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Summary

Besides innate immunity, plants have acquired immunity, which is based on immune
memory from prior stress exposures. This memory enables plants to respond more
effectively and rapidly to subsequent pathogen attacks, forming a resistant phenotype,
known as induced resistance (IR) response. Two B-amino acids, (R)-B-homoserine
(RBH) and B-aminobutyric acid (BABA), act as the stress stimulus triggering IR
responses. The molecular mechanisms of RBH- and BABA-IR are still not fully
understood, especially in the case of RBH, whose IR potential was only recently
discovered. This PhD study aims to address this knowledge gap and enhance our

comprehension of B-amino acid-induced resistance.

This work first looked into the mechanisms of RBH-IR by using a forward genetic
screen with Arabidopsis (Arabidopsis thaliana) T-DNA insertion collection for mutants
impaired in RBH-induced immunity (iri). An amino acid transporter, LYSINE HISTIDINE
TRANSPORTER 1 (LHT1), was identified from the screen. Quantifying RBH and
BABA content in the LHT1 mutant and overexpression lines and an uptake experiment
with yeast expressing LHT1 revealed it acts as the primary transporter of RBH and
BABA.

Next, FATTY ACID HYDROXYLASE 2 (FAH2), an interactor of the BABA receptor,
IMPAIRED IN BABA-INDUCED IMMUNITY 1 (IBI1) was investigated. Induced
resistance and growth response assays showed FAH2 regulates BABA-IR and BABA-
induced stress. Furthermore, sphingolipid profiling of wildtype, ibi1-1 and fah2-1,
singled out a glycosyl inositol phosphorylceramide which might be a potential negative
regulator of BABA-IR.

Finally, this work showed that RBH-IR and BABA-IR employ different regulatory
mechanisms in relation to callose-associated penetration resistance, a shared IR
response between these two chemicals. While BABA relies on PLASMODESMATA-
LOCATED PROTEINs (PDLPs) and the callose synthase POWDERY MILDEW
RESISTANT 4 (PMR4) to enhance callose-associated resistance, RBH-induced
callose augmentation involves other callose synthases beyond PMR4, and
independent from PDLPs. In summary, this thesis advances the understanding of
molecular mechanisms underpinning RBH-IR and BABA-IR and provides candidate

genes for future breeding programs.
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Chapter 1: General Introduction



1.1 Plant innate immunity: PTl and ETI

Plants, like other eukaryotes, have a specialised innate immune system that enables
them to detect and react to attack by microbial pathogens. The plant's innate immune
system consists of two branches of defence; the first is activated by the conserved
molecular patterns from pathogens (Jones and Dangl, 2006). These conserved
patterns, such as flagellin and elongation factor Tu (EF-Tu) from bacteria and chitin
oligomers from fungi, are known as microbe-associated molecular patterns (MAMPs)
and can be detected by pattern recognition receptors (PRRs) on the cell membrane
(Chisholm et al., 2006; Choi and Klessig, 2016). Plants react to the recognition of these
molecular patterns by activating pattern-triggered immunity (PTI), which involves a
range of defence mechanisms, including the production of reactive oxygen species
(ROS) and antimicrobial compounds, stomatal closure, deposition of callose in cell
walls, and induction of defence-related genes (Bigeard et al., 2015). A successful
pathogen can secrete effectors to suppress PTl and cause effector-triggered
susceptibility (ETS). As an evolutionary counter-response, plants have evolved
intracellular receptors that perceive these pathogen effectors and activate the second
branch of the innate immune response: effector-triggered immunity (ETI). Many of
these intracellular receptors are nucleotide-binding leucine-rich (NLR) repeat proteins
encoded by resistance genes (Forderer et al., 2022). Recent research revealed that
NLRs assemble into oligomeric complexes, also known as resistosomes, which induce
defence responses and typically lead to programmed cell death (Wang et al., 2019;
Ma et al., 2020).

1.2 Plant-acquired immunity: induced resistance

Genetically susceptible plants that lack high levels of innate immunity can still protect
themselves against pests and diseases via acquired immunity, which is based on a
form of immune memory and develops upon recovery from an environmental stress
stimulus, also known as ‘priming’. This memory enables plants to have quicker and
more robust immune responses toward the subsequent pathogen invasion, resulting
in a so-called induced resistance (IR) response against pathogens (De Kesel et al.,
2021). There are three conceptual stages to IR: i) the initial stress stimulus that triggers

the memory, ii) a stress-free recovery period, during which the memory develops, and



iii) the expression of the augmented defence response upon secondary challenge (Fig.
1.1). Although the initial stimulus is not limited to pathogen attacks, the best-
characterised form of IR is called systemic acquired resistance (SAR), during which
local pathogen infection acts as the initial stress stimulus and salicylic acid (SA) and
N-hydroxypipecolic acid (NHP) act as memory-inducing signals in the distal plant parts
during SAR establishment (De Kesel et al., 2021; Zeier, 2021). Besides pathogens,
plant growth-promoting rhizobacteria and fungi can induce resistance. This induced
systemic resistance (ISR) response to root colonisation by beneficial soil microbes can
be differentiated from SAR on the basis of the underpinning signalling pathways. While
SAR depends on SA and NHP, jasmonic acid (JA) and ethylene (ET) signalling are
typically essential to the ISR (Pieterse et al., 2014). Some non-biotic agents, such as
chemicals, can serve as potent elicitors of IR. These IR agents are often MAMPs or
plant stress hormones, such as SA, or artificial analogues of thereof, such as 2,6-
dichloroisonicotinic acid (INA) and benzothiadiazole (BTH; Yassin et al., 2021). In
addition, B-amino acids have been reported to act as powerful IR agents in plants,
particularly B-aminobutyric acid (BABA) and (R)-B-homoserine (RBH; Cohen et al.,
2016; Buswell et al., 2018).



naive
2 primed
2
7]
1}
[0}
Q
[ =
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o I Stress
T
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i ¥ T 1 time
Initial Recovery Expression
phase phase phase

(i) (i) (iii)

Figure 1.1. Conceptual model of induced resistance (IR). The blue and red lines represent the
defence activity over time in naive and primed plants, respectively. An IR event consists of three
phases: (i) the initial phase, in which primed plants perceive stress stimuli and meagre and
transient defence is triggered; (ii) the recovery phase, in which primed plants recover from the
previous non-lethal event in a stress-free period and develop the stress memory; (iii) the
expression phase, in which primed plants experience the second challenge while for naive
(unprimed) plants it is the first challenge. Both primed and naive plants react to the challenge by
launching defence activities, with primed plants responding faster and with more robust defence
responses, known as IR than naive plants.

1.3 BABA-induced resistance

The first record of disease suppression by BABA was published by Papavizas and
Davey (1963), who showed that BABA application completely prevented root rot
disease in pea by the oomycete pathogen, Aphanomyces euteiches, while a-
aminobutyric acid only had a mild effect on disease suppression. However, it wasn’t
until 30 years later that Ygal Cohen (1994a, b) reported that BABA protects tomato
(Solanum lycopersicum) and tobacco (Nicotiana tobaccum) against late blight and
downy mildew, respectively. Since then, the resistance-inducing effects of BABA have
been reported in a range of taxonomically unrelated crop species against a wide
spectrum of diseases and pests (Cohen et al., 2016). For instance, BABA protects
against commercially damaging plant pathogens and herbivores, such as potato late
blight (Altamiranda et al., 2008), apple fire blight (Hassan and Buchenauer, 2007), pea
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rust (Barilli et al., 2010a) and potato root-knot nematode (Mongae and Moleleki, 2015).
Furthermore, treating harvested fruits with BABA has been reported to reduce
postharvest disease incidence. For instance, BABA-treated fruits are more resistant
to citrus green mould (Panebianco et al., 2014), mango anthracnose (Zhang et al.,
2013) and Rhizopus rot (Wang et al., 2018). Remarkably, BABA-IR is not limited to
biotic stress only; it can also enhance resistance against abiotic stresses, like drought
(Jakab et al., 2005; Macarisin et al., 2009; Jisha and Puthur, 2016) and salt stress (Ton
et al., 2005; Jisha and Puthur, 2016; Mostek et al., 2016).

1.4 BABA is an endogenous stress signal

A plausible explanation for the broad-spectrum effectiveness of BABA in plants is that
it acts as an endogenous stress signal (Baccelli et al., 2017; Thevenet et al., 2017;
Balmer et al., 2019). An increase in BABA has been detected in Arabidopsis after the
application of both abiotic and biotic stresses. Furthermore, salt-stressed leaves from
both monocot and dicot plants showed elevated concentrations, indicating that this
stress-induced BABA accumulation is conserved across the plant kingdom (Thevenet
et al., 2017). Further investigation of pathogen-induced BABA revealed that the plant
immune system controls its accumulation, which is limited to local infection sites
(Baccelli et al.,, 2017; Balmer et al., 2019). These findings strongly suggest that
exogenous application of BABA hyperstimulates a natural and highly conserved

acquired immune response in plants (Balmer et al., 2019).

1.5 BABA: a potential crop protection agent?

Over recent years, there has been increasing interest in the exploitation of BABA as a
crop protection agent. Accordingly, it is relevant to know whether the mechanisms of
BABA-IR in Arabidopsis are translatable to crops. In both tomato and lettuce (Lactuca
sativa), only the R-enantiomer of BABA is effective in triggering IR (Cohen et al., 2010;
Cohen et al., 2016), suggesting a similar perception mechanism. BABA potentiates
SA-dependent defence and pathogenesis-related (PR) gene expression in tomato
infected with Pectobacterium carotovorum, common bean (Phaseolus vulgaris)
infected with P. syringae pv. phaseolicola and grapevine (Vitis vinifera) exposed to

Botrytis cinerea (Farahani et al., 2016; Martinez-Aguilar et al., 2016; Wang et al., 2021).



BABA has also been reported to boost similar defences in different plant species,
including callose deposition, reactive oxygen species production and lignin formation.
For instance, BABA increases callose and H202 production in wheat (Triticum
aestivum) upon inoculation with Puccinia triticina and in rice (Oryza sativa L.) upon
challenge by root-knot nematodes (Meloidogyne graminicola; Ji et al., 2015;
Bellameche et al., 2021). Furthermore, the augmented production of phenolic
phytoalexins is recognised as a critical mechanism underpinning the BABA-IR
mechanism, reducing the severity of pea rust causing by Uromyces pisi (Barilli et al.,
2010b; Barilli et al., 2015).

Although BABA-IR has been described in many different plant species against a wide
range of biotic and abiotic stresses, it is still rarely exploited in crop production. This is
mainly due to its phytotoxicity when applied at higher concentrations (Yassin et al.,
2021; Honig et al.,, 2023). In both Arabidopsis and tomato, relatively high
concentrations of BABA repress plant growth and induce anthocyanin accumulation
and chlorosis-like symptoms (Wu et al., 2010; Singh et al., 2023). BABA also delays
fruit ripening in tomato and upregulates genes that are linked to abiotic stress
(Wilkinson et al., 2018; Zapletalova et al., 2023).

Interestingly, in both tomato and Arabidopsis, BABA-IR and BABA-induced stress are
enantiomer-specific: R-BABA provides protection but also causes stress phenotypes
(Singh et al., 2023). As detailed in the below section, R-BABA is the active enantiomer
that is perceived by the corresponding receptor in Arabidopsis. Thus, the beneficial IR
response and unwanted stress response by BABA are likely based on a conserved
perception mechanism. Understanding this mechanism can facilitate genetic
strategies to uncouple BABA-IR from BABA-induced stress or chemical strategies to

generate functional BABA analogues that induce resistance with less/no phytotoxicity.

1.6 IBI1: the Arabidopsis BABA receptor controlling IR and

phytochemical stress via separate pathways

BABA-IR can be divided into two stages: the establishment of the primed state and
the augmented defence response upon subsequent stress challenge. The first
systematic studies of BABA-IR in the genetic model plant Arabidopsis revealed that

BABA-primed plants show augmented activity of both SA- and ABA-dependent



pathways, depending on the challenging stress (Zimmerli et al. 2000; Ton & Mauch-
Mani, 2014; Ton et al., 2005). The identification of the BABA receptor, IBI1, by Luna et
al. (2014) provided a tractable system to study the perception and early signalling
leading to the primed defence state. The IB/1 gene was isolated by a screen for
Arabidopsis mutants that are impaired in SA-independent BABA-induced immunity
against Hyaloperonospora arabidopsidis (Hpa), named the impaired in BABA-induced
immunity 1 (ibi1-1) mutant. Map-based cloning revealed that the ibi7-1 mutant carried
a G to A point mutation at the first exon of an aspartyl tRNA synthetase, turning
tryptophan into a premature stop codon that generates a truncated protein (Luna et
al., 2014). Further computational modelling, biochemical experiments and site-
directed mutagenesis provided evidence that the active R-enantiomer of BABA binds
to the (L)-Asp-binding domain of the IBI1 protein (Luna et al., 2014; Buswell et al.,
2018).

