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Abstract

Plants are under relentless challenge by pathogenic bacteria, fungi, and oomycetes, for whom they
provide a resource of living space and nutrients. Upon detection of pathogens, plants carry out
multiple layers of defense response, orchestrated by a tightly organized network of hormones. In
this review, we provide an overview of the phytohormones involved in immunity and the ways
pathogens manipulate their biosynthesis and signaling pathways. We highlight recent
developments, including the discovery of a defense signaling molecule, new insights into hormone
biosynthesis, and the increasing importance of signaling hubs at which hormone pathways
intersect.

Introduction

During the course of evolution, pathogenic bacteria, fungi, oomycetes, and their plant hosts
have evolved a multi-layered attack and defense relationship, often described as an arms race
or zig-zag model. Once microbes pass the outer structural defense barriers of plants, they are
likely to be recognized by their microbe-associated molecular patterns (MAMPS), which
include bacterial proteins, endotoxins, and the fungal cell wall component chitin. Perception
of MAMPs by specific pattern recognition receptors (PRRs) activates a first layer of defense
response, called pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI).
Several pathogens have developed strategies to suppress PTI1 using specialized effector
proteins that interfere with immune signaling and secure continued virulence. This
phenomenon is called effector-triggered susceptibility (ETS). However, many plants have
developed strategies to detect and overcome these effectors with so-called R-proteins, which
either directly recognize the presence of pathogenic effector proteins or scan whether targets
of the effectors have been modified. If successful, this will activate a second layer of
response, called effector-triggered immunity (ETI) (Figure 1A) (Chisholm et al., 2006; Jones
and Dangl, 2006).

Whether ETI is activated depends on the lifestyle of the pathogen. While biotrophic bacteria
or fungi feed on living tissue and have developed strategies to exploit resources while
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keeping the host alive, necrotrophic pathogens usually start by destroying their host with
toxins and then consume its contents. Some pathogens, called hemibiotrophs, start with a
biotrophic strategy but can live in dead tissue later. ETI is only effective against biotrophs
and hemibiotrophs in their early stages and does not work as a strategy against necrotrophs.
A common ETI response against biotrophs is the hypersensitive response (HR), in which the
plant triggers the death of cells in a localized area surrounding the site of infection, thus
containing any spread of the disease. While cell death works as a defense against biotrophs,
necrotrophs release specific toxins that induce cell death. After the initial infection, different
kinds of systemic immune responses can be activated that protect distant parts in the plant.
The so-called systemic acquired resistance (SAR) is typically based on the hormone
salicylic acid (SA) and involves activation of PATHOGENESIS-RELATED (PR) genes.
Jasmonic acid (JA) causes a different type of systemic resistance, which is called induced
systemic resistance (ISR) (Ton et al., 2002). These differences are linked to the nature of the
pathogen. Typically, SA will result in the activation of defense genes against biotrophic
pathogens, whereas responses against necrotrophs are triggered by JA signaling. Generally,
these two hormone pathways are in an antagonistic relationship with one another, a situation
that is fine-tuned by other hormones, such as ethylene (ET), abscisic acid (ABA),
gibberellins (GAs), and auxin (AUX) (Figure 1B). Thus, manipulation of hormone
production, perception, and downstream signaling is an important part of pathogen
strategies. We review the current understanding of how pathogens manipulate hormone
biosynthesis and signal transduction to remodel plant defense responses. We focus on recent
developments in immune signaling research and highlight signaling hubs at which different
hormone pathways intersect.

