instances, the role of GH3 proteins has been
elucidated by their capacity to modulate the concentration of free IAA or
other defense-related hormones (Gonzalez-Lamothe et al., 2012).

The detection of [AA-Asp, as opposed to free IAA, may have evol-
ved as a strategic adaptation to enhance virulence. The observed induction
of GH3.2 by the pathogen suggests that the pathogen itself is capable of
initiating this process. It is plausible that in the evolutionary history, the
pathogen originally utilized IAA to boost its virulence by manipulating
other defense-related hormone pathways. Following infection, the plant
may have responded by inducing GH3 proteins to decrease free IAA
levels. Subsequently, the pathogen could have evolved to recognize and
exploit IAA-Asp for its own advantage (Gonzalez-Lamothe et al., 2012).

The induction of GH3.2 by auxin, as observed in previous studies
(Takase et al., 2004; Gonzalez-Lamothe et al., 2012), suggests that auxin
signaling may activate the conjugation process through the transcriptional
activation of GH3.2. Consequently, the repression of auxin signaling by
SA could lead to a decrease in JAA conjugation and, consequently, a
reduction in pathogen virulence (Wang et al., 2007, Gonzalez-Lamothe
etal., 2012). Moreover, there is a proposed link between auxin signaling
and SAR, with auxin playing an essential role in establishing SAR (Tru-
man et al.,, 2010). Specific compounds involved in auxin signaling might
be crucial in regulating the interaction between IAA and SA, the enhanc-
ing of IAA conjugation, or possibly both aspects (Gonzalez-Lamothe
etal,, 2012).

Although auxin's role as a regulator of plant defense has long been
acknowledged, the precise molecular mechanisms involved have only re-
cently come under investigation. Similar to the signaling pathways asso-
ciated with the defense chemicals SA and JA, auxin signaling has also
effects on resistance to different pathogen species (Kazan & Manners,
2009; Ludwig-Miiller, 2015). Recent evidence suggests an antagonistic
relationship between auxin and the SA pathway during plant defense res-
ponses, while similarities exist between auxin and jasmonate pathways in
terms of plant defense reactions (Kazan & Manners, 2009; Ludwig-Miil-
ler, 2015). Additionally, auxin may indirectly influence disease outcomes by
influencing plant development (Gil et al., 2001; Ludwig-Miiller, 2015).

The opposing interactions between SA and auxin could be evolutio-
narily driven by the need for plants to allocate limited resources to defense
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processes at the expense of growth when facing pathogen attacks (Kazan
& Manners, 2009). Plant growth relies on energy, primarily derived from
photosynthesis and respiration. The SA-mediated activation of PR (patho-
genesis-related) proteins is contingent upon intact photoreceptors, estab-
lishing a link between light and defense (Karpinski et al., 2003; Ludwig-
Miiller, 2015). A noteworthy connection between SA and photosynthesis
involves the protein isochorismate synthase, crucial for SA synthesis and
also contributing to the production of phylloquinone, which integrates into
photosystem I (Szechynska-Hebda & Karpinski, 2013). Excessive excita-
tion energy exhibits similar effects on the expression of nuclear genes as-
sociated with systemic-acquired acclimation and systemic-acquired resis-
tance, both intricately connected to programmed cell death (Szechynska-
Hebda & Karpinski, 2013; Ludwig-Miiller, 2015). However, recent fin-
dings demonstrate that auxin and SA exhibit a systemic co-increase during
Arabidopsis thaliana infection with Cucumber mosaic virus, challenging
the expectation of a consistent antagonistic relationship between auxin and
SA (Likic" et al., 2014). Hence, not all instances necessarily involve an
antagonism between auxin and SA (Ludwig-Miiller, 2015).