While binding between BABA and IBI1 triggers BABA-IR, it also blocks its canonical t-
RNA synthetase activity in the cell, as evidenced by the accumulation of aspartic acid
and enhanced phosphorylation of unanchored tRNA-binding EUKARYOTIC
TRANSLATION INITIATION FACTOR 2 ALPHA SUBUNIT (elF2a) in R-BABA treated
plants (Luna et al., 2014; Fig. 1.2). The GENERAL CONTROL NON-
DEREPRESSIBLE 2 (GCN2) pathway represents a salvation pathway, which is
typically activated in response to limiting amino acid concentrations in the cell, leading
to net reduction in gene translation (Lokdarshi and von Arnim, 2022). Luna et al. (2014)
reported that the GCN2 pathway has a major contribution to the BABA-induced stress
phenotype but also showed that it plays no role in BABA-IR, hence demonstrating that
the undesirable stress response to BABA can be uncoupled from the desirable IR

response to the agent.
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Figure 1.2. The model of BABA perception by IBI1 and downstream signalling. IBI1, a tRNA
synthase, acts as the BABA receptor. BABA binding to IBI1 blocks its canonical function and initials
two separated pathways. The first one is responsible for BABA-induced resistance (BABA-IR),
which primes plant defence and allows augmented salicylic acid (SA) dependent and/or callose
defence to be launched. The second pathway triggers BABA-induced stress. As BABA inhibits the
canonical function of IBI1, uncharged tRNA accumulates in cells and binds to GENERAL CONTROL
NONDEREPRESSIBLE 2 (GCN2). Following the binding between GCN2 and uncharged tRNA,
GCN2 phosphorylates EUKARYOTIC TRANSLATION INITIATION FACTOR 2A (elf2a) and inhibits
general translation, which leads to growth inhibition and stress phenotypes in plants.

1.7 BABA-induced changes in plant metabolic, transcriptomic and
epigenetic profiles

Various metabolic increases have been reported after soil-drench plants with BABA,
including amino acids, SA, SA-glucosides and metabolites belonging to the
tricarboxylic acid cycle, such as citrate and fumarate (Pastor et al., 2014). BABA has
also been shown to induce genome-wide changes in the transcriptome, including
genes with defence-related functions against pathogens in Arabidopsis (Hegedis et
al., 2022). Similarly, genes encoding pathogen-related (PR) proteins, transcription
factors, and genes involving JA and phenylpropanoid pathway metabolism were
differentially expressed in rice 72 hours after BABA application (Desmedt et al., 2022).



Epigenetic changes can impact gene expression and responsiveness, and its
importance in priming has been reported by various research groups (Hannan Parker
et al., 2022; Harris et al., 2023). Significant increases in the acetylation at histone H3
lysine 3 and lysine 9 (H3K9K14Ac) and dimethylation at lysine 4 (H3K4Me2) at the
promoter region of PR1 and FRK1 (FLG22-INDUCED RECEPTOR-LIKE KINASE 1)
have been reported in BABA-treated Arabidopsis (Po-Wen et al., 2013). BABA also
influences post-translational modifications to histones in crop plants: Meller et al.
(2018) reported an increase of H3K4Me2 at NONEXPRESSER OF PR GENES
1(NPR1) by BABA treatment, which correlates with higher NPR1 expression in potato
(Solanum tuberosum L.). Besides histone modifications, BABA is also known to
change DNA methylation, causing genome-wide hypo-methylation in the CHH context
in tomato (Catoni et al., 2022). Interestingly, MORPHEUS' MOLECULE1 (MOM?1), an
essential component in RNA-directed DNA methylation (RdDM) and maintaining DNA
methylation, was recently reported as a negative regulator in BABA-IR (Li et al., 2023;
Miranda de la Torre et al., 2023). Hence, BABA appears to incur epigenetic changes

in plants, which may contribute to the long-term priming of the agent.

1.8 Molecular and cellular mechanisms driving BABA-IR

The primed defence state is induced shortly after IBI1 binds to R-BABA. Luna et al.
(2014) reported that BABA primes the pathogen-inducible trans-localisation of 1BI1
from the endoplasmic reticulum (ER) membrane to the cytoplasm. It was hypothesised
that the augmented cytosolic trans-localisation of IBI1 during pathogen attack of
BABA-treated plants might allow it to interact with defence signalling proteins to
mediate increased defence. Indeed, recent work by Schwarzenbacher et al. (2020)
showed that IBI1 interacts with the cytosolic VASCULAR PLANT ONE ZINC FINGER
transcription factors VOZ1 and VOZ2. Moreover, the voz1/2 double mutant showed
impaired BABA-induced priming of callose-associated penetration defence against
Hpa (Schwarzenbacher et al., 2020). Since both VOZ1 and VOZ2 are transcriptionally
responsive to ABA and repress ABA-induced expression of abiotic tolerance genes,
while simultaneously promoting PTI response, Schwarzenbacher et al. (2020)
concluded that the BABA-stimulated IBI1-VOZ1/2 interaction re-channels Hpa-
induced ABA production towards defence gene expression, thereby preventing ABA-
induced susceptibly and allowing for augmented PTI. Earlier studies have focused on
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deciphering the defence responses, revealing that the augmented defence activity in
BABA-primed plants depends on the challenging pathogen (Zimmerli et al., 2000, Ton
et al. 2005). For instance, enhanced SA-dependent defences, including PR1
expression and repression of coronatine-induced JA responses, were implicated as
mechanisms contributing to BABA-IR against hemibiotrophic Pseudomonas syringae
pv. tomato DC3000 in Arabidopsis (Fig. 1.3; Zimmerli et al., 2000; Tsai et al., 2011).
Furthermore, BABA-IR against Hpa, a biotrophic oomycete, and BABA-IR against
Alternaria brassicicola, a necrotrophic fungus, both rely largely on increased callose
deposition at the cell wall (Zimmerli et al., 2000; Ton et al., 2005; Flors et al., 2008).
Thus, BABA primes multiple defence pathways.

Post-challenge

voz1/2

Coronatine-

induced JA-

dependent
response

Cell wall defence JA/ET-dependent
(callose) defence
SA-dependent
defence

v
Camalexin production

Pathogen-induced
ABA-responsive
abiotic stress
genes

Figure 1.3. Molecular mechanism of B-aminobutyric acid (BABA)- and R--homoserine
(RBH)-induced resistance (IR) in Arabidopsis. The IR mechanisms can be divided into two
sectors: pre-challenge and post-challenge. In the pre-challenge phase, IBI1 perceives R-BABA,
while the receptor for RBH is still unknown. After the pathogen challenge, BABA primes salicylic
acid (SA)-dependent defence and also suppresses coronatine-induced jasmonic acid (JA)-
dependent response, which can antagonise SA-dependent defence. The IBI1 interactors,
VASCULAR PLANT ONE ZINC FINGER PROTEIN (VOZ) 1 and VOZ2 regulate the primed cell
wall defence, callose, and also inhibit the expression of abscisic acid (ABA)-responsive abiotic
stress genes, induced by pathogens. As for RBH, it enhances camalexin production and
JA/ethylene (ET) dependent defence and, like BABA, augments callose.
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1.9 R-B-homoserine: a structural BABA analogue that is less
phytotoxic than BABA

From a screen of structural analogues of BABA for IR and stress in Arabidopsis, R-3-
homoserine (RBH) emerged as a BABA analogue that induces high levels of
resistance without concurrent phytotoxicity (Buswell et al., 2018). Further examination
confirmed that RBH also induces stress-free resistance against B. cinerea in the
tomato cultivar MicroTom (Buswell et al., 2018) and wild strawberry (Fragaria vesca;
Badmi et al., 2019). Despite its structural similarity to BABA, the signalling
mechanisms underpinning RBH-IR are dissimilar to BABA. This became evident by
the finding that RBH elicits unaffected levels of IR against Hpa in the ibi1 mutant of
Arabidopsis, demonstrating that IBI1 is not required for RBH perception (Buswell et
al., 2018). Also, while BABA is known to prime SA-dependent defences (Zimmlerli et
al., 2000; Ton et al., 2005), RBH was found to prime JA and ethylene (ET)-dependent
defence genes (Buswell et al., 2018), making it particularly effective against the
necrotrophic fungus Plectosphaerella cucumerina. On the other hand, both RBH and
BABA primed callose-related penetration defence against Hpa, representing a similar

mechanism of IR by both agents (Fig. 1.3).

1.10 Scope of the PhD thesis

As a newly discovered IR reagent, the molecular mechanisms underpinning the
perception and downstream signalling by RBH remain elusive. The work described in
the second Chapter of this thesis has tried to address this knowledge gap by
conducting a forward genetic screen for impaired in RBH-immunity (iri) mutants, using
a genome-wide collection of fully annotated Arabidopsis T-DNA mutants. A total of 108
iri mutant lines were identified, showing partial or complete loss of RBH-IR. The 4 iri
lines showing complete loss of RBH-IR were taken forward for further verification. Of
these, the iri mutant phenotype of the LYSINE HISTIDINE TRANSPORTER 1 (LHT1)
mutant could be confirmed by an independent T-DNA insertion in the same gene.
Interestingly, the iri1/lht1 mutant was also severely affected in BABA-IR to Hpa.
Employing mass spectrometry-based quantification of RBH and BABA in leaves of
wild-type, iri1/lht1 mutant and LHT1 overexpression lines after root application of both

agents confirmed that this amino acid transporter gene acts as the primary transporter
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of both B-amino acids. Induced resistance and growth responses assay in /ht1 and
35Spro: LHT1 plants furthermore revealed that LHT1 uptake activity controls the
balance between IR and growth for both chemicals. Finally, this Chapter presents
results on the kinetics of RBH and BABA uptake by LHT1 in transgenic yeast cells
expressing LHT1. This analysis showed that both RBH and BABA act as competitive
inhibitors of L-alanine uptake and that BABA has a slightly higher affinity toward LHT1
than RBH.

The third experimental Chapter focuses on the immediate signalling events after BABA
perception by IBI1, and is based on the putative identification of FATTY ACID
HYDROXYLASE 2 (FAH2) as an interactor of IBI1 (Schwarzenbacher et al. 2020).
This Chapter firstly confirms the in planta interaction at the ER between IBI1 and FAH2
using  Bimolecular  Fluorescence  Complementation (BiIFC) and Co-
immunoprecipitation (Co-IP). Furthermore, phenotypic evaluation of the fah2-1 mutant
revealed that FAH2 controls both BABA-IR and BABA-induced stress, while liquid
chromatography coupled to tandem mass spectrometry profiling of wild-type, fah2-1
and ibi1-1 plants identified one glycosyl inositol phosphorylceramide as a potential
negative regulator of BABA-IR. Finally, this Chapter has investigated the hypothesis
that FAH2 controls BABA-induced priming of defence-related translocation of IBI1 from
the ER to the cytosol.

Although the augmented defence responses during RBH-IR and BABA-IR differ, both
chemicals prime callose-dependent penetration resistance against Hpa (Ton et al.,
2005; Buswell et al., 2018). The fourth and final research chapter in this thesis aimed
to study this aspect further by characterising the molecular and cellular components
driving primed penetration resistance by RBH and BABA, using a combination of
advanced light microscopy and genetic resources. Epi-fluorescence microscopy
analysis revealed that only BABA-induced penetration resistance and not RBH-
induced penetration resistance depends on POWDERY MILDEW RESISTANT 4
(PMR4), the main callose synthase responsible for pathogen-induced callose (Jacobs
et al., 2003; Nishimura et al., 2003). A similar difference was found when analysing the
role of PLASMODESMATA-LOCATED PROTEINs (PDLPs) in RBH- and BABA-IR
since the pdip123 triple mutant was severely affected in penetration resistance by
BABA but not by RBH. Further confocal scanning laser microscopy of a translational

reporter line of PDLP1 revealed that BABA but not RBH primes early translocation of
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PDLP1 to the sites of germinating conidiospores of Hpa, which precedes the
augmented deposition of callose at these sites. These findings highlight that RBH-IR
and BABA-IR are controlled by different pathways, which include the phenotypically

similar priming of callose-associated penetration defence.
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2.1 Abstract

Selected beta-amino acids, such as beta-aminobutyric acid (BABA) and R-beta-
homoserine (RBH), can prime plants for resistance against a broad spectrum of
diseases. Here, we describe a genome-wide screen of fully annotated Arabidopsis T-
DNA insertion lines for impaired in RBH-induced immunity (iri) mutants against the
downy mildew pathogen Hyaloperonospora arabidopsidis, yielding 104 lines that were
partially affected and four lines that were completely impaired in RBH-induced
resistance. We confirmed the iri17-1 mutant phenotype with an independent T-DNA
insertion line in the same gene, encoding the high-affinity amino acid transporter
LYSINE HISTIDINE TRANSPORTER 1 (LHT1). Uptake experiments with yeast cells
expressing LHT1 and mass spectrometry-based quantification of RBH and BABA in
leaves of /ht1 mutant and LHT1 overexpression lines revealed that LHT1 acts as the
main transporter for cellular uptake and systemic distribution of RBH and BABA.
Subsequent characterisation of /ht1 mutant and LHT1 overexpression lines for induced
resistance and growth responses revealed that the levels of LHT1-mediated uptake
determine the trade-off between induced resistance and plant growth by RBH and
BABA.