SA: Defense against Biotrophs

SA is a key hormone in plant immunity, mediating the so-called SAR, and has been
established as a major hormone triggering responses against pathogens with a biotrophic
lifestyle. SA is derived from the metabolite chorismate. During defense in Arabidopsis, SA
is preferably produced via the isochorismate pathway (Wildermuth et al., 2001). Chorismate
is first converted to isochorismate by the enzyme ISOCHORISMATE SYNTHASE (ICS),
and isochorismate is then converted into SA. The nature of this final reaction has been a
longstanding mystery. In certain bacteria, this step is carried out by the enzyme
ISOCHORISMATE PYRUVATE LYASE (IPL). Plants, however, do not have the IPL
enzyme. Two recent reports have resolved most of this question. The enzyme AVRPPHB
SUSCEPTIBLE 3 (PBS3) conjugates isochorismate and glutamate to isochorismoyl-
glutamate (Rekhter et al., 2019; Torrens-Spence et al., 2019). The two reports slightly differ
on the precise fate of this reaction product. While both groups agree that isochorismoy|-
glutamate is unstable and spontaneously decomposes into enolpyruvyl-N-glutamate and SA,
the latter report states that this step can be catalyzed by the enzyme ENHANCED
PSEUDOMONAS SUSCEPTIBILTY 1 (EPS1) at a rate four orders of magnitude higher
than the spontaneous formation. EPS1 appears to be a protein with an altered BAHD
acyltransferase fold but can only be found in Brassicaceae. It is possible that Brassicaceae
have evolved an enzyme that accelerates the spontaneous, last step in SA biosynthesis.
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During defense, SA accumulates at the site of infection and, although it is not a mobile
signal, contributes to amplification of defense responses in systemic tissue (Métraux et al.,
1990). In addition, the signal can move to neighboring plants when SA is converted to the
biologically inactive, volatile ester methyl salicylate (MeSA) (Park et al., 2007). The very
first step of SA biosynthesis is a target for the biotrophic fungus Ustilago mayadis. Its
effector Cmul converts chorismate into prephenate, depleting the pool of chorismate
available for isochorismate production (Djamei et al., 2011). Other pathogens, such as the
oomycete Phytophthora sofae and fungus Verticillium dahliae encode their own ICS
enzymes to stimulate SA production in order to antagonize anti-necrotrophic JA signaling
(Liu et al., 2014) (Figure 2A). As a signaling molecule, SA is perceived by several members
of the NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES (NPR) family, which
are in direct control of gene expression. NPR1 is considered the master regulator of SA
signaling. In 2012, the NPR1 homologs NPR3 and NPR4 and, in the same year, NPR1 were
discovered to be the receptors for SA (Fu et al., 2012; Wu et al., 2012). More recent research
has indicated that NPR3 and NPR4 act as transcriptional co-repressors and function
independently from the co-activator NPR1 (Ding et al., 2018). NPR1 is regulated by the
opposing activities of S-nitrosoglutathione (GSNO) and thioredoxins (Tada et al., 2008). S-
nitrosylation by GSNO oligomerizes NPR1 and retains it in the cytoplasm in an inactive
state. SA induces the thioredoxin-catalyzed monomerization of NPR1 and its subsequent
relocation into the nucleus. Nuclear NPR1 can, for example, together with the TGA
transcription factors, activate defense genes, such as PATHOGENESIS-RELATED 1 (PR-1),
a molecular marker for the plant immune response. Given its importance, NPR1 activity is a
target for several pathogenic effectors. The necrotrophic fungus Cochliobolus victoriae
effector victorin binds to the active site of THIOREDOXIN-h5 and therefore impedes
monomerization and activation of NPR1 (Lorang et al., 2012). XopJ, an effector from the
bacterial pathogen Xanthomonas euvesitorica targets the protease RPT6 that is involved in
NPR1 turnover (Ustiin et al., 2013). In addition, proper turnover of phosphorylated NPR1 is
required for complete establishment of defense response, and syringolin A produced by
Pseudomonas syringae pv. Syringae acts as a proteasome inhibitor (Schellenberg et al.,
2010). However, not until 2017 was a bacterial effector shown to directly bind NPR1. The 2
syringae type 111 effector AvrPtoB directly targets NPR1, an interaction that is stabilized by
SA. AvrPtoB has E3 ligase activity and promotes NPR1’s degradation by the proteasome
(Chen et al., 2017) (Figure 3A).