SA exerts its inhibitory influence on auxin signaling through various
mechanisms. One such mechanism involves the transcriptional repression
of genes responsible for encoding auxin receptors, including TIR1 and
related F-box proteins (Wang et al., 2007; Kazan & Manners, 2009). By
suppressing the expression of these auxin receptors, SA facilitates the
auxin-dependent degradation of the AUX/IAA repressors. Consequently,
this process leads to the stabilization of AUX/IAA and the stabilizing of
their repressive effects on auxin response genes. The overall outcome is
the inhibition of disease development (Kazan & Manners, 2009).

As previously discussed, auxin stands as one of the fundamental sig-
nals governing plant cellular developmental programs, and any disruption
in auxin signaling can have adverse effects on normal plant development
(Santner & Estelle, 2009; Grones & Friml, 2015; Naseem et al., 2015;
Schaller et al., 2015). The inhibited plant growth phenotypes observed
with constitutively active SA defenses (Clarke et al., 2000; Zhang et al.,
2003; Huot et al., 2014) may be, in part, ascribed to the SA-associated
inactivation of auxin signaling (Naseem et al., 2015).

Besides the already mentioned effects of internally synthesized auxin
molecules, externally applied phytohormones, including IBA have been
detected as implicating similar effects inside plant cells (Amrahov et al.,
2023).

IBA/IAA transport

The active transport of auxin in cambium is primarily basipetal, while
within plant tissues, it adopts a polar pattern (Uggla et al., 1998; Yu et al.,
2017). This polar auxin transport (PAT) relies on the proton motive force
across the plasma membrane and employs specialized membrane carriers
(Galweiler et al., 1998; Miiller et al., 1998; Schrader et al., 2003). Despite
the close chemical resemblance between IAA and IBA, investigations into
numerous IAA carriers have revealed their incapacity to transport IBA.
Similar to IAA, IBA entry exhibits saturation kinetics in Arabidopsis
(Ludwig-Muller et al., 1995; Rashotte et al., 2003; Strader & Bartel,
2011), implying the involvement of protein carrier molecules instead of
passive diffusion. The entry of IAA into cells is facilitated by the auxin
resistant 1 (AUX1) protein family (Vieten et al., 2007). Comprising
AUX1, like AUX1 (LAXT1), LAX2 and 3, these members share structural
similarities with amino acid permeases, featuring 11 transmembrane do-
mains (Swarup et al., 2004). Although AUX1 role as an IBA uptake carri-
er seems improbable, other members of the AUX1 family stand as plausi-
ble candidates for this function (Strader & Bartel, 2011).

Unlike the inflow, IBA export seems to use different carriers than
those that support IAA efflux. PIN-formed (PIN) proteins and ABCB
class type proteins of ATP-Binding-Cassette (ABC) transporters are the
two types of proteins that facilitate IAA efflux. The endoplasmic reticu-
lum membrane or the plasma membrane is where the eight PIN family
members are located (Grunewald & Friml, 2010; Strader & Bartel, 2011).
According to Grunwald & Friml (2010), plasma-membrane PIN proteins
frequently display distinct polar localization to particular cellular faces,
suggesting their function in controlling the direction of IAA flow within
cells and tissues. While they are also found in the plasma membrane,

members of the ABCB/multidrug resistance/P-glycoprotein family, such
as ABCB1, ABCB4, and ABCB19, exhibit a more symmetrical disper-
sion than PIN proteins. As part of long-distance IAA movement and
perhaps transporting IAA to PIN proteins, they could promote non-polar
TAA efflux (Bandyopadhyay et al., 2007; Blakeslee et al., 2007; Bailly
etal., 2008; Mravec et al., 2008; Strader & Bartel, 2011). Nevertheless,
none of the ABCB or PIN family mediates IBA efflux. Rather, at least
two members of the pleiotropic drug resistance (PDR) molecules of the
ABCG family of ABC transporters facilitate the removal of IBA from
root cells (Strader & Bartel, 2011).