2.2 Introduction

The innate immune system enables plants to perceive and react to attacks by
pathogens and herbivores. The basal component of this regulatory system is under
the control of pattern recognition receptors (PRRs) that perceive molecular non-self-
patterns from the attacker or damaged-self patterns that form during an attack (Choi
and Klessig, 2016). Following recognition of these alarm signals, a signaling network
is initiated that orchestrates the induction of cellular defence mechanisms, including
reactive oxygen species (ROS), callose-rich cell wall depositions and the induction of
defence-related genes (Chisholm et al., 2006; Bigeard et al., 2015). Besides this
pattern-triggered immunity (PTI), innate immunity can be triggered by susceptibility-
inducing pathogen effectors. If the challenged plant expresses a resistance (R) gene
that can recognize the activity of such a pathogen effector, the innate immune
response is referred to as effector-triggered immunity (ETI; Cui et al., 2015). In addition
to innate immunity, plants can acquire long-lasting resistance, which develops after
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recovery from biotic stress. This induced resistance (IR) is typically based on the
priming of the innate immune system, which mediates a faster and/or stronger
induction of inducible defences upon secondary attack (Wilkinson et al., 2019; De
Kesel et al., 2021). Moreover, IR can be triggered by root colonisation of selected plant
beneficial microbes or treatment with specific chemical agents, such as microbe-
associated molecular patterns, volatile organic compounds and non-proteinogenic [3-
amino acids (Mauch-Mani et al., 2017; De Kesel et al., 2021).

B-amino butyric acid-induced resistance (BABA-IR) has emerged as a popular model
system to study the molecular mechanisms controlling immune priming in plants.
BABA-IR has been reported in more than 40 plant species against different types of
pathogens (Cohen, 1994; Cohen et al., 2016). In Arabidopsis (Arabidopsis thaliana),
BABA primes both salicylic acid (SA) dependent and independent defense
mechanisms and protects plants against biotrophic, hemibiotrophic and necrotrophic
pathogens (Zimmerli et al., 2000; Ton et al., 2005; Schwarzenbacher et al., 2020).
Recent evidence suggests that BABA accumulates during exposure to biotic and
abiotic stress (Thevenet et al.,, 2017), which provides biological relevance and
supports previous evidence that an aspartyl tRNA aspartase, IMPAIRED IN BABA-
INDUCED DISEASE IMMUNITY 1 (IBI1), acts as a plant receptor for BABA (Luna et
al., 2014). BABA was also suggested to act as a microbial rhizosphere signal, based
on the finding that induced systemic resistance (ISR) upon root colonization by
Pseudomonas simiae WCS417 is blocked in the ibi1-1 mutant (Luna et al., 2014).
Despite the apparently high efficiency by which plant roots are capable of taking up
BABA from the soil (Zimmerli et al., 2000; Ton et al., 2005), a cellular transporter for

this well-known priming agent has not been identified.

Although BABA-IR is effective against a broad spectrum of plant diseases, high doses
of BABA results in major growth reduction (Wu et al., 2010; Luna et al., 2014). This
undesirable side effect is partly caused by disruptive binding of R-BABA to the aspartic
acid-binding pocket of the IBI1 enzyme, causing the accumulation of uncharged
tRNAASP and GCN2 (GENERAL CONTROL NON-DEREPRESSIBLE 2)-dependent
inhibition of translation (Luna et al., 2014; Buswell et al., 2018). To search for less
phytotoxic IR analogs of BABA, we previously screened a small library of structurally
related B-amino acids for IR activity and phytotoxicity in Arabidopsis. This screen

resulted in the identification of R-B-homoserine (RBH), which induces resistance in
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Arabidopsis and tomato (Solanum lycopersicum L.) cultivar Micro-Tom against
biotrophic and necrotrophic pathogens without growth reduction (Buswell et al., 2018).
A recent study comparing four IR agents for their effectiveness in strawberry (Fragaria
x ananassa) against Botrytis cinerea also identified RBH as the most effective IR agent
without negative effects on plant growth (Badmi et al., 2019). Like BABA, RBH primes
defense activity of callose-rich papillae, which in Arabidopsis are formed at relatively
early stages of infection by the biotrophic oomycete Hyaloperonospora arabidopsidis
(Hpa). Interestingly, despite its structural similarity to BABA, RBH does not require the
IBI1 receptor to induce resistance in Arabidopsis (Buswell et al., 2018). Furthermore,
unlike BABA, RBH does not prime salicylic acid (SA)-dependent induction of gene
expression but primes camalexin production upon infection by Hpa and the expression
of jasmonic acid (JA)-dependent defence genes after infection by the necrotrophic
fungus Plectosphaerella cucumerina (Zimmerli et al., 2000; Ton et al., 2005; Buswell
et al.,, 2018). Hence, RBH-induced resistance (RBH-IR) is controlled by partially
distinct pathways relative to BABA-IR. Importantly, the molecular mechanisms

responsible for the uptake and perception of RBH are unknown.

In this study, we conducted a genome-wide screen of Arabidopsis T-DNA insertion
mutants for impaired in RBH-induced immunity (iri) phenotypes against Hpa, yielding
104 and four lines that are partially and completely impaired in RBH-IR, respectively.
Of the latter, we characterized the iri1 mutant, which is affected in the high-affinity
amino acid transporter LYSINE HISTIDINE TRANSPORTER 1 (LHT1). We provide
evidence that the level of LHT1-mediated uptake determines the balance between IR
and plant tolerance by RBH and BABA. Furthermore, mass spectrometry analysis of
leaves from RBH- and BABA-treated wild-type, /ht1 mutant and LHT7-overexpressing
plants revealed that LHT1 is critical for the uptake and systemic distribution of both
RBH and BABA, while uptake experiments with LHT7-expressing yeast cells
demonstrated that LHT1 acts as a high-affinity transporter of BABA and RBH. In
support of other studies that have linked LHT1 to plant-microbe interactions and plant
immunity, we conclude that LHT1 acts as a master regulator of the trade-off between

growth and IR by priming-inducing beta-amino acids.
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2.3 Results

2.3.1 Genome-wide screen for impaired in RBH-immunity (iri) mutants

To search for new regulatory genes of RBH-induced resistance, we screened 23,547
T-DNA insertion lines from the SALK and SAIL collections (Alonso and Ecker, 2006)
for an impaired in RBH-induced immunity (iri) phenotype against Hpa. This set of T-
DNA insertion lines covers >90% of all annotated protein-coding genes in the
Arabidopsis genome. In contrast to conventional ethyl methanesulfonate (EMS)-based
mutant screens, which rely on the selection of mutant phenotypes in individual plants,
the collection of fully annotated homozygous T-DNA insertion mutants allowed us to
screen five genetically identical seedlings per line for quantification of the iri mutant
phenotype, including partial loss of RBH-IR. To reduce false positives, we performed
the screen in three successive stages. In the first stage, we screened seedlings in
400-well trays, in which the soil was soaked to saturation with RBH to a final soil
concentration of ~0.5 mM, followed by inoculation with Hpa conidiospores and scoring
for visual sporulation at 5-7 days post inoculation (dpi; Fig. 2.1A). Each tray yielded
~1-2 lines displaying sporulation for at least two seedlings/well by 7 dpi; these lines
were selected and rescreened during stage 2, using the same 400-well tray selection
system. Stage 2 yielded 427 putative iri mutant lines (Fig. 2.1A). These putative iri
mutant lines were taken forward for final validation in stage 3, which was based on
categorical scoring of Hpa colonization in trypan-blue-stained leaves from control- and
RBH-treated plants (0.5 mM) of each candidate line (Fig. 2.1A). To validate the
statistical robustness of this screening stage, we conducted a pilot experiment that
compared Hpa colonization between 40 pots of Col-0 seedlings pre-treated with either
water or RBH (0.5 mM). Categorical scoring of trypan blue-stained leaves confirmed
statistically uniform distributions of Hpa colonization within each treatment
(Supplemental Fig. 2.1A). Of the 427 putative iri lines from stage 2, we confirmed 104
lines as having partially impaired RBH-IR in stage 3, as evidenced by statistically
enhanced levels of Hpa colonization in RBH-treated mutant plants compared to RBH-
treated wild-type plants, while still showing a statistically significant reduction in Hpa
colonization by RBH treatment compared to the water controls (Fig. 2.1A,
Supplemental Fig. 2.1B and Supplemental Data Set 2.1). An additional four lines,

named iri1-1 to iri4-1, showed a full impairment of RBH-IR, as indicated by statistically
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identical levels of Hpa colonization between RBH- and water-treated plants within

each line (Fig. 2.1A, Supplemental Fig. 2.1B and Supplemental Data Set 2.1).
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Figure 2.1. Genome-wide screen for impaired in RBH-induced immunity (iri) phenotypes in
and characterisation of iri1 mutants of Arabidopsis. (A) Scheme of the 3 successive selection
stages of iri mutant screen of 23,547 T-DNA insertion lines from the SALK/SAIL collection. Small
populations of ~5 seedlings per line were screened (stage 1) and rescreened (stage 2) for
sporulation by Hyalopoeronospora arabidopsidis WACQ9 (Hpa) upon soil-drenching treatment with
0.5 mM R-B-homoserine (RBH) and subsequent inoculation with Hpa conidionspores (top). Putative
iri lines were validated in controlled RBH-induced resistance (RBH-IR) assays by categorising
leaves from water- and RBH-treated (0.5 mM) plants into four Hpa colonisation classes at 5-7 days
post inoculation (dpi; bottom; Supplemental Fig. 1). Photos of trypan-blue leaves on the bottom left
indicate the Hpa colonization classes, ranging from healthy leaves (I), hyphal colonisation with
without conidiospores (IlI), hyphal colonization with conidiophores (Ill) to extensive hyphal
colonisation with conidiophores and deposition of sexual oospores (IV). (B) Gene model of the IRI1
gene (At5g40780) encoding the Lysine Histidine Transporter1 (LHT1) protein. Red triangles indicate
two independent T-DNA insertions in the Iht1-5 (iri1-1) and Iht1-4 (iri1-2) mutants, respectively, to
confirm involvement of the LHT1 gene in RBH-IR against Hpa. (C) Quantification of RBH-IR against
Hpa in leaves of Col-0, /ht1-5 and Iht1-4. Shown are frequency distributions of trypan-blue-stained
leaves across the four Hpa colonization classes (see A). Different letters indicate statistically
significant differences between samples at 6 dpi (Fisher's exact tests + Bonferonni FDR; p <
0.05; n = 70-80 leaves). (D) Quantification of arrested Hpa colonization by callose. Hpa-induced
callose was analysed in aniline blue/calcofluor-stained leaves by epifluorescence microscopy.
Shown are percentages of callose-arrested and non-arrested conidiospores at 3 dpi, as detailed by
Schwarzenbacher et al. (2020). Different letters indicate statistically significant differences in
frequencies between samples (Fisher's exact tests + Bonferoni FDR;p< 0.05;n> 100
conidiospores).
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2.3.2 Identification of IRI1/LHT1 as a critical regulator of RBH-IR against Hpa
Since SALK/SAIL lines can carry multiple T-DNA insertions and/or T-DNA-induced
mutations (Alonso and Ecker, 2006), it is possible that the iri mutant phenotypes are
caused by mutations in genes other than those identified and annotated by PCR
border recovery analysis. To address this possibility, we quantified RBH-IR in
independent T-DNA insertion lines in the annotated genes for each of the four
complete iri lines (Fig. 2.1B, C and Supplemental Fig. 2.2A, B). Since RBH-IR against
Hpa in Arabidopsis is associated with greater effectiveness of callose-rich papillae
(Buswell et al., 2018), we quantified the effectiveness of callose-mediated cell wall
defense at 3 dpi, as detailed previously (Schwarzenbacher et al., 2020). All original iri
lines consistently lacked RBH-IR and concomitantly failed to augment callose-
mediated defense upon RBH treatment (Fig. 2.1D, and Supplemental Fig. 2.2C),
confirming the importance of this post-invasive defense barrier in RBH-IR against Hpa.
However, independent T-DNA insertions in the annotated genes inactivated in iri2-1,
iri3-1 or iri4-1 did not affect RBH-IR and showed wild-type levels of callose-mediated
defense against Hpa (Supplemental Fig. 2.2C), indicating that their iri phenotypes are
caused by T-DNA-induced mutations in other genes. By contrast, an independent T-
DNA insertion mutant (iri7-2) in the annotated gene disrupted in iri1-1 displayed a
complete iri phenotype (Fig. 2.1B, C) and was concomitantly impaired in RBH-induced
priming of callose defense (Fig. 2.1D). The iri1-1 and iri1-2 mutants carry a T-DNA
insertion in the 5" intron and the 2" intron of LYSINE HISTIDINE TRANSPORTER1
(LHT1; At5g40780; Fig. 2.1B and Supplemental Fig. 2.3A, B), respectively. LHT1
encodes a high-affinity amino acid transporter for acidic and neutral amino acids in
roots and mesophyll cells (Chen and Bush, 1997; Hirner et al., 2006; Svennerstam et
al., 2007). We will therefore refer to IRI1 as LHT1 hereafter.