N-Hydroxypipecolic Acid: Priming and SAR

SAR signaling also works through nitric oxide (NO), the downstream molecules azelaic acid
(AzA) and glycerol-3-phosphate (G3P), and several reactive oxygen species (ROS). Upon
contact with pathogens, NO and ROS are activated in a synergistic relationship at the site of
infection, in which NO mitigates the damaging roles of ROS via peroxynitrite (ONOO™1).
ONOO™1 is the product of NO reacting with superoxide and is, unlike in animals, not a cell
death mediator in plants. ONOO™1 keeps superoxide from being converted into hydrogen
peroxide by the enzyme superoxide dismutase (Delledonne et al., 2001). ROS oxidize
unsaturated fatty acids derived from membrane lipids, creating AzA. AzA upregulates genes
for G3P-producing enzymes. G3P then induces SAR. The signal requires another component
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based on lysine-derived molecules. Upon pathogen infection, lysine is converted into Al-
piperideine-2 carboxylic acid (P2C) by the enzyme AGD2-LIKE DEFENSE RESPONSE
PROTEIN 1 (ALD1) and further processed to pipecolic acid (Pip) by SAR-DEFICIENT 4
(SARDA4) and probably a yet undiscovered enzyme (Ding et al., 2016; Hartmann et al., 2017;
Navarova et al., 2012). Navarova et al. (2012) showed that ALD1 is required for Pip
accumulation and establishment of SAR. It was later found that Pip influences SA-
dependent and SA-independent priming of defense responses dependent on the enzyme
FLAVIN-DEPENDENT-MONOOXYGENASE1 (FMO1) (Bernsdorff et al., 2016). sard4
knockout plants show reduced accumulation of Pip in leaves distant to the site of infection
but still retained SAR, suggesting that locally accumulated Pip triggers a systemic defense
response (Ding et al., 2016; Hartmann et al., 2017). It was recently discovered by two
different groups that Pip is converted into N-hydroxypipecolic acid (NHP) by FMO1 and
that Pip fails to induce SAR in fmol mutant plants (Chen et al., 2018; Hartmann et al.,
2018). NHP, and not Pip, is therefore now viewed as the SAR triggering molecule. NHP
directly triggers activation of genes acting at the onset of SAR, likely to set defense
preparedness in a systemic manner. AzA, G3P, Pip, and NHP are all transported from the
infected to uninfected tissues. This onset of SAR constitutes a possible interaction point with
SA signaling where systemic SA activity relies on amplification through a pre-established
NHP signal. The interaction between SA signaling and the Pip pathway has been
demonstrated on the transcriptional level (Bernsdorff et al., 2016), and nprZ mutant plants
fail to establish resistance normally transduced through Pip (Navarova et al., 2012).
Therefore, NPR1 might also be a merging point for integration of NHP-based defense
priming. The origin of ROS that is needed to oxidize the fatty acids to generate AzA is an
unclear element in this signaling environment, although the enzyme FMO1 was proposed as
a potential source (Kachroo and Kachroo, 2018). The catalytic cycle of FMO1 includes the
conversion of FAD-OH to FAD, which produces a water molecule but is prone to leakage of
hydrogen peroxide or a superoxide radical (Ziegler, 2002).

JA: Defense against Necrotrophs and Herbivores

JA is usually produced during a defense response against necrotrophic pathogens and
herbivores and is an antagonist of the SA response. JA is derived from the fatty acid a-
linolenic acid, which is first released from phospholipids by the chloroplastic phospholipase
A DEFECTIVE IN ANTHER DEHISCIENCE 1 (DAD1) and then oxygenated by the
enzyme LYPOXYGENASE (LOX). The oxygenated form, OPDA, is then converted into JA.
The endogenous bioactive form of jasmonate is not JA itself but (+)-7-iso-Jasmonoyl-L-
isoleucine (JAlle), which is produced from JA by the enzyme JA AMIDO SYNTHETASE
(JAR1) (Fonseca et al., 2009). The biosynthesis pathway is especially exploited by
biotrophic pathogens that stimulate JA signaling to downregulate the SA response. For
example, the hemibiotrophic fungus Fusarium oxysporum expresses its own LOX enzyme to
upregulate JA signaling (Brodhun et al., 2013). Some £ syringae pathovars produce
coronatine, a molecular mimic of JA-lle (Mitchell, 1982) (Figure 2B). This triggers JA
signaling and suppresses the SA response (Zheng et al., 2012) and in particular leads to the
reopening of closed stomata to allow bacterial entry. The receptor for JA-lle is a complex of
the F-box protein CORONATINE INSENSITIVE 1 (COI1) and JASMONATE ZIM
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DOMAIN (JAZ). JAZ proteins repress the transcription factor MYC2, an activator of
jasmonate response genes (Fernandez-Calvo et al., 2011). The presence of JA-lle induces
recruitment of JAZ proteins into a complex with COI1 and its subsequent degradation
(Thines et al., 2007). JA-lle and the bacterial mimic coronatine bind at the same position in
the receptor, but coronatine is more tightly accommodated in the binding pocket, leading to
a 10-fold higher affinity than JAlle. The sugar inositol pentakisphosphate (InsPs) is an
essential component of the receptor complex (Sheard et al., 2010). In a newly discovered
way to remodel hormone balance, one bacterial effector directly manipulates InsP
homeostasis. The Xanthomonas protein XopH converts inositol hexakisphosphate (InsPg)
into InsPs, which leads to an upregulation of JA signaling, ultimately antagonizing SA
responses (Bluher et al., 2017). Interestingly, COI1 responds to different ligands in different
species, and a recent report has demonstrated that the bioactive signaling molecule in the
bryophyte Marchantia polymorpha is not JA-1le but in fact the precursor OPDA (Monte et
al., 2018). In vascular plants, protection against herbivores or necrotrophs and COI1-
dependent gene expression can be mediated by OPDA when JA-Ile is unavailable, whereas
JA-lle is indispensable for certain developmental processes such as pollen maturation
(Stintzi et al., 2001). The antagonistic nature of the JA-SA relationship is exploited at the
gene regulatory level as well. The P syringae effector HopZ1a directly targets the receptor
complex and acetylates the ZIM domain of JAZ proteins, thereby causing their proteasomal
degradation through an unknown mechanism (Jiang et al., 2013). Shortly thereafter, the 2
syringae effector protein HopX1 was reported to act as a protease that degrades JAZ proteins
(Gimenez-lbanez et al., 2014). Another branch of JA signaling works through the
ETHYLENE RESPONSE FACTOR (ERF) transcription factor family and PLANT
DEFENSIN 1.2 (PDF1.2). JAZ proteins also repress ERF transcription factors, a regulator
that is also part of the ET signaling pathway. Therefore, two branches in the JA signaling
pathway exist, antagonistically regulated by MYC2 and ERF1 (Figure 3B). Thus, activation
of JA can either get synergistically transduced with the ET response or act independently of
ET signaling through the MYC2 part of the JA pathway.