Gibberellic acid

The gibberellins include a diverse group of diterpenoid carboxylic
acids with the most biologically active forms being GA1, GA3, and GA4
(MacMillan & Takahashi, 1968; Hedden & Thomas, 2012). As a plant
hormone, GAs have crucial roles in growth and development. They also
involve in major developmental transitions, e.g. the shift between seed
dormancy and germination, juvenile and adult growth phases, and vegeta-
tive and reproductive development. The execution of these functions is
dependent on developmental and environmental cues, which may regulate
various aspects of the GA pathway, including biosynthesis, turnover,
perception, or signal transduction, often acting at multiple points in the
pathway (Hedden & Thomas, 2012).

In higher plants, GA biosynthesis is initiated in plastids, continues in
the endoplasmic reticulum, and finally, the biologically active GAs are
synthesized in the cytosol. The synthesis starts with the conversion of ge-
ranylgeranyl diphosphate (GGPP) to ent-copalyl diphosphate by ent-copa-
lyl diphosphate synthase (CPS), then to ent-kaurene by ent-kaurene syn-
thase (KS) in proplastids (Olszewski et al., 2002; Mizutani & Ohta, 2010).
In the past, it was believed that ent-kaurene competes for a shared pool of
GGPP with other GGPP-derived metabolites (Fray et al., 1995). Later,
studies showed that there is a separate GGPP pool for ent-kaurene produc-
tion, facilitated by a GGPS (GGPP synthase) that uses GPP as a substrate
(Fig. 4), which differs from other GGPS isozymes involved in pigment
synthesis (van Schie et al., 2007; Hedden & Thomas, 2012).

GA12 is considered the main precursor of all active GA forms and its
formation from ent-kaurene involves the action of membrane—associated
P450s and soluble 2-oxoglutarate-dependent dioxygenases (ODDs) in the
endoplasmic reticulum. The production of GA12 involves two mono-
oxygenases, KO and KAO (Morrone et al., 2010; Hedden & Thomas,
2012). GA12 is converted into GAS53 by GA130x (GA 13-oxidase). Next,
GA12 and 53 are oxidized on C-20 by GA20ox (GA 20-oxidase), an
ODD, converting these substrates into GA9 and GA20 in the cytosol,
respectively (Hedden & Thomas, 2012).

The end stage of the formation of biologically active GAs is the pro-
duction of GA4 and GA1 from GA9 and GA20, respectively, which in-
volves the action of GA3ox (GA 3-oxidase). In dicotyledonous species,
this reaction yields a single product (Martin et al., 1997; Lester et al., 1997;
Williams et al., 1998), whereas in several monocotyledons, GA1 and
GA3 are formed from GA20 via the intermediate GAS (Itoh et al., 2001;
Appleford et al., 2006).

Gibberellin insensitive dwarf 1 (GID1), the GA receptor, DELLA
growth inhibitors (DELLAs), and the F-box proteins SLEEPY1 (SLY1)
and SNEEZY (SNZ) in Arabidopsis and gibberellin insensitive dwarf 2
(GID2) in rice are the primary components of the gibberellic acid signa-
ling pathway (Daviere & Achard, 2013). GID1 is a soluble nuclear recep-
tor that detects GA signals. In contrast to Arabidopsis, which has three
functioning GID1 orthologs — GID1a, 1b, and 1¢ —rice only has one copy
of the GID1 gene (Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006;
Tuchi et al., 2007; Willige et al., 2007; Hauvermale et al., 2012). The GID1
receptor lacks hydrolase function but resembles human hormone-sensitive
lipases (Ueguchi-Tanaka et al., 2005; Ueguchi-Tanaka & Matsuoka,
2010; Daviere & Achard, 2013). GID1 has a flexible N-terminal exten-
sion and a GA-binding pocket (Murase et al., 2008; Shimada et al., 2008;
Davicre & Achard, 2013). The closure of the GA pocket is caused by a
conformational shift in the N-terminal tail following the attachment of bio-
active GA to GID1 (Murase et al., 2008; Shimada et al., 2008). The out-
ermost layer of the lid bonds with the DELLA only after selecting the GA
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pocket, forming the GA-GID1-DELLA complex (Griffiths et al., 2006;
Ueguchi-Tanaka et al., 2007; Willige et al., 2007; Daviére & Achard,
2013). The ubiquitin-proteasome pathway facilitates the degradation of
DELLAs, which is facilitated by the formation of the GA-GID1-DELLA
complex. According to Hirano et al. (2010), this complex formation modi-
fies the structure of DELLA's GRAS domain, improving the interaction
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between DELLA's VHIID and LHRII motifs and the F-box protein
SLEEPY1 (SLY1) in rice and Arabidopsis/GID2. The F-box proteins are
components of the SCF (SKP1, cullin, F-box) E3 ubiquitin ligase com-
plexes (Fig. 5), which help polyubiquitin chains connect to target proteins
so that the 26S proteasome can degrade them (Lechner et al., 2006).
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As members of the plant-specific GRAS family of putative transcrip-
tion regulators, DELLAs are nuclear-localized inhibitors of GA responses
(Peng et al., 1997; Silverstone et al., 1998; Ogawa et al., 2000; Ikeda et al.,
2001; Chandler et al., 2002). DELLAs inhibit nearly every known GA-
dependent function as well as seed germination and growth (Achard &
Genschik, 2009).