2.3.3 LHT1 controls RBH uptake from the soil

Since LHT1 was characterized as an amino acid transporter (Chen and Bush, 1997),
we hypothesized that the lack of RBH-IR in /ht1 mutants (Iht1-5, for iri1-1; and Iht1-4,
for iri1-2) might be caused by impaired RBH uptake from the soil. To test this
hypothesis, we determined RBH concentrations after saturating the soil with
increasing RBH concentrations in the leaves of Col-0, /ht1-5 and a previously
characterized LHT1 overexpression line (Hirner et al., 2006; 35Spro:LHT1), which
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shows a 27-fold higher LHT71 expression level than Col-0 plants under our
experimental conditions (Supplemental Fig. 2.3C). At 2 days after soil treatment, we
harvested replicate leaf tissues for RBH quantification by hydrophilic interaction liquid
chromatography coupled to quadrupole time-of-flight mass spectrometry (HILIC-Q-
TOF; Fig. 2.2A) or challenged the leaves with Hpa to quantify RBH-IR (Fig. 2.2B). The
three genotypes differed statistically in their RBH shoot concentrations after soil
treatment with increasing RBH concentrations, as evidenced by a highly statically
significant interaction between soil treatment and genotype (two-way ANOVA;
p<0.001; Fig. 2.2A). For both Col-0 and 35Spro:LHT1, RBH shoot accumulation
showed a dose-dependent rise with increasing RBH concentrations in the soil. The
35Spro:LHT1 seedlings accumulated statistically higher RBH concentrations in their
shoots than Col-0 after saturating the soil to a final concentration of 0.15 mM or 0.5
mM RBH, whereas RBH concentrations in the shoot of /ht7-5 were hardly detectable
by HILIC-Q-TOF and failed to show a dose-dependent increase with RBH soil
treatment (Fig. 2.2A). The observed variation in RBH shoot concentrations correlated
with RBH-IR intensity against Hpa (Fig. 2.2B); while RBH failed to induce statistically
significant levels of resistance in /ht71-5 at all concentration tested, 35Spro:LHT1 plants
showed increased levels of RBH-IR compared to Col-0 at all RBH concentrations
tested. Notably, the relatively low concentration of 0.05 mM RBH failed to protect Col-
0 against Hpa seedlings, whereas the same RBH concentration induced a statistically
significant reduction in Hpa colonization in 35Spro:LHT1 (Fig. 2.2B). Thus, RBH
uptake from the soil by LHT1 increases by overexpression of LHT1, which in turn

boosts RBH-IR against Hpa.

26



Col-0 Iht1-5 35Spro:LHT1

p value
Genotype <0.001
RBH <0.001
Interaction  <0.001 *

o da
* % L
R T
T T 1 1 1
0 0.05 0.15 0.5 0 0.05 0.15 05 0 0.05 0.15 0.5

-
=
hd

~
o
L

£

RBH concentration (nmolig DW) b
@
o
-

o

[RBH] soil (mM)
B Col-0 Iht1-5 35Spro:LHT1
wo. A A C cD A A A A A B DE E
T — 1 . . = [ ]
m
£ so L E I
® I
O
0 005 0.15 05 0 005 0.15 05 0 005 0.15 05
RBH (mM)

Figure 2.2. IRIT/LHT1 controls RBH-uptake and RBH-induced resistance against Hpa. (A)
Quantification of RBH in leaves of Col-0 (wild-type), Iht1-5 (mutant) and 35Spro:LHT1 (over-
expression) plants after soil-drench treatment with increasing RBH concentrations. Leaves were
collected at 2 days after soil-drench treatment with RBH and analysed by HILIC-Q-TOF. Boxplots
show median (middle bar), interquartile range (IQR; box), 1.5 x IQR (whiskers) and replication units
(single dots) of leaf RBH concentrations (nmol/g DW). Inset shows p-values of statistically significant
effects on RBH concentration by genotype, soil treatment and interaction thereof (2-way ANOVA).
Asterisks indicate statistically significant differences to Col-0 for each soil treatment (Welch t-test;
**: p<0.01; *: 0.01<p<0.05). (B) Quantification of RBH-induced resistance against Hpa Col-0, iri1-
1/Iht1-5 and 35Spro:LHT1. Two-week-old seedlings were soil-drenched with increasing
concentrations of RBH and challenge-inoculated with Hpa conidiospores 2 days later. Shown are
frequency distributions of trypan-blue-stained leaves across four Hpa colonisation classes at 6 dpi
(see Fig. 2.1A). Different letters indicate statistically significant differences between samples
(Fisher's exact tests + Bonferroni FDR; p < 0.05; n = 70-90 leaves).

2.3.4 Tolerance to RBH depends on LHT1 and not on catabolism
In contrast to BABA, RBH induces resistance in Arabidopsis without concomitant
growth inhibition (Buswell et al., 2018). To examine whether LHT1 controls tolerance
to RBH, we quantified seedling growth of Col-0, /ht1-5, and 35Spro:LHT1 on
Murashige and Skoog (MS) agar medium. To strengthen the evidence that RBH-
induced phytotoxicity in 356Spro:LHT1 depends on LHT1 uptake, we conducted this
experiment in the presence of increasing concentrations of L-Ala, a high-affinity
substrate of LHT1 (Hirner et al., 2006), expecting that if tolerance is controlled by

LHT1-dependent uptake, the L-Ala in the medium would outcompete RBH for uptake
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and antagonise RBH-induced phytotoxicity. Indeed, while green leaf areas (GLA) of
Col-0 and Iht1-5 were unaffected by increasing concentrations of RBH after 1 week of
growth, growth of the 35Spro:LHT1 overexpression line showed a dose-dependent
repression with increasing RBH concentrations, which was antagonized by L-Ala in a
dose-dependent manner (Fig. 2.3A, B). Together with our earlier finding that RBH
uptake increased in the 35Spro:LHT1 line (Fig. 2.2A), these results indicate that
natural tolerance of Arabidopsis to RBH (Buswell et al., 2018) is determined by RBH
uptake capacity of LHT1.

To exclude a role for catabolism in RBH tolerance, we repeated the experiment on MS
medium without inorganic nitrogen (Ninorg; NO3s~ and NH4*), supplemented with
increasing concentrations of RBH and L-Ala. Importantly, Arabidopsis failed to grow
on agar medium without Ninorg (Supplemental Fig. 2.4), and increasing RBH
concentrations in the growth medium failed to rescue growth. Hence, Arabidopsis
cannot metabolise RBH as a N source, which rules out metabolic breakdown
(catabolism) as a mechanism of RBH tolerance. By contrast, increasing L-Ala
concentrations added to the agar medium rescued seedling growth of all genotypes,
albeit to varying degrees. While 35Spro:LHT1 seedlings showed the strongest growth
response to increasing L-Ala concentrations, Col-0 displayed an intermediate growth
response, followed by a relatively weak growth response in /ht1-5 (Supplemental Fig.
2.4), thus confirming the contribution of LHT1 to L-Ala uptake (Hirner et al., 2006;
Svennerstam et al., 2007; Svennerstam et al.,, 2011). Notably, increasing RBH
concentrations in the presence of L-Ala caused a dose-dependent growth reduction in
35Spro:LHT1 seedlings but not in Col-0 or /ht1-5 (Supplemental Fig. 2.4), which
supports our conclusion that increased RBH uptake through LHT7 overexpression
renders Arabidopsis sensitive to RBH-induced stress due to accumulation of
phytotoxic RBH concentrations that cannot be catabolised. Thus, tolerance of
Arabidopsis to RBH is controlled by LHT1-dependent uptake of RBH, rather than
catabolism of RBH.
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Figure 2.3. Overexpression of LHT1 renders Arabidopsis susceptible to growth repression
by RBH, which is antagonized by co-application of L-alanine. (A) LHT1-dependent effects of
RBH and L-alanine on plant growth. Shown are 2-week-old seedlings of Col-0 (upper left), Iht1-5
(upper right), and 35Spro: LHT1 (bottom) grown on MS agar plates, supplemented with 10 mM
(NH,),SO, and increasing concentrations of RBH and/or L-alanine. (B) Quantification of green leaf
area (GLA £ SEM; n=7-19) in 1-week-old Col-0, /ht1-5, and 35Spro:LHT1 seedlings from the same
experiment. Inset shows p-values of effects on GLA by RBH concentration, L-alanine concentration
and their interaction inside each genotype (two-way ANOVA).
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2.3.5 LHT1 also controls BABA uptake, BABA-IR and BABA tolerance

Given the published broad substrate range of the LHT1 transporter for acidic and
neutral amino acids (Hirner et al., 2006; Svennerstam et al., 2007), we examined
whether LHT1 also plays a role in the uptake of BABA. To this end, we harvested
replicate shoot tissues of Col-0 and /ht1-5 seedlings to quantify in planta
concentrations of BABA at 2 days after saturating the soil with increasing
concentrations of the chemical (0, 0.025, 0.05, 0.15 and 0.5 mM), using HILIC-Q-TOF
(Fig. 2.4A). While saturating the soil on which Col-0 seedlings grew with increasing
BABA concentrations resulted in a dose-dependent increase of BABA concentrations
in the shoot (Fig. 2.4A), a similar treatment of the /ht1-5 mutant failed to increase shoot
BABA concentrations (Fig. 2.4A), indicating that BABA uptake is dependent on LHT1.
To corroborate this, we saturated the soil of Col-0, /ht1-5 and 35Spro:LHT1 seedlings
with increasing BABA concentrations and scored BABA-IR against Hpa (Fig. 2.4B).
As reported previously, BABA was more efficient than RBH in protecting Col-0 against
Hpa (Buswell et al., 2018), already reducing Hpa colonization at 0.025 mM BABA and
reaching maximum levels of resistance at concentrations of 0.05 mM and higher (Fig.
2.4B). The 35Spro:LHT1 line showed even higher levels of resistance at 0.025 mM
BABA compared to Col-0, indicating that these seedlings are sensitized to respond to
BABA. By contrast, the /ht7-5 mutant was severely compromised in its effectiveness
of BABA-IR, and only displayed weak levels of IR at soil BABA concentrations of 0.25
mM and 0.5 mM (Fig. 2.4B). Thus, like RBH-IR, BABA-IR depends on a functional

LHT1 transporter and is enhanced by overexpression of LHT1.
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Figure 2.4. LHT1 controls BABA-uptake and BABA-induced resistance against Hpa. (A)
Quantification of BABA in leaves of Col-0 (wild-type) and /ht1-5 (mutant) plants after soaking the
soil to saturation with increasing BABA concentrations. Leaves were collected at 2 days after soll
treatment and analyzed by HILIC-Q-TOF. Boxplots show median (middle bar), interquartile range
(IQR; box), 1.5 x IQR (whiskers) and replication units (single dots) of leaf BABA concentrations
(nmol/g DW). Inset shows p-values of statistically significant effects on BABA concentration by
genotype, soil treatment and their interaction (two-way ANOVA). Asterisks indicate statistically
significant differences to Col-0 for each soil treatment (Welch t-test; **, p<0.01; *, 0.01<p<0.05). (B)
Quantification of BABA-induced resistance against Hpa in Col-0, Iht1-5 and 35Spro:LHT1 seedlings.
Two-week-old seedlings had the soil of their pots saturated with increasing concentrations of BABA
and challenge-inoculated with Hpa conidiospores 2 days later. Shown are frequency distributions of
trypan blue-stained leaves across four Hpa colonization classes at 6 dpi (see Figure 2.1A). Different
letters indicate statistically significant differences between samples (Fisher's exact tests +
Bonferroni FDR; p < 0.05; n = 70-80 leaves).

To determine whether LHT1 also controls BABA-induced phytotoxicity, we quantified
the growth of Col-0, /ht1-5 and 35Spro:LHT1 seedlings growing on MS agar plates
supplemented with phytotoxic concentrations of BABA. As shown in Fig. 5, GLA values
of Col-0 after 1 week of growth declined with increasing BABA concentrations. This
BABA-induced stress increased dramatically in 35Spro:.LHT1 seedlings and
decreased in Iht1-5 seedlings (Fig. 2.5A, B). The fact that /ht1-5 seedlings still showed

growth repression at higher BABA concentrations suggests that additional
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mechanisms contribute to BABA-induced phytotoxicity. To compare the severity of
RBH- and BABA-induced phytotoxicity, we cultivated Col-0, /ht1-5 and 35Spro:LHT1
seedlings on MS agar plates containing the same doses of RBH or BABA (0.25 mM,
0.5 mM, 1 mM or 2.5 mM). Of the three genotypes tested, only 35Spro:LHT1 seedlings
were affected in growth by both chemicals at concentrations of 0.25 mM and above
(Supplemental Fig. 2.5A), with BABA causing more severe growth repression than
RBH (Supplemental Fig. 2.5B). Quantification of green leaf areas of 35Spro:LHT1
across all inhibitor concentrations confirmed that BABA is more potent in repressing
growth than RBH (Supplemental Fig. 2.5B). Collectively, our results indicate that LHT1
is the dominant transporter for BABA uptake from the soil, controlling both BABA-IR
and BABA-induced stress.
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Figure 2.5. LHT1 controls stress tolerance to BABA. (A) Effects of BABA on growth by Col-0,
Iht1-5, 35Spro:LHT1 Shown are 2-week-old seedlings of Col-0 (upper left), Iht1-5 (upper right), and
35Spro:LHT1 (bottom) grown on MS agar plates, supplemented with increasing concentrations of
BABA. (B) Average green leaf areas (GLA + SEM; n=14-20) of 1-week-old Col-0, /ht1-5,
35Spro:LHT1 plants from the same experiment. Asterisks indicate statistically significant differences
compared to Col-0 at each BABA concentration (Welch t-tests + Bonferroni FDR; p < 0.05).
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2.3.6 LHT1 transports both RBH and BABA

Having established that LHT1 is responsible for the uptake of RBH and BABA, we next
examined the kinetics by which LHT1 transports these [3-amino acids. To this end, we
heterologously expressed the Arabidopsis LHT71 coding sequence in the yeast
(Saccharomyces cerevisiae) 22A10a strain, which lacks ten amino acid transporter
genes and is completely deficient in the uptake of amino acids (Besnard et al., 2016).
In contrast to empty vector (EV)-transformed 22A10a cells, the LHT7-expressing
22A10a strain was capable of growing on agar plates containing 1 mM L-Ala as the
only nitrogen (N) source (Fig. 2.6A), while supplementing liquid growth medium
without inorganic (NH4)2SOa4 with increasing L-Ala concentrations steadily improved
growth by LHT1-expressing 22A10a cells (Fig. 2.6B). Increasing RBH and BABA
concentrations in liquid growth medium with 1 mM L-Ala repressed growth by LHT1-
expressing 22A10a cells completely (Supplemental Fig. 2.6A, B), despite the fact that
both chemicals only marginally repressed 22A10a growth in liquid medium with 10 mM
(NH4)2SO4 as an N source (Supplemental Fig. 2.7). These results not only show that
yeast fails to metabolize RBH and BABA, but they also suggest that increasing RBH

and BABA concentrations outcompete L-Ala for cellular uptake.