ET Acts Together with JA

ET is a hydrocarbon gas that is involved in plant immunity. ET is derived from the amino
acid methionine. The enzyme S-ADENOSYLMETHIONINE (SAM) SYNTHASE converts
methionine into S-adenosylmethionine, which is then converted into 1-
aminocyclopropane-1-carboxylic acid (ACC) by ACC SYNTHASE. The final step is the
conversion of 1-aminocyclopropane-1-carboxylic acid into ET, which is carried out by the
enzyme ACC OXIDASE (Figure 2C). ET itself is perceived by several receptor proteins,
ETHYLENE RESPONSE 1 and 2 (ETR1 and ETR2), ETHYLENE RESPONSE SENSOR 1
and 2 (ERS1 and ERS2), and ETHYLENE INSENSITIVE 4 (EIN4). These proteins are
histidine kinases, the activation of which inhibits the downstream serine/threonine kinase
CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1). In the absence of ET, CTR1
phosphorylates the C-terminal domain of ETHYLENE INSENSITIVE 2 (EIN2).
Subsequently, dephosphorylated EIN2 will translocate into the nucleus and stabilize
ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE (EIL) transcription factors that
activate ET-controlled genes. EIN3 binds a primary ET response element present in the ERF
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promoters, activating the transcription of £/Fgenes. This in turn will activate both
transcription factors PDF1.2 and SOLANUM LYCOPERSICUM ETHYLENE RESPONSE
FACTOR 4 (SIERF4) (Merchante et al., 2013) (Figure 3C). Pathogens exploit the fact that
ET and JA have a synergistic role, which ultimately leads to an antagonistic role between ET
and SA. Therefore, ET signaling is a target of many pathogens. As a matter of fact, many
pathovars of P syringae produce ET themselves and others have found ways of forcing the
host to increase ET production. The Pseudomonas effectors AvrPto and AvrPtoB trigger ET
production in tomato (Cohn and Martin, 2005), an effect that might work indirectly through
the previously discussed downregulation of SA signaling by AvrPtoB that was found in
tobacco (Chen et al., 2017). ET has been shown to be critical for Xanthomonas euvesitorica-
elicited symptom development but not for pathogen inhibition. X, euvesitorica causes
bacterial leaf spot and deploys the effector protein XopD, which has a dual function. Like
many hemibiotrophic effector proteins, XopD represses SA-dependent gene expression and
SA production (Kim et al., 2008). To further delay chlorosis and necrosis in the host,
however, XopD also suppresses ET signaling by directly targeting and desumoylating the
transcription factor SIERF4 (Kim et al., 2013).