Like other GRAS proteins, DELLAs have a conserved C-terminal
GRAS domain that is important for controlling transcription. This domain
is made up of three conserved structures (VHIID, PFYRE, and SAW) and
two leucine heptad repeats (LHRI and LHRII) (Bolle, 2004). DELLAs
are unique members of the GRAS family because of their unique N-ter-
minal sequence, which contains two conserved domains: the TVHYNP
domain and the DELLA domain, which gives them their name (Daviére
& Achard, 2013). Five DELLAs (GA-insensitive, GAI, repressor of
GAI-3, RGA; RGA-LIKE1, RGLI1; RGL2 and RGL3) are encoded in
the Arabidopsis genome and work together to repress GA responses in
different ways (Peng et al., 1997; Ikeda et al., 2001; Lee et al., 2002; Wen
& Chang, 2002; Tyler et al., 2004; Daviere & Achard, 2013). A pivotal
aspect of DELLAs lies in their capacity to interact with various classes of
regulatory proteins. DELLAs block transcription factors' DNA-binding
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capacities (like PIFs do) or the activity of regulatory molecules through
these interactions (Feng et al., 2008).

Gibberellins are found to interact with other phytohormones, inclu-
ding ABA, SA and auxins. Gibberellic acid and abscisic acid (ABA) have
antagonistic roles in the control of various developmental processes, and
their interactions are important. GA is recognized for its ability to stimulate
germination, development, and flowering, while ABA is known to im-
pede these essential activities. The transition from embryogenesis to seed
germination is regulated by the relative presence and balance of these
hormones (Razem et al., 2006; Weiss & Ori, 2007).

The growing embryo releases GAs to aleurone cells during cereal
seed germination, which causes the transcription of genes encoding hydro-
lytic enzymes, such as a-amylase. Following their secretion, these en-
zymes are found in the endosperm, where they catalyze the breakdown of
proteins and carbohydrates, supplying vital nutrients for the growing emb-
ryo. Conversely, ABA exerts a suppressive effect on a-amylase expressi-
on, introducing a regulatory dynamic to the process (Weiss & Ori, 2007).

SA negatively regulates GA signaling by the degradation of GID1 re-
ceptors. The ubiquitin-proteosome pathway degrades the GID1 receptor
in the presence of SA by interacting with it through NPR1, a critical regu-
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lator in SA signaling (Cao etal., 1997; Ryals et al., 1997; Shah et al., 1997,
Yu et al,, 2022). NPR1 and CUL3 (Cullin 3) combine to generate a ubi-
quitin E3 ligase that facilitates GID1 degradation and polyubiquitination
(Yuetal,, 2022).