To study the kinetics of RBH and BABA uptake, we carried out experiments with '4C-
labeled L-Ala in the absence and presence of RBH or BABA. To this end, we incubated
EV- and LHT1-expressing 22A10a cells for 2, 5 and 10 min in buffer containing 50 uM
or 500 uM L-Ala with a fixed amount of '*C-L-Ala for incubation, after which we
quantified cellular L-Ala uptake by '“C scintillation. In contrast to EV-transformed cells,
LHT1-expressing cells showed a linear uptake for L-Ala over time (Supplemental Fig.
2.8), confirming the functionality of the transporter in yeast. To determine whether RBH
and BABA competitively inhibit the LHT1 transporter for L-Ala uptake, we incubated
LHT1-expressing cells for 5 min in buffer containing increasing concentrations L-Ala
and a fixed amount of '“C- L-Ala in the presence or absence of 500 uM RBH or 500
MM BABA (Fig. 2.6C, D). Plotting the uptake velocity (Vuptake; fmol L-Ala/cell) against
L-Ala concentration revealed a dose-dependent increase until saturation (Vmax; Fig.
2.6C, D). Based on these data, we calculated that LHT1 has a Km value of 9.4 uM for
L-Ala-uptake, which is in line with previously reported Km values for acidic and neutral
amino acids (Hirner et al., 2006). Although Vuptake in the presence of either 500 uM

RBH or 500 yM BABA decreased across a lower range L-Ala concentration, it still
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reached similar Vmax values at higher L-Ala concentrations, indicating that RBH and
BABA are competitive inhibitors of L-Ala uptake by LHT1. To calculate the inhibition
constants (Ki) of RBH and BABA, we conducted further uptake experiments in the
presence of multiple inhibitor concentrations (0, 250, and 1,000 yM RBH/BABA) and
increasing L-Ala concentrations. We generated Dixon plots of the inverse uptake
velocity (1/Vuptake) a@gainst inhibitor concentration (Cornish-Bowden, 1974; Yoshino &
Murakami, 2009) to determine Ki values at the intersecting lines of the different L-Ala
concentrations (1, 5, 25, 50, 250 uM; Fig. 2.6E, F). Predicted intersects were called at
modelled RBH/BABA concentrations that had the smallest 1/Vuptake range between the
various L-Ala concentrations (Supplemental Fig. 2.9), revealing a Ki of 87.9 yM for
RBH and a Ki of 68.9 uM for BABA (Fig. 2.6E, F). Hence, LHT1 is a transporter of both
beta-amino acids and shows a higher affinity for BABA than for RBH.
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Figure 2.6. Characterization of RBH and BABA uptake kinetics by LHT1 via heterologous
expression in yeast. (A, B) Transformation of the yeast mutant 22A10a (Besnard et al., 2016) with
Arabidopsis LHT1 rescues growth on agar (A) or liquid medium (B) with L-alanine (L-Ala) as the
only nitrogen source. Shown in (A) are growth phenotypes of empty vector (EV)- and LHT1-
transformed 22A10a cells on agar medium supplemented with inorganic nitrogen (10 mM
(NH,),SO,; top) or 1 mM L-alanine (bottom). (B) Growth of EV- and LHT7-transformed 22A10a in

liquid medium supplemented with increasing L-Ala concentrations. Data points and lines represent
individual measurements and means of AOD595 values (n=4), respectively. (C, D) Competitive
inhibition of LHT 1-dependent uptake of L-Ala by RBH (C; blue) and BABA (D; red). Uptake velocities

by LHT1 were determined in the presence of increasing L-Ala concentrations containing 50 nCi “c-
labeled L-Ala with and without 500 uM RBH (C) or BABA (D). Data points represent average L-Ala
uptake velocities (fmol L-Ala/cell; n=3) over a 5-min time window. In the absence of RBH or BABA,
the Km for L-Ala-uptake by LHT1 was 9.4 pyM. Competitive inhibition by RBH and BABA is shown
by a decrease in Km but not Vmax. (E, F) Dixon plots to determine the inhibition constants (Ki) of
RBH (E) and BABA (F). Ki values were determined in the presence of increasing L-Ala

concentrations containing a fixed amount of 50 nCi "C-labeled L-Ala and 0, 250 and 1,000 uM of
RBH or BABA. Data points represent mean values of inverse L-Ala uptake velocities over a 5-min
time window (cell/fmol L-Ala; n=3). Dotted vertical lines indicate intercepts at Ki values of RBH and
BABA (see also Supplemental Figure 2.9).
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2.4 Discussion

2.4.1 Using annotated T-DNA insertion lines for a genome-saturating mutant
screen

We used a genome-covering collection of Arabidopsis T-DNA insertion lines in a
forward mutant screen for regulatory genes of IR. The availability of homozygous T-
DNA insertions with high genomic coverage (Alonso and Ecker, 2006) facilitates a
near genome-saturating screen. The use of this resource has several benefits
compared to conventional mutant screens. First, the availability of T-DNA flanking
sequences mapped to the Arabidopsis genome allows for immediate identification of
gene candidates without having to commit to a time-consuming generation of mapping
populations and linkage analysis. Second, the collection of homozygous mutant lines
enables the screening of small populations that all carry the same mutant allele, which
facilitates the identification of partial (leaky) mutant phenotypes, as illustrated by the
identification of 104 iri lines that are partially affected in RBH-IR (Fig. 2.1A;
Supplemental Fig. 2.1B, and Supplemental Data Set 2.1). This relatively high number
of partial iri mutants supports the notion that IR is a highly quantitative form of
resistance, relying on the additive contribution of multiple genes (Ton et al. 2006;
Ahmad et al. 2010, Wilkinson et al. 2019). Thus, the within-genotype replication of this
screen enables selection for genes that make a quantitative contribution to complex
multigenic traits. A disadvantage of using annotated T-DNA insertion lines in a forward
mutant screen is that a single T-DNA insertion line can carry multiple mutations
(O'Malley et al., 2015). These mutations are not necessarily covered by the annotated
T-DNA flanking sequences, since they can be caused by truncated T-DNA elements
or mis-repairs of integration sites from abortive T-DNA integrations (leaving mutational
footprints; Gelvin, 2021). Indeed, several other studies have reported that mutant
phenotypes in this collection of T-DNA insertion lines do not always co-segregate with
the annotated T-DNA insertion (De Muyt et al., 2009; Dobritsa et al., 2011; Wilson-
Sanchez et al., 2014). To account for this issue, we validated the mutant phenotypes
of the four complete iri mutants in independent T-DNA insertion lines of their disrupted
annotated genes for both RBH-IR and augmented cell wall defence against Hpa (Fig.
2.1C, D and Supplemental Fig. 2.2). Even though the iri phenotypes of the four original
mutant lines were robust and reproducible (Fig. 2.1C, D and Supplemental Fig. 2.2),

only the phenotype of the Iht1-5 (iri1-1) mutant could be confirmed in an independent
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T-DNA insertion line in the annotated disrupted gene. Identifying the causal mutation
in the other three iri lines will require thermal asymmetric interlaced PCR (TAIL-PCR)
to identify flanking sequences of alternative T-DNA insertions or conventional linkage

analysis in segregating mapping populations.

2.4.2 The role of LHT1 in plant-biotic interactions

IRI1 encodes the broad-range amino acid transporter LHT1. Cellular transporters play
important roles in the control of plant-pathogen interactions by facilitating pathogen
feeding (Elashry et al., 2013; Marella et al., 2013), secretion of antibiotic compounds
(Lu et al., 2015; Khare et al., 2017), transporting defense plant hormones (Serrano et
al., 2013), or contributing to plant defense responses (Liu et al., 2010; Yang et al.,
2014). Furthermore, the LHT1 ortholog LjLHT1.2 in birdsfoot trefoil (Lotus japonicus)
is transcriptionally induced by arbuscular mycorrhizal fungi (AMF; Guether et al., 2011),
suggesting that it facilitates AMF-dependent uptake of organic nitrogen. Given the role
of LHT1 in IR, it is tempting to speculate that LHT1 also plays a role in mycorrhiza-IR
(Cameron et al., 2013). In Arabidopsis, LHT1 has been implicated in the direct
regulation of SA-dependent disease resistance. Liu et al. (2010) reported that /ht1
mutant lines had increased basal resistance against the hemibiotrophic bacterium
Pseudomonas syringae pv. tomato, the hemibiotrophic fungus Colletotrichum
higginsianum, and the biotrophic fungus Erysiphe cichoracearum. The study
furthermore provided evidence that LHT1 controls plant immunity by cellular uptake of
L-glutamine (L-GIn), which is a precursor of the redox-buffering compound glutathione.
Liu et al. (2010) proposed that the lower L-GIn uptake capacity in /ht1 mutants
suppresses cellular redox buffering capacity, thereby enabling augmented elicitation
of ROS and SA-dependent defences upon pathogen attack. In our experiments,
statistically significant differences in basal defence against the biotrophic oomycete
Hpa between wild-type and /ht1 mutant plants was only observed once (Fig. 2.4B)
while no significant difference were found in Fig. 2.1C and 2.2B, in contrast to the
results shown by Liu et al. (2010). This discrepancy may be explained by the fact that
we used relatively young plants (2- to 3-week-old seedlings), which do not express
SA-dependent age-related resistance (ARR; Kus et al., 2002). Indeed, other studies
have reported that /ht1 seedlings display normal growth phenotypes without the
enhanced SA levels observed in older plants (Liu et al., 2010; Zhang et al., 2022).
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Accordingly, it is possible that glutamine-dependent redox regulation contributes to
age-related resistance in older plants. Since LHT1 expression is lower in seedlings
(Hirner et al., 2006), it is also possible that other amino transporters contribute to the
cellular delivery of glutamine in these younger seedlings, such as AMINO ACID
PERMEASE 1 (AAP1; Boorer et al., 1996) or CATIONIC AMINO ACID
TRANSPORTER 8 (CATS; Yang et al., 2010). Interestingly, in contrast to the negative
role of LHT1 in innate immunity reported by Liu et al. (2010), a recent study by Yoo et
al. (2020) revealed that LHT1 contributes positively to ETl-related resistance in
Arabidopsis against Pseudomonas syringae pv. maculicola carrying the avirulence
gene AvrRpt2. Moreover, Zhang et al. (2022) showed that LHT1 is the dominant
transporter responsible for increased amino acid uptake during early PTI against
pathogenic Pseudomonas syringae, when it has a positive contribution to resistance
by restricting bacterial colonization. Hence, LHT1 has been reported to have both
positive and negative roles in innate plant resistance. It should be noted, however, that
the immune-related function of LHT1 described in our study is related to IR by priming-

inducing B-amino acids, rather than innate resistance.

2.4.3 The role of LHT1 in beta-amino acid-IR

Our results have shown that LHT1 is the dominant transporter for cellular uptake of
RBH and BABA from the soil (Fig. 2.2A and 2.4A). LHT1 localizes to the cell
membrane (Hirner et al., 2006), which enables cellular import of RBH and BABA from
the apoplast. LHT1 is expressed in root tips, lateral roots and mature leaves (Hirner et
al., 2006), enabling cellular uptake of RBH and BABA in both roots and leaves. Since
LHT1 is not expressed in the leaf vein, we propose that the activity of RBH and BABA
in leaves is preceded by long-distance transport via the xylem and apoplastic
distribution in the leaves. While BABA was applied exogenously in our experiments,
recent studies have reported that biotic and abiotic stresses can elicit low
concentrations of endogenous BABA in Arabidopsis (Thevenet et al., 2017; Balmer et
al., 2019). Under these conditions, BABA only accumulates in locally stressed tissues
and not systemically in non-stressed tissues (Balmer et al.,, 2019), indicating that
stress-induced accumulation of BABA does not contribute to systemic defense
signaling. Although the biosynthesis pathway of stress-induced BABA remains

unknown, it seems plausible that this local biosynthesis occurs inside the cell. The Ki
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values of RBH (87.9 yM) and BABA (68.9 uM) indicate that these beta amino acids
have marginally lower affinities for LHT1 than endogenous alpha-amino acids (Hirner
et al., 2006). Since alpha-amino acids typically reach apoplastic concentrations
between 1 uM to 10 uM (Zhang et al., 2022), it would be difficult for BABA to compete
with these substrates. Moreover, Hpa-induced BABA concentrations do not exceed 25
ng/g fresh weight (242.7 nM; Thevenet et al. 2017), which seems too low to be a
competitive substrate for LHT1. Hence, cellular uptake of BABA by LHT1 does not
appear to play a major role in Hpa-induced BABA accumulation, which would also
explain why the /ht1 mutant and 35Spro:LHT1 overexpression lines were not majorly
affected in basal resistance to Hpa (Fig. 2.2B). Nevertheless, we cannot exclude that
Hpa locally induces much higher BABA concentrations in the cells directly interacting
with the parasite, and that LHT1 plays a role in countering diffusion of this intracellular
BABA into the apoplast. In this context, it is interesting to note that Hpa infection
induces LHT1 expression (Sonawala et al. 2018; Supplemental Fig. S10), which could
play a role in upholding defense-inducing intracellular concentrations of BABA in Hpa-
challenged cells and would also explain why stress-induced BABA is not distributed

systemically (Balmer et al. 2019).