AUX plays a rather peripheral role in plant defense signaling, as it is usually involved in
growth processes. There are five different pathways of AUX production in plants and four of
those have in common that they derive AUX from the amino acid tryptophan. After
production, AUX can be converted into several conjugates, which are likely not biologically
active themselves but serve as storage molecules. In the cell, expression of AUX response
genes is generally repressed by the Aux/IAA family of transcription regulators. AUX binds
to the F-box protein TRANSPORT INHIBITOR RESPONSE 1 (TIR1) and stabilizes a
complex with the Aux/IAA repressor and a ubiquitin ligase (Dharmasiri et al., 2005;
Kepinski and Leyser, 2005). Consequently, the entire complex is degraded, killing off the
repressor and subsequently activating AUX response genes (Figure 3D). The sugar InsPg is a
cofactor of the TIR receptor complex (Tan et al., 2007), similar to the previously mentioned
InsP5 molecule that serves as cofactor in the JA receptor.

The presence of AUX renders plants more susceptible to biotrophic pathogens, and
exogenous AUX application leads to increased virulence and disease (Mutka et al., 2013;
Navarro et al., 2006; Wang et al., 2007). AUX signaling often gets down-regulated upon
infection with biotrophic pathogens, and the signaling repressor Aux/IAA is stabilized by
SA. This is likely due to the synergistic role that AUX has to JA signaling, and therefore,
together with JA, AUX promotes resistance against necrotrophic pathogens. A few
pathogens have been found to exploit this relationship. The P syringae effector protein
AvrRpt2 promotes degradation of Aux/IAA proteins, and therefore initiates AUX signaling
(Cui et al., 2013), and the Phytophthora parasitica effector PSE1 acts by local modulation of
AUX levels through altered distribution of PIN-FORMED (PIN) proteins, a family of AUX
efflux transporters (Evangelisti et al., 2013). In addition to these strategies, several
pathogens can produce AUX themselves (Kunkel and Harper, 2018).
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GAs are a class of hormones that are typically involved in various developmental processes
such as stem elongation, fruit senescence, and breaking seed dormancy. GAs are produced
from the precursor geranylgeranyl diphosphate in four steps, and so far, more than 130
different GAs have been discovered, though only a few have known biological activity
(YYamaguchi, 2008). GA perception in plants is carried out through the receptor protein
GIBBERELLIN INSENSITIVE DWARF 1 (GID1) (Ueguchi-Tanaka et al., 2005). GA
responses are repressed by DELLA proteins. The presence of GA will lead to a complex of
GA, GID1, and DELLA, and the entire complex is subject to proteasomal degradation
(Figure 3E) (Sasaki et al., 2003). Based on the findings that SA responses against biotrophic
pathogens are increased in de//a mutants, it is thought that pathogens target GA signaling
because of its interactions with the more important defense pathways (Navarro et al., 2008).
In addition, the competition of DELLA and MY C2 proteins for binding to JAZ proteins is
likely an important intersection of the GA and JA pathways. Activation of GA signaling and
subsequent degradation of DELLA will allow MY C2 to interact with JAZ, consequently
blocking JA activation (Hou et al., 2010). It is telling that GAs were initially named after the
necrotrophic fungus Gibberella fujikuroi, now reclassified as Fusarium fujikuroi, which was
associated with unusual elongation of rice (Yabuta and Sumiki, 1938). The fungus represses
JA activation by secretion of a GA mimic. On the other side, XopDxccgo04, an effector from
Xanthomonas campestris, blocks GA-mediated DELLA degradation, ultimately limiting the
SA response (Tan et al., 2014). However, this is counteracted by the plant protein
JUNGBRUNNEN 1 (JUB1), which accumulates DELLA proteins through suppression of
GA biosynthesis and by transcriptional activation of DELLA genes (Shahnejat-Bushehri et
al., 2016).

The hormone ABA is traditionally associated with abiotic stress response. Based on the
observation that plants treated with ABA have increased susceptibility to biotrophic fungi,
for example Phytophthora infestans (Henfling et al., 1980) and Peronospora tabacina (Salt et
al., 1986), it is assumed that ABA has an antagonistic role to SA. In turn, ABA signaling or
biosynthesis mutants are more susceptible to the necrotrophic fungi Alternaria brassicicola
and Pythium irregulare (Adie et al., 2007). In addition, it has been demonstrated that an
ABA biosynthesis mutant is less susceptible to the biotroph £ syringae, which can be
reverted by exogenous application of ABA (Fan et al., 2009). In particular, the bacterial
effector AvrPtoB reportedly modifies ABA signaling (de Torres-Zabala et al., 2007), which
might be an indirect observation originating from AvrPtoB’s direct targeting of NPR1, the
master regulator of SA signaling (Chen et al., 2017).