The cross-talk between auxins and GAs occurs at many levels, in-
cluding signaling, metabolism or gene expression, and in many cases in a
tissue-specific manner. However, a clear relationship between both hor-
mones cannot be stated, as they have a positive effect on some aspects of
development, and they seem to present a synergistic character (Castro—
Camba et al., 2022). IAA upregulates GA synthesis by activating GA30x
and GA20ox and inhibiting GA20x (Frigerio et al., 2006; Yin et al., 2007;
O’Neill et al., 2010). On the other hand, GAs modulate auxin-related ge-
nes, although the outcomes of these responses depend on the specific set
of GA-induced auxin response factors (ARFs) (Castro-Camba et al.,
2022). In addition, GAs modify the expressions of several auxin transpor-
ters (Salanenka et al., 2018). It has been found that GAs are required for
the proper function of PIN-formed (PIN) protein auxin transporters (PIN1,
PIN2, PIN3) (Willige et al., 2011; Castro-Camba et al., 2022).

Studies have shown that after infection with a pathogen the endoge-
nous GA content significantly decreased (Zhu et al., 2005; Ding et al.,
2013; De Bruyne et al., 2014). Furthermore, exogenous GA application to
infected plants restored pathogen-induced GA decline partially, and exo-
genous GA lowered resistance to hemibiotrophic fungi Magnaporthe ory-
zae inrice (Ding et al., 2013; Qin et al., 2013; De Bruyne et al., 2014).

Some of MAPKKKSs and MAPK molecules have been identified to
influence GA content (Xie et al., 2023). Overexpression of MAPKKKS
of O. sativa, a MAP3K, belonging to the Raf subfamily, involves in regu-
lation of plant cell size by increasing concentrations of GA. The pathway
through which MAP3KS5 upregulates GA content has not been determi-
ned yet (Liu et al.,, 2019; Xie et al., 2023). GhMPK11, a group B MAPK
gene isolated from Gossypium hirsutum, increases GA3 concentrations by
upregulating GA-related genes and also causes susceptibility to certain
pathogens through the GA3 signaling pathway via down-regulation of
ROS detoxification enzymes (Wang & Guo, 2016). After infection with a
pathogen due to elevated levels of ROS, resistance to a pathogen decreas-
es (Yoshioka et al., 2009). The concentrations of ROS detoxifying enzy-
mes can be regulated by the SCFSLY 1/GID2 complex through the GA
signaling pathway (Grant & Jones, 2009). Thus, increased GA content
may decrease resistance to pathogens by decreased ROS detoxfying en-
zymes and by contributing to ROS accumulation.

Conclusion

The growing body of knowledge about plant-pathogen interactions
reveals increasingly complex underlying processes. Upon recognition of
pathogen-associated molecular pattems (PAMPs) by pattern recognition
receptors (PRRs), the downstream MAPK signaling pathway is activated,
leading to various immune responses. One significant aspect of these
mechanisms is the enhanced synthesis of phytohormones, such as salicylic
acid (SA). Research using the model plant Arabidopsis thaliana has
shown that the activation of TGA1/4 transcription factors, as part of the
MAPK -related pathways, leads to the induction of isochorismate synthase
(ICS), the primary enzyme for SA biosynthesis. This, in tum, triggers
other critical immune processes, including systemic acquired resistance
(SAR). Simultaneously, pathogen recognition stimulates genes involved
in indole-3-acetic acid (IAA) synthesis, leading to increased IAA levels.
The accumulation of IAA activates auxin-responsive genes, which play a
crucial role in subsequent immune responses. Additionally, gibberellins
(GAs) can modulate the effects of these phytohormones. While elevated
SA levels may negatively regulate GA signaling by degrading GID1 re-
ceptors, auxin and GA often act synergistically. The interactions between
pathogens and plant cells, and their effects on various phytohormones,
present numerous uncertainties regarding the exact mechanisms and pro-
pagation of signaling molecules to systemic tissues for activating secon-
dary immune responses. Understanding these signals and transduction
pathways is highly relevant for potential applications in plant engineering
programs aimed at enhancing resistance to phytopathogens.
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