While our results provide strong evidence that LHT1 is the dominant transporter for
the uptake of RBH and BABA (Fig. 2.2-6), they do not necessarily mean that the
contribution of LHT1 to RBH-IR or BABA-IR solely depends on its uptake activity. For
instance, while treatment with 0.05 mM RBH resulted in similar foliar concentrations
in both 35Spro:LHT1 and wild-type plants (Fig. 2.2A), this relatively low RBH
concentration only triggered a significant IR response in 35Spro:LHT1 plants and not
in wild-type plants. This uncoupling of RBH concentration from IR suggests that the
function of LHT1 in RBH-IR may involve an additional defense signaling activity that
becomes active at low RBH concentrations. Such a transporter-receptor co-
functionality (transceptor activity) has been reported for NITRATE TRANSPORTER
1.1 (NRT1.1) for nitrate uptake and signaling. Replacing Pro-492 with Leu-492 in
NRT1.1 disabled the nitrate transport activity of this protein but not its ability to induce
NRT2.1 expression (Ho et al., 2009), which is a nitrate-responsive gene that has
concomitantly been linked to the regulation of disease resistance (Camanes et al.,
2012). Although no amino acid transporters have been reported with receptor co-

functionality (Dinkeloo et al., 2018), it is tempting to speculate that LHT1 might act as
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a transceptor of B-amino acids. Site-directed mutagenesis of LHT1 and testing
whether its RBH and BABA transport activity can be uncoupled from its role in RBH-
IR and BABA-IR would be required to test this attractive hypothesis.

Since the /ht1 mutant still displayed residual levels of BABA-IR and BABA-induced
stress after treatment with high BABA doses (Fig. 2.4B, 2.5B), we cannot exclude the
possibility that other amino acid transporters have a minor contribution to BABA uptake.
A recent study reported that LHT2 has a similar substrate specificity as LHT1,
including several D-amino acids and 1-aminocyclopropane-1-carboxylate (ACC; Choi

et al., 2019), and could thus have a complementary contribution to BABA uptake.

2.4.4 RBH and BABA compete with proteinogenic amino acids for uptake by
LHT1

We used LHT7-expressing yeast cells to assess competitive inhibition of L-Ala uptake
by RBH and BABA. Our uptake assays revealed a Km for LHT1 of 9.4 uM for L-Ala
(Fig. 2.6C), which supports previously reported Km values of LHT1 for proteinogenic
amino acids (Hirner et al., 2006). Furthermore, the inhibitory kinetics of RBH or BABA
on L-Ala uptake confirmed competitive inhibition, as evidenced by the fact that L-Ala
uptake in the presence of RBH or BABA still reached maximum velocities at higher L-
Ala concentrations (Fig. 2.6C, D). Of the two beta-amino acids, BABA had a lower Ki
than RBH (68.9 uM vs 87.9 uM), suggesting that LHT1 has a higher affinity for BABA
than RBH (Fig. 2.6E, F). This difference in affinity is consistent with our observation
that BABA has a stronger inhibitory effect on growth of 35Spro:LHT1 than RBH
(Supplemental Fig. 2.5). Since the affinity of LHT1 has been reported to be similar or
higher for a range of acidic and neutral amino acids, including L-GIn (Hirner et al.,
2006; Svennerstam et al., 2007), our results also explain previous findings by Wu et
al. (2010), who showed that BABA-induced phytotoxicity in Arabidopsis can be

alleviated by co-application with L-GIn.

2.4.5 LHT1: not just a transporter for proteinogenic amino acids
Although LHT1 was initially identified as a transporter for proteinogenic amino acids
(Chen and Bush, 1997), subsequent studies have shown that it transports a much

wider range for non-proteinogenic amino acids, such as the ethylene precursor ACC
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(Shin et al., 2015) and xenobiotic amino acid conjugates (Chen et al., 2018; Jiang et
al., 2018). Consistent with this broad-spectrum uptake activity, we showed that LHT1
is the main transporter of the -amino acids RBH and BABA. Of particular interest is
the regulatory function of LHT1 in the trade-off between beta-amino acid-IR and plant
growth. For BABA, overexpression of LHT1 in Arabidopsis increased BABA-IR at the
relatively low concentration of 0.025 mM BABA (Fig. 2.4B) but it also dramatically
increased plant sensitivity to BABA-induced growth repression (Fig. 2.5A, B and
Supplemental Fig. 2.5A, B). However, RBH elicited high levels of IR in wild-type plants
at soil concentrations of 0.15 mM RBH and above (Fig. 2.2B) but did not repress
growth across all concentrations tested (Fig. 2.3A, B), supporting our earlier
conclusion that RBH induces disease resistance without costs on plant growth
(Buswell et al. 2018). Interestingly, 35Spro:LHT1 overexpression plants increased the
level of IR at relatively low RBH concentrations (Fig. 2.2B), but also repressed growth
in a dose-dependent manner (Fig. 2.3A, B and Supplemental Fig. 2.5A, B). Direct
comparison of RBH- and BABA-induced growth repression in 35Spro:LHT1 plants
confirmed that BABA is more active than RBH (Supplemental Fig. 2.5B), which is also
apparent from the IR response (Fig. 2.2B, 2.4B). It is worth noting that the molecular
mechanisms of RBH-induced stress remain unclear, and its lower toxicity in plants

might come from a combination of uptake and intracellular modes of action.

The observed trade-offs between beta-amino acid-IR and plant growth reveal two
important conclusions. First, like BABA, RBH can repress plant growth, but this
phytotoxicity depends on LHT1-dependent uptake capacity rather than RBH
catabolism. Second, our results show that the trade-off between beta-amino acid-IR
and growth can be optimized in favor of the IR response by manipulating the LHT1
gene. This conclusion holds major translational value for breeding programs aiming to
exploit BABA-IR in vegetable crops that are protected by BABA but also suffer from
BABA-induced phytotoxicity (Cohen et al., 2016; Yassin et al., 2021).

2.5 Methods
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2.5.1 Biological material

All Arabidopsis (Arabidopsis thaliana) genotypes were in accession Columbia-0 (Col-
0). The iri1-1 mutant (lht1-5) and iri1-2 mutant (/ht1-4) were described previously by
Svennerstam et al. (2007) and Liu et al. (2010); the 35Spro: LHT1 overexpression
lines were described by Hirner et al. (2006). The iri mutant screen was performed with
fully annotated T-DNA insertion lines from the SALK and SAIL collections (Alonso et
al., 2003) and purchased from the Nottingham Arabidopsis Stock Centre (sets N27941,
N27951, N27942, N27943, N27944, N27945). The annotated T-DNA insertions in iri1-
1 (SALK_115555), iri1-2 (SALK_036871), iri2-1 (SALK_204380), SAIL_902_BO08, iri3-
1 (SALK_118654), SALK 078838, iri4-1 (SALK_076708) and SALK_ 046376 were
confirmed by PCR before further testing (Supplemental Table 2.1), as described below.
Hyaloperonospora arabidopsidis strain WACO9 was maintained in its asexual cycle

by alternate conidiospore inoculations of Col-0 and Ws NahG plants.

2.5.2 Plant growth conditions

For soil-based IR experiments, seeds were sown in a 2:1 (v/v) Scott's Levington M3
compost/sand mixture and stratified for 2-4 days in the dark at 4°C. Plants were
subsequently cultivated under short-day conditions (8-h light; Sylvania GroLux T8 36W
or Valoya NS1 LED); 150 ymol photons m=2 s~'; 21°C; and 16-h dark; 18°C) with a
~60% relative humidity (RH). Plants for seed propagation were grown in long-day
growth conditions (16-h light; Sylvania GroLux T8 36W); 150 umol photons m=2 s~';
21°C; and 8-h dark; 18°C) with ~60% RH. For plate assays, seeds were surface
sterilized (vapor-phase sterilization method) prior to sowing on half-strength
Murashige and Skoog (MS) medium (pH = 5.7 and 1% sucrose), solidified with 1.5%

agar (w/v).

2.5.3 Mutant screen

Approximately 10-15 seeds for each seed line were sown in individual wells of 400-
well trays (Teku JP 3050/230 H). Each tray was filled with ~2.4 L of compost/sand
mixture. After sowing, stratification of seeds and seed germination, seedlings were
thinned to five seedlings/well. Two-week-old seedlings were treated with RBH by
watering each tray with 1.5 L of 2x concentrated RBH solution (1 mM), which was left
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overnight to saturate the soil. Excess RBH solution (~300 mL) was removed the next
morning, resulting in a final soil concentration of ~0.5 mM RBH. Challenge inoculation
was performed at 2 days after RBH treatment by spraying seedlings with a suspension
of Hpa conidiospores (10° spores/mL). Trays were sealed with clingfilm after
inoculation to maintain 100% RH and promote infection. To verify RBH-IR, each tray
contained three randomly distributed wells with Col-0 seedlings. Furthermore, to verify
favorable conditions for Hpa disease, three additional wells with Col-0 seedlings were
cut out from each tray and left outside during RBH-uptake to prevent RBH-IR prior to
inoculation. At 5-7 dpi, trays were visually inspected for Hpa sporulation when
sporulation on Col-0 seedlings in the untreated wells of the tray became apparent.
Lines developing sporulation within 7 dpi were scored as stage 1 impaired in RBH-
induced-immunity (S1 iri) lines, while nongerminated lines were scored as stage 1
nongerminated (S1 ug). All S1 iri and S1 ug lines were pooled for the stage 2 screen
in 400-well trays, as described above. S1 iri lines allowing visible sporulation in two
screens time were scored as Stage 2 iri (S2 iri). S1 ug lines that germinated upon
rescreening and showed sporulation were re-tested for S2 iri phenotypes. Of the
26,631 T-DNA insertion lines, 23,547 lines germinated and could be screened for iri
mutant phenotypes. The 427 putative iri1 lines selected after stage 2 were pooled for
seed bulking and validated by controlled IR assays in stage 3 (S3) of the screen, as

described below.

2.5.4 Induced resistance (IR) assays

Two-week-old seedlings were grown in 60-mL pots, after which the soil was saturated
with water, (R)-B-homoserine (Sigma-Aldrich; #03694), or R/S-BABA (Sigma-Aldrich,
#A44207) to the indicated concentrations, as described previously (Buswell et al.,
2018). Two days after chemical treatment, seedlings were spray-inoculated with a
suspension of Hpa conidiospores (10° spores/mL) and maintained in 100% RH to
promote infection. Leaves were collected at 6-7 dpi for trypan blue staining for
microscopy scoring of Hpa colonization by categorizing them into four classes, ranging
from healthy leaves (l) to heavily colonized leaves (IV), as described in detail by
Schwarzenbacher et al. (2020). To investigate augmented induction of cell wall
defense by chemical priming treatment, leaves were harvested at 3 dpi for aniline

blue/calcofluor staining and analysis by epifluorescence microscopy (Leica DMG6B,;
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light source: CoolLED pE-2; 365 nm excitation filter, L 425 nm emission filter, 400 nm
dichroic filter). For each genotype/treatment combination, germinated coniodiospores
on 10 leaves from independent seedlings were scored either as arrested (spores or
germ tubes fully encased in callose), or non-arrested by callose depositions (no
callose or lateral callose deposition along the germ tube/hyphae), as detailed by
Schwarzenbacher et al. (2020). Statistical differences in in Hpa colonization or callose
defense were analyzed by pairwise Fisher's exact tests, using R software (v 3.5.1).
For multiple comparisons, an additional Bonferroni multiple correction was applied,

using the R package 'fifer' (fifer_1.1.tar.gz).

2.5.5 Plant growth assays

Surface-sterilized seeds were sown onto half-strength MS agar plates and cultivated
for 2 weeks under standard plant growth conditions, as indicated above. Photographs
were taken after 1 and 2 weeks of growth with a Nikon D5300 digital camera. Green
leaf areas (GLA) were quantified from digital photographs of 1- or 2-week-old
seedlings, using Fiji/lmaged software (Rueden et al., 2017). Statistical differences in
the natural logarithm of (1+GLA) were analyzed by two-way ANOVA, using R software
(v3.5.1).

2.5.6 Genotyping verification by PCR and gene expression analysis by reverse
transcription quantitative PCR (RT-qPCR)

Genomic T-DNA insertions of all iri1, iri2, iri3 and iri4 lines were confirmed by PCR
using LP+RP and LBb1.3/ LB3+RP primers (Supplemental Table S2) To quantify
LHT1 expression levels by RT-gPCR, shoot tissues from five 2-week-old seedlings
were collected and combined as one biological replicate. A total of five replicates were
collected at the same time and snap-frozen in liquid nitrogen and homogenized. Total
RNA was extracted using an RNeasy Plant Mini Kit (Qiagen, cat. no. 74904) and first-
strand cDNA was synthesized from 800 ng total RNA using a Maxima First Strand
cDNA Synthesis Kit (Thermo Fisher, cat. no. K1641). The cDNA was diluted 20 times
in nuclease-free water before gqPCR. All gPCR reactions were performed with 2 L
diluted cDNA and primer concentrations at a final concentration of 250 nM in a Rotor-
Gene Q real-time PCR cycler (Qiagen, Q-Rex v1.0), using a Rotor-Gene SYBR Green
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PCR Kit (Qiagen, cat. no. 204074). The gPCR amplification of LHT1 was performed
with  gene-specific  primers (FP: ATCTCCGGCGTTTCTCTTGCTG, RP:
GCCCATGCGATTGTTGAGTAGCTG) and normalized to the transcript levels of two
housekeeping genes (At1g13440 [GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE C2, GAPCZ2], and At2g28390 [MONENSIN SENSITIVITY 1,
MONT]), as detailed previously (Schwarzenbacher et al., 2020).

2.5.7 Quantification of in planta RBH and BABA concentrations by hydrophilic
interaction liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry

Shoot tissues were collected at 2 days after soil-drenching and divided into four
replicate tubes per treatment (five plants per tube, from separate trays), frozen at —
80°C, freeze-dried and weighed. Dry tissue was crushed and extracted into 1 mL of
cold extraction buffer (methanol: water: formic acid, 10:89.99:0.01, v/v/v). Extracts
were centrifuged at 16,000 g for 5 min at 4°C, after which each supernatant was divided
between three aliquots. RBH and BABA standards were prepared as individual
standards from 0.1 to 100 uM. Separation was performed with a Waters Acquity HILIC
BEH C18 analytical column, 1.7-mm particle size, 2.1 x 50 mm. The mobile phase was
20 mM ammonium formate with 0.1% (v/v) formic acid (A) and acetonitrile with 0.1%
(v/v) formic acid (B). The gradient started at 99% (v/v) A and reached 65% (v/v) A in
4 min. The gradient changed to 1% (v/v) A up to 6 min and was held there for 1.5 min
and then returned to initial conditions. The solvent flow rate was 0.3 mL min~", with an
injection volume of 4 pL. Mass spectra were recorded in positive electro-spray
ionization mode, using a Waters UPLC system interfaced to a Waters quadrupole
time-of-flight mass spectrometer (Q-TOF; G2Si Synapt). Nitrogen was used as the
drying and nebulizing gas. Desolvation gas flow was adjusted to approximately 150
L/h and the cone gas flow was set to 20 L/h with a cone voltage of 5 V and a capillary
voltage of 2.5 kV. The nitrogen desolvation temperature was 280°C and the source
temperature was 100°C. The instrument was calibrated in 20-1,200 m/z range with a
sodium formate solution. Leucine enkephalin (Sigma-Aldrich, St. Louis MO, USA) in
methanol: water (50:50, v/v) with 0.1% (v/v) formic acid was simultaneously introduced
into the qTOF instrument via the lock-spray needle for recalibrating the m/z axis.

Quantification of amino acids in tissues was based on the standard curves, using
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MassLynx v4.1 software (Waters, Elstree UK). Amino acids identities were confirmed
by co-elution of product fragment ions with parent ions and matching peak retention
times to individual amino acid standards. Statistical differences in RBH and BABA
between genotypes and soil-drench treatments were tested by two-way ANOVA
followed by Welch t-tests to test cross-genotype differences at each RBH/BABA

concentration, using R software (v 3.5.1).

2.5.8 Yeast transformation

The LHT1 (At5g40780) coding sequence with stop codon was amplified from wild-type
Col-0 cDNA with Phusion High-Fidelity DNA Polymerase (New England Biolabs,
#MO0530L) and cloned into the pENTR plasmid (Invitrogen). LHT1 was then subcloned
into pDR196 (Meyer et al., 2006) by restriction (EcoRI and Xhol) and ligation (T4 DNA
ligase). Empty vector (EV)- and LHT7-harboring plasmids were confirmed by Sanger
sequencing and introduced into competent cells of the 22A10a strain (Besnard et al.,
2016), using heat shock transformation (Gietz and Schiestl, 2007).

2.5.9 Yeast growth assays

To assess the growth of LHT7- and EV-transformed 22A10a yeast strains, cells were
first cultivated in liquid Yeast Nitrogen Base (YNB) medium (Alfa Aesar, #H26271,
without amino acids and ammonium sulfate) supplemented with 10 mM ammonium
sulfate at 30°C and 220 rpm for 2 days. Cells were washed by centrifugation at room
temperature (3,000 g; 5 min) and resuspended in distilled water to an ODeoo of 0.3-0.5.
To assess whether yeast can metabolize RBH and BABA, 5 pL of the cell suspension
was added to 2 mL Yeast Nitrogen Base and increasing concentrations of RBH or
BABA (0.2-5 mM). To assess toxicity of RBH and BABA, 5 uL of the suspension was
added to 2 mL YNB medium with 10 mM ammonium sulfate and increasing
concentrations of RBH or BABA (0.2-5 mM). To assess competition between L-Ala
and RBH or BABA, 5 pL of the suspension was added to 2 mL YNB medium
supplemented with 1 mM L-Ala and increasing concentrations of RBH or BABA (0.2—
5 mM). cultures were incubated at 30°C with 220 rpm shaking for 3 days, after which
the ODsgs was determined in a plate reader (FLUOstar OPTIMA; BMG LABTECH,;

Germany).
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2.5.10 Assessment of uptake and inhibition kinetics of LHT1 in yeast
Transformed 22A10a cells were grown in YNB medium supplemented with 10 mM
(NH4)2S0O4 at 30°C with shaking at 220 rpm for 2 days. Yeast cells were collected by
centrifugation at room temperature (3000 g; 5 min), washed in distilled water, and
resuspended in ice-cold washing buffer (0.6 M sorbitol, 50 mM sodium phosphate, pH
4.5) to ODeoo of 5. Before the uptake assay, cells were energized by adding 1 M
glucose (final concentration 50 mM) to the growth medium for 10 min. To assess time-
dependent uptake of L-[*C] Ala in EV- and LHT 7-transformed cells (Supplemental Fig.
S6), 1.5-mL of the energized cell culture was added to 1.5 mL uptake buffer, containing
50 nCi L-[*C]Ala (158 mCi/mmol; Perkin Elmer; NEC856) with unlabeled L-Ala (50
or 500 uM). After 2, 5 or 10 min of incubation in a thermomixer (Grant bio ES-20;
Grant Instruments; UK; 30°C, 220 rpm), the cell suspensions were mixed with 2 mL
ice-cold water and kept on ice to inhibit L-Ala uptake. Cells were then centrifuged
(3000 g; 5 min; 4°C) and washed four times with 2 mL ice-cold water, after which
pellets were stored at —20°C for quantification of radioactivity the following day. To
determine uptake and inhibition kinetics (Fig. 2.6C,D), LHT1-transformed cells
were incubated in the same uptake medium, containing 50 nCi L-['*C] Ala with
increasing concentrations (1-3,000 uM) of unlabeled L-Ala and/or 500 uM
inhibitory RBH or BABA. After 5 min of incubation, cells were washed, collected,
and stored as described above. To assess radioactivity, frozen pellets were
resuspended in 750 pL distilled water, from which 200 yL was loaded onto
Combusto-Pads (Perkin Elmer, part number 5067034) and combusted in a sample
oxidizer (Model 307 Sample Oxidizer; Perkin Elmer; USA). Trapped '*CO2 was
quantified by liquid scintillation counting (Tri-Carb 3100TR; Perkin EImer; USA). L-
Ala uptake velocities over the 5-min time window (Vuptake) were expressed as fmol
L-Ala/cell and plotted against the L-Ala concentration, using the R package drc
(Ritz et al., 2015) to determine the kinetics of L-Ala uptake in the absence and
presence of RBH or BABA.

To estimate inhibition constants (Ki) of RBH and BABA (Fig. 2.6E,F), L-Ala uptake
velocities were determined in the presence of 0, 250 and 1,000 uM RBH or BABA,
using a medium containing increasing concentrations of L-Ala (1, 5, 25, 50, 250 uM)
with a fixed quantity of 50 nCi L-['#C]Ala. Dixon plots were created by plotting inverse

L-Ala uptake velocities (1/Vuptake) @against inhibitor concentration (RBH or BABA), after

47



which five linear models for each L-Ala concentration were generated using the Im
function (R base). Exact Ki values of RBH and BABA were determined by modeling
1,200 1/Vuptake Vvalues in the range between -200 to 1,000 pM of the inhibitor
concentration using the predict() function (R base), after which Ki values were selected

by calculating the inhibitor concentration yielding the minimum range in 1/Vuptake.
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Supplemental Figure 2.1. Validation of putative iri mutants at stage 3 of the mutant screen.
(supports Figures 2.1). (A) Experiment to confirm statistical robustness of the bioassay system
used to verify putative iri mutants. The results demonstrate uniformity of Hpa colonization between
20 independent batches of naive (water-treated) plants and between 20 independent batches of
plants showing RBH-IR (right). Shown are levels of Hpa colonization in leaves of water-treated (left)
and RBH-treated (right) seedlings (Col-0 wild-type) within one experiment. Each batch consisted of
one 60-mL pot containing 20-30 seedlings. Two-week-old seedlings had the soil in their pots
saturated with water or RBH to a final concentration of 0.5 mM, and were inoculated with Hpa two
days later. At 6-7 dpi, leaves were harvested for trypan-blue staning (n = 60-80) and microscopically
assigned to four different classes of Hpa colonization (see Fig. 2.1A for details). Robustness of the
bioassay assay system is indicated by the lack of statistically significant differences in Hpa
colonization between independent batches of the same treatment (Fisher's Exact Test, p < 0.05).
(B) Quantification of RBH-IR against Hpa in 427 putative iri lines, using the RBH-IR bioassay. The
red y-axis on the right shows the p-values of the difference in Hpa colonization between RBH-treated
mutant seedlings and RBH-treated Col-0 seedlings within each sub-experiment (Fisher's Exact
Test), indicating loss of RBH-IR. The dotted line indicates the threshold of significance (p = 0.05).
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Supplemental Figure 2.2. Characterization of RBH-IR in SALK/SAIL lines carrying
independent T-DNA insertions in the same genes that are annotated to carry T-DNA
insertions in iri2-1, iri3-1 and iri4-1 (supports Figures 2.1). (A) Gene models and positions of T-
DNA insertions, shown as red triangles, for iri2-1, iri3-1 and iri4-1, as well as independent
SAIL/SALK lines carrying different T-DNA insertions in the same genes, respectively. (B)
Quantification of RBH-IR against Hpa in leaves of mutants carrying the T-DNA insertion indicated
above. Two-week-old seedlings had the soil in their pots saturated with water or RBH to a final
concentration of 0.5 mM RBH, and were challenged with Hpa conidiospores 2 days later. Shown
are frequency distributions of trypan blue-stained leaves across the four Hpa colonization classes
(Figure 2.1A) at 7 dpi. Asterisks indicate statistically significant differences between water- and
RBH-treated samples (Fisher's exact tests; p < 0.05; n=70-80 leaves). (C) Quantification of arrested
Hpa colonization by callose at 3 dpi. Hpa-induced callose was analyzed in aniline blue/calcofluor-
stained leaves by epifluorescence microscopy. Shown are percentages of callose-arrested and non-
arrested conidiospores as detailed by Schwarzenbacher et al. (2020). Different letters indicate
statistically significant differences in frequencies between water- and RBH-treated plants (Fisher's
exact tests; p < 0.05; n>100 conidiospores).
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Supplemental Figure 2.3. Genetic characterization of two independent /ht1 mutant lines and
the LHT1 overexpression line (supports Figure 2.1). (A) Gene model of LHT1. Red triangles
indicate T-DNA insertions in the Iht1-5 (iri1-1) and Iht1-4 (iri1-2) mutants. Dark blue arrows indicate
aligned locations of the primers used for RT-qPCR analysis (see below). (B) Confirmation of T-DNA
insertions by PCR. Shown are PCR products of the expected sizes in Col-0, lht1-5 (iri1-1) and Iht1-
4 (iri1-2), using gene-specific primers (LP+RP) and the left-border primer of the T-DNA in
combination with the gene-specific RP primer (LBb1.3+RP). Primer sequences are listed in
Supplemental Table S1. (C) RT-gPCR quantification of LHT1 expression levels in Col-0 and the
overexpression line 35Spro:LHT1. Biologically replicated samples (n=5) were harvested from 2-
week-old seedlings under the same growth conditions as our IR assay. Boxplots show median
(middle bar), interquartile range (IQR; box), 1.5 x IQR (whiskers) and replication units (single dots)
of relative expression values normalized to the mean relative expression value of Col-0.
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Supplemental Figure 2.4. Transgenic overexpression of LHT1 improves Arabidopsis growth
on medium with L-alanine as the only N source, which is antagonized by co-application of
RBH (supports Figure 2.3). (A) Shown are 2-week-old seedlings of Col-0 (upper left), Iht1-5 (upper
right), and 35Spro:LHT1 (bottom) on MS agar plates without inorganic N and supplemented with
increasing concentrations of RBH and/or L-alanine. All genotypes failed to grow on medium with
RBH as the only N source. (B) Green leaf areas (GLA + SEM; n=10-19) of 2-week-old Col-0, /ht1-
5, and 35Spro:LHT1 seedlings from the same experiment. Insets show p-values of the effects on
GLA by RBH concentration, L-alanine concentration and their interaction for each genotype (2-way
ANOVA).
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Supplemental Figure 2.5. Comparison of growth repression by low concentrations of BABA
and RBH (supports Figure 2.5). (A) Representative photographs of growth phenotypes for Col-0
(upper right), Iht1-5 (upper left) and 35Spro:LHT1 seedlings in the presence of 0.25 mM RBH or
BABA. Shown are 1-week-old seedlings grown on MS agar plates with or without 0.25 mM RBH or
BABA. (B) Quantification of green leaf area (GLA + SEM; n=17-20) in 1-week-old 35Spro:LHT1
seedlings grown on MS agar with relatively low concentrations of RBH or BABA. Asterisks indicate
statistically significant differences in GLA between RBH and BABA treatments (Welch’s t-test; p <
0.05).
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Supplemental Figure 2.6. RBH and BABA compete with L-alanine for LHT1 uptake and inhibit
yeast growth (Supports Figure 2.6). (A, B) Growth of EV- and LHT 7-transformed 22A10a in liquid
medium supplemented with increasing L-Ala concentrations, 1 mM L-Ala + increasing RBH
concentrations (A), or 1 mM L-Ala + increasing BABA concentrations (B). Growth was quantified
spectrophotometrically as AOD,, values (ODy;— OD,,. of medium without yeast). Data points and