Cytokinins

Cytokinins (CKs) are mainly known for their role in cell division, but their control over
senescence has suggested possible exploitation by plant pathogens. A well-studied case of
bacterial CK production is the bacterial phytopathogen Rhodococcus fascians, which is able
to produce three different CKs in order to force continued tissue proliferation in infected
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areas (Pertry et al., 2009). CK production has also been found in the biotrophic fungi
Pyrenopeziza brassicae, Cladosporium fulvum, and Blumeria graminis as well as in the
hemibiotrophs Phyllosticta brassicae and Venturia inaequalis (Murphy et al., 1997).
Senescence is delayed at the infection site, leading to so-called green island formation. In
addition to these effects, the £ syringae effector protein HopQ1 works through activation of
the CK pathway in order to suppress immunity mediated by FLAGELLIN-SENSITIVE 2
(FLS2), a PRR that recognizes bacterial flagellin (flg22) (Hann et al., 2014).

BRs: Balancing Growth and Defense

BRs are a class of growth hormones. The most potent BR, brassinolide, is derived from the
sterol campesterol. Brassinolide binds to a 70-amino acid island domain of the dual-
specificity receptor kinase BRASSINOSTEROID INSENSITIVE 1 (BRI1), which contains
a large extracellular domain composed of 25 leucine-rich repeats (Hothorn et al., 2011). BR
binding activates the kinase function of the receptor, and through a phosphorylation cascade,
the GLYCOGEN SYNTHASE KINASE 3 (GSK3)-like kinase BRASSINOSTEROID
INSENSITIVE 2 (BIN2) is inactivated. BIN2 usually phosphorylates and inhibits the BR
transcription factors BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-
SUPPRESSOR 1 (BES1). The presence of BR, therefore, keeps BZR1 and BES1
dephosphorylated, allowing them to activate BR-specific genes (He et al., 2002). The fact
that BRI interacts with BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1), which in
turn interacts with the flg22 receptor FLS2, has led to early speculation that BAK1 might
manage the trade-off between growth and defense as flg22 responses can be inhibited
through BR. In 2012, two different groups published reports about the interaction. While one
side concluded that the BR-triggered inhibition of flg22 is independent of BAK1 (Albrecht
et al., 2012), the other group reported concentration-dependent effects because BRI1 is able
to recruit BAK1 away from MAMP defense receptors. In their model, the amount of
available BAK1 protein pool would ultimately be the deciding factor over the growth-
defense trade-off (Belkhadir et al., 2012). Given this prominent role, it is not surprising that
BAKU1 itself is the target of effector proteins, and £ syringae AvrPto and AvrPtoB bind to
BAK1 to suppress immune signaling (Cheng et al., 2011; Shan et al., 2008).

Studies in rice have revealed that BR treatment makes the host more susceptible to the root
pathogens Pythium graminicola and Meloidogyne graminicola. P graminicola hijacks the
rice BR machinery and initiates negative cross talk with the SA and GA pathways (De
Vleesschauwer et al., 2012), and M. graminicola engages in downregulation of the JA
pathway after BR treatment (Nahar et al., 2013). BR signaling also intersects with the GA
pathway through interaction between the BR transcription factor BZR1 and DELLA proteins
(Gallego-Bartolomé et al., 2012), which are negative regulators of GA signaling. In addition,
BZR1 induces expression of several WRKY transcription factors, which downregulate early
immune response, and in that regard, BZR1 directly interacts with WRKY40 (Lozano-Duran
et al., 2013). Recently, a new concept has been pushed forward, demonstrating that the BR
transcription factors are directly regulated by ROS. Hydrogen peroxide causes oxidative
modification on the transcription factor BZR1, which increases its interaction with AUX and
light pathway regulators such as ARF6 and PIF4, respectively (Song et al., 2019). Another
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recent study reported that the interaction between BIN2 and the transcription factor BES1 is
ROS regulated and that BIN2 activity is oxygen dependent (Tian et al., 2018).

Signaling Hubs

Exposure to biotrophic and necrotrophic bacteria at the same time requires fine tuning of
defense strategies, and the activity of hemibiotrophs that switch their lifestyle, requires a
correspondingly quick response by the plant. These defense strategies need to be merged
with other environmental challenges, such as temperature, light, and drought, all of which
affect growth. Several regulatory hubs have emerged that allow the initiation or interaction
of several different hormone pathways. Among the most investigated of these are certainly
the DELLA proteins, which interact with three different hormone pathways, downregulating
BR and GA signaling, while stimulating JA response. Given the importance of DELLAs, it
is somehow surprising that so far only the bacterial effector XopDxccgo04 and counteracting
plant protein JUB1 have been found to manipulate the concentration of DELLA in the cell
(Figure 4A).

During the establishment of SAR, the SA transcription factor NPR1 not only functions as a
likely crossing point of SA signaling and Pip activity but is also impacted by ROS, which
directly influences NPR because its protein activity requires redox-triggered
monomerization. In turn, SA activity inhibits ROS-degrading enzymes. Direct interaction of
ROS with components of the BR signaling pathway is a novel concept that appears in part
contradictory. On one hand, BIN2 activity seems to be stimulated by oxygen, which would
deactivate BR signaling by inhibition of the transcription factors BZR1 and BES1. On the
other hand, hydrogen peroxide directly stimulates the interaction of BZR1 to the light
pathway regulators ARF6 and PIF4 (Figure 4B). In that regard, ROS might narrow down BR
signaling to a limited number of targets using a limited pool of BZR1 and BES1.

Another prominent interaction point is BAK1, a co-receptor of many other receptors,
including multiple PRRs (Chinchilla et al., 2009). As a co-receptor for both the flg22
receptor FLS2 and the BR receptor BRI1, BAK1’s role in a trade-off between defense and
growth appears obvious. However, BAK1 is also embedded in the interaction between the
peptide RAPID ALKALINIZATION FACTOR (RALF) and its receptor FERONIA (FER).
FER suppresses JA signaling and is controlled by RALF peptides. RALFs are small peptide
hormones that inhibit root growth by negatively regulating cell expansion and were found to
induce mitogen-activated protein (MAP) kinase activation (Bedinger et al., 2010; Bergonci
et al., 2014). RALF can bind directly to BAK1 (Dressano et al., 2017) but also inhibits
BAKZ1’s binding to FLS2, an interaction that is conversely stabilized by FER. Signaling of
several other immunity involved peptides have been found to be dependent on BAK1, such
as Pepl (Schulze et al., 2010), PIP1 (Hou et al., 2014), and SCOOP12 (Gully et al., 2019).
In addition to those interactions, BAK1 also regulates the ABA-induced stomatal closure in
guard cells via its interaction with OPEN STOMATA 1 (OST1), and bakI mutant plants
display ABA insensitivity in stomatal closure. Given BAK1’s importance, it is not surprising
that to date 5 effector proteins have been identified that target its activity (Figure 4C).
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Conclusion and Future Directions

Several exciting discoveries in the recent years have both refined and repositioned our
understanding about how plants integrate different defense signals. An outstanding finding
in 2018 has been the identification of NHP as the molecule that induces the onset of SAR. It
has been known before that Pip is required for initiation of SAR, and it has now become
clear that Pip is the precursor of the actual SAR inducing molecule NHP. In addition to NHP,
one of these studies identified an NHP glucoside conjugate (N-OGIc-Pip). It is not entirely
clear whether this conjugate is a storage form of NHP or if it also acts as a signaling
molecule. It has been suggested that the NHP-producing enzyme FMOL1 is a potential
feeding source of the ROS-NO cycle driving AzA/3GP. Since there is no direct proof for
H»0, production by FMO1, and NHP rescues the SAR-deficient #mol mutant, this idea has
to be considered speculation at this point. Considering the recent publications about the
direct influence of ROS in the BR signaling pathway, it will be exciting to see if future
publications will expand the already general role of ROS in signaling. Another interesting
question is whether there is functional overlap between FMO1 and other FMO proteins. The
Avrabidopsis genome encodes for 29 FMO genes, and there are 3 different clades of FMO
enzymes, one of which comprises the YUCCA proteins that are involved in AUX
biosynthesis (Schlaich, 2007). Although FMOL is located in a separate clade, its sequence
identity to YUCS, which synthesizes AUX from indole-3-pyruvic acid (IPA), is as high as
71%.

An intriguing and novel concept is the alteration of receptor sugar cofactors to manipulate
hormone signaling. The phytase activity of Xanthomonas effector XopH produces the
cofactor InsPs, which is required for the activity of the JA receptor. However, InsPg, XopH’s
substrate, is not only the cofactor of the AUX receptor but is also required for activity of the
YopJ family of bacterial effector proteins. This raises the question whether XopH’s activity
is only designed to alter hormone homeostasis or if it is embedded in a competition with
other pathogens that use InsPg as well. One might even speculate that a class of effector
proteins exists where InsPs acts as a cofactor, and XopH is a tool to alter sugar pools to their
favor.