lines represent individual measurements and means of AOD,, values (n=4) after 3 days of growth,
respectively.
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Supplemental Figure 2.7. RBH and BABA have minimal effects on yeast growth but cannot
be used as N source by yeast (supports Figure 2.6). The yeast mutant strain 22A10a (Besnard
et al., 2016) was transformed with Arabidopsis LHT7 and grown in liquid growth medium with (top)
or without (NH,),SO, (bottom), co-supplied with increasing concentrations of RBH (left) or BABA
(right). Growth was quantified spectrophotometrically by determining AOD,, values (OD,, - OD,

of medium without yeast). Lines represent average AOD.,. values (n=4) after growth for 3 days.
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Supplemental Figure 2.8. Transformation of the yeast 22A10a mutant with LHT7 rescues
uptake of L-[14C] alanine (supports Figure 2.6). Empty vector (EV)- and LHT 1-transformed cells

were incubated for 2, 5 or 10 min. in the presence of 50 or 500 uM L-Ala with 50 nCi "“C-labeled L-
Ala. Lines represent average cellular L-Ala concentrations (fmol L-Ala/cell; £SEM; n=3).
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Supplemental figure 2.9. Modeling exact inhibitor constants (Ki) of RBH (A) and BABA
(supports Figure 2.6). Shown are predicted range between inverse uptake velocities (1/V.,,.) at
different L-Ala concentrations across a range of inhibitor concentrations. Predicted values were

calculated from the linear models in the Dixon plots (Figure 2.6E,F). The Ki values by RBH and
BABA were determined as the concentration yielding the minimum range.
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Supplemental Figure 2.10. Induction of LHT1 expression by Hpa (supports Figure 2.1). RT-
gPCR analysis of LHT1 expression levels in Col-0 after Hpa inoculation. Two-week-old seedlings

were sprayed with water (mock) or 10° spores/mL Hpa. Biologically replicated samples (n=4) were
harvested at 72 and 120 hours post inoculation (hpi). Boxplots show median (middle bar),
interquartile range (IQR; box), 1.5 x IQR (whiskers) and replication units (single dots) of relative
expression values, normalized to the mean relative expression value of mock treatment at 72 hpi.

Supplemental Table S1. Primers used for characterization of T-DNA insertion lines.

Gene SALK/SAIL iri
Number' Mutant Left Primer (LP; 5' to 3') Right Primer (RP: §' to 3')
At5g40780 SALK 115555  iri1-1 ATTGATTGGGTTTACCCCATC CCACAACTCTTCGGTTCTTTG
SALK 036871  iri1-2 TGTCAGTGGGCTAAAAATGTG  CAGCTCATAACTCTTGTGCCC
At5g28150 SALK_ 204380  jri2-1 ATCGTCAAACACCCAAATCG GCTTTCGTTGCAAACACTCTC
SAIL_902 B08 - ATAAAGTGGTAGGCGCTCATG  CCAAAGCAAGAAGGAAAATCC
At3g53320 SALK 118654  iri3-1 TGTTCTCCACAGTGCAGTCAC  CCATCCCAAATCATAATCCTTG
SALK 078838 - CGAGGTACTTCGTTCGAAATG  CCATCCCAAATCATAATCCTTG
At2g30680 SALK_076708  iri4-1 GATCCCAATGAAAATGCAGAC  ACATCCATGACGTTTTTCTGG

SALK_ 046376

ACATCCATGACGTTTTTCTGG

GTTCGCACACGAGTAGTTTCC

1 Genomic integration was confirmed by PCR using the gene-specific RP listed above in combination
the LBb1.3 primer (5-ATTTTGCCGATTTCGGAAC-3'; SALK lines) or the LB3 primer (5'-
TAGCATCTGAATTTCATAACCAATCTCGATACAC-3'"; SAIL_902_B08).

SALK_115555 (iri1-1) is Iht1-5.

SALK_036871 (iri1-2) is Iht1-4.
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3.1 Abstract

Sphingolipids in plants fulfil important functions in membrane integrity, development
and defence. Most plant sphingolipids are hydroxylated by fatty acid a-hydroxylases.
In Arabidopsis, this process is controlled by two enzymes: FATTY ACID ALPHA-
HYDROXYLASE | (FAH1) and FAHZ2, of which the latter mainly hydroxylates the long-
chain fatty acid (LCFA) of sphingolipids. This Chapter provides new evidence that the
BABA receptor, IMPAIRED IN BABA-INDUCED DISEASE IMMUNITY 1 (IBI1),
interacts with FAH2. Mutation of FAH2 was found to reduce BABA-induced resistance
(BABA-IR) against Hyaloperonospora arabidopsidis (Hpa) and increase sensitivity to
BABA-induced stress, indicating that FAH2, like IBI1, regulates both IR and BABA
tolerance. Sphingolipid profiling of wild-type, ibi1-1 and fah2-1 plants by ultrahigh
pressure liquid chromatography coupled to triple quadrupole mass spectrometry (LC-
QgQ) confirmed that FAH2 largely hydroxylates C16 long-chain fatty acids, which was
unrelated to IBI1-dependent BABA responses since both BABA and the ibi1-1 mutation
did not significantly influence the accumulation of these sphingolipids. Nonetheless,
statistical selection of sphingolipid species that /) responded to BABA/Hpa treatment
and ii) were similarly affected in BABA/Hpa responsiveness by both the ibi1-1 and
fah2-1 mutations, revealed a potential role for the glycosyl-inositol-phosphoryl-
ceramides (GIPC) 18.0.3/24.1.1 in IBI-dependent BABA-IR. Furthermore, based on
previous evidence that BABA primes the translocation of IBI1 from the ER to the
cytosol during pathogen attack, the research described in this Chapter investigated
whether FAH2 controls the defence-related cytosolic translocation of IBI1 during
BABA-IR. Using confocal microscopy analysing IBI1::YFP subcellular in 35Spro::IBl1-
YFP and fah2/35Spro::IBI1-YFP plants, it indeed appeared as if the fah2-1 mutation
prevented cytosolic translocation of IBI1 during BABA-IR against Hpa. However, the
experiment remained inconclusive because the overall IBI1-YFP fluorescence in
fah2/35Spro::IBI1-YFP plants was strongly reduced under all experimental conditions,
which correlated with reduced transcription of the 35S-driven IBI1-YFP transgene. In
conclusion, this Chapter shows that the IBI1-interacting sphingolipid hydroxylase
FAHZ2 contributes to both tolerance to BABA-induced phytotoxicity and BABA-IR
against Hpa, which is associated with reduced accumulation of the hydroxylated GIPC
species 18.0.3/24.1.1.
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3.2 Introduction

Sphingolipids in cell membranes are essential for plant development and stress
responses (Berkey et al., 2012; Huby et al., 2020). Based on their structure, plant
sphingolipids can be divided into four classes: 1) free long-chain base (LCB)
sphingolipids, 2) ceramides, 3) glucosyl-ceramides (GlcCer) and 4) glycosyl-inositol-
phosphoryl-ceramides (GIPC; Mamode Cassim et al., 2020). The LCB forms the basic
backbone of all sphingolipids, consisting of an eighteen-carbon backbone with an
amino group on the second carbon and a hydroxy group on the first and third carbon.
Ceramides consist of a LCB fused to a fatty acid chain via an amide bond and can be
further modified into GlcCers or GIPCs by glycosylation with single or multiple sugars
(Fig. 3.1; Huby et al., 2020; Mamode Cassim et al., 2020). The length of the fatty acid
chain in ceramides varies between 16 (C16) and 26 (C26) carbons, which can be
hydroxylated (Mamode Cassim et al., 2020). The GlcCer and GIPC of plants are
predominantly a-hydroxylated at the second carbon (C2) of the fatty acid chain (Pata
et al., 2010). In Arabidopsis, there are two genes encoding fatty acid hydroxylases,
FATTY ACID ALPHA-HYDROXYLASE | (FAH1) and FAH2 (Nagano et al., 2012b).
Although both enzymes are highly homologous, FAH1 and FAH2 have different
substrate preferences. FAH1 mainly hydroxylases very long-chain fatty acids (VLCFA;
C=20), while FAH2 use both C16 fatty acids and VLCFA as substrates (Nagano et al.,
2012b; Ukawa et al., 2022). Unlike animal and yeast FAHs, Arabidopsis FAHs do not
contain cytochrome b5 (Cb5)-like domains but instead interact with Cb5s within the
endoplasmic reticulum (ER) membrane to control their activities (Nagano et al., 2009;

Nagano et al., 2012a).
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Figure 3.1. A diagram of plant sphingolipid structure. Example structures of free long-chain
base (LCB) sphingolipids, ceramides, glucosyl-ceramides (GlcCer) and glycosyl-inositol-
phosphoryl-ceramides. The core of ceramides, GlcCer and GIPC consist of a LCB fused to a fatty
acid chain via an amide bond, and the head group at 1-position of LCB can be substituted by glucose
or glycosyl-inositol-phosphate, generating GlcCer or GIPC, respectively.

Previous research has shown that both FAH1 and FAH2 are essential for cell
membrane organisation and stress responses (Konig et al., 2012; Nagano et al., 2016;
Ukawa et al., 2022). Konig et al. (2012) reported the fah7fah2 double mutant
accumulated sphingolipids without an a-hydroxylated fatty acid moiety, which was
associated with an increased accumulation of defence-inducing salicylates.
Furthermore, FAHSs in rice and Arabidopsis have been reported to play a role in plant
defence by affecting the abundance and organisation of nanodomains in the cell
membrane (Nagano et al.,, 2016; Ukawa et al., 2022). Nanodomains are proteins
and/or lipid assemblies, sized between 20 nm to 1 ym and distributed in the cell
membrane with a dot-like pattern (Gronnier et al., 2018; Martiniere and Zelazny, 2021).
Many defence-related proteins have been found located in nanodomains, including
FALGELLIN SENSITIVE 2 (FLS2), BOTRYTIS-INDUCED KINASE 1 (BIK1; Bicherl
et al., 2017), and RESPIRATORY BURST OXIDASE D (RBOHD; Lherminier et al.,
2009). Reduced FAH expression in rice affects the mobilisation of Rac/ROP small

GTPase and RBOHs to nanodomains and further reduces reactive oxygen species
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(ROS) production after exposure to chitin (Nagano et al., 2016). More recently, Ukawa
et al. (2022) knocked out both FAH?1 and FAHZ2 in Arabidopsis and revealed the
importance of a-hydroxylated sphingolipids in nanodomains organisation. Significantly,
their Arabidopsis fah1cfah2 double mutant showed decreased abundance of defence-
related proteins, like BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1), CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1),
and RBOHD, which was linked to impaired ROS production upon treatment with
flagellin 22 or chitin (Ukawa et al., 2022). Thus, FAHs are essential regulators of plant

innate immunity.

Besides the innate immune system, plants can acquire immunity upon recovery from
stress, which is commonly referred to as induced resistance (IR). In addition to pests
and diseases, IR can also be triggered by treatment with selected chemicals, including
defence hormones, such as salicylic acid (SA) and jasmonic acid (JA), as well as other
endogenous defence regulatory metabolites, such as pipecolic acid and (-
aminobutyric acid (BABA), or microbe-associated molecular patterns (MAMPS).
Induced resistance is often based on priming, which enables plants to ignite faster and

more robust defence responses upon later stress challenges.

Chemical priming agents has potential for exploitation in plant protection purposes
(Yassin etal., 2021). BABAis one of the most intensively studied priming agents. Since