Lastly, the nature of signal integration at the BAK1 receptor is still elusive. Do BAK1
ligands and co-receptors have different affinities to BAK1 and are these biologically
important? And to what degree does the amount of available BAK1 protein at different
developmental stages and environmental situations contribute?

It has become increasingly clear that integration of different hormone signaling pathways
occurs at more levels than previously thought. On one hand, this allows plants to exert more
complex hormone communication and, on the other hand, puts selection pressure on
pathogens to manipulate every one of these interaction nodes. While production of either the
hormone itself or a molecular mimic seems to be rare, many strategies either induce or block
turnover of central regulators or receptor proteins. It should be pointed out that the
relationships between signaling pathways are not always as static and straightforward as
described here, but they highly depend on the environmental context of the plant. It is also
noteworthy that many attack and defense strategies might have escaped our attention
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because they simply do not produce a disease phenotype. Thus, protein mass spectroscopy
and metabolomics will hopefully aid to uncover more host targets and counterstrategies in
the future.
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Figure 1. Hormone Pathways I nteract and Cause Two Different Kinds of Systemic mmunity
(A) Typical components and steps preceding the establishment of SAR: pattern recognition

receptors (PRRs) recognize microbe-associated molecular patterns (MAMPS), leading to
PAMP-triggered immunity (PTI). Pathogenic bacteria eject effector proteins into the host
using a type Il secretion system (T3SS), causing effector-triggered susceptibility (ETS).
The plant can counteract effector proteins with R-proteins, leading to effector-triggered
immunity (ETI).

(B) Left side, in brown: systemic acquired resistance (SAR) is established against biotrophic
pathogens and is controlled by SA. Azelaic acid (AzA), glycerol-3-phosphate (G3P),
pipecolic acid (Pip), and N-hydroxypipecolic acid (NHP) are all transported from the
infected site to uninfected tissues. Right side, in blue: induced systemic resistance (ISR)
requires JA and ET signaling and is found as a response against necrotrophic pathogens but
also mutualistic organisms.
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Figure 2. Pathogens M anipulate Hor mone Biosynthesis Pathways at M ultiple Points
(A) Salicylic acid is abbreviated as SA. Cmul depletes the SA precursor chorismate by

turning it into prephenate. COR, AvrE, and HopM1 interrupt SA production by blocking the
ICS enzyme. P, sojae and V. dahliae have their own ICS enzymes to stimulate SA

production.

(B) Jasmonic acid is abbreviated as JA. The pathogenic FoxLOX enzyme and the JA-lle
mimic coronatine both stimulate JA signaling.

Cell Host Microbe. Author manuscript; available in PMC 2020 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biirger and Chory

Page 18

(C) Ethyleneis abbreviated as ET. AvrPto, AvrPtoB, and Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000) stimulate ET production through upregulation of ACC OXIDASE.
Some Pseudomonas syringae strains produce ET.
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Figure 3. Pathogens I nterfere with Signaling Pathways to Remodel Hor mone Responses
(A) Salicylic acid (SA). Victorin blocks NPR1 activation by inhibiting thioredoxin. XopJ

and syringolin block necessary turnover of phosphorylated NPR1. AvrPtoB directly targets
NPR1 for degradation.

(B) Jasmonic acid (JA). The JA-lle mimic coronatine as well as the effector proteins XopH,
HopX1, and HopZ1 induce JA signaling by causing turnover of the COI1-JAZ receptor
complex.

(C) Ethylene (ET). XopD blocks ET signaling by inhibiting SIERF4.

(D) Auxin (AUX). AvrRpt2 initiates AUX signaling through degradation of Aux/IAA
proteins. PSE1 changes AUX levels through altered distribution of PIN proteins.

(E) Gibberellin (GA). XopDxccgoos blocks GA signaling by interfering with DELLA
degradation, and JUB1 accumulates DELLASs through suppression of GA biosynthesis.
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Figure 4. Hormone Pathways M erge at Several Signaling Hubs
(A) DELLA proteins integrate signals from the JA, GA, and BR pathways.

(B) ROS trigger SAR priming and SA response and have both inhibitory and activating

effects on the BR pathway.

(C) BAKL is a co-receptor of many receptors and thus integrates signals from the BR, JA,
and ABA pathways as well as immune signaling through peptides. Protein-protein
interactions in (A) and (C) are shown as encircled arrows.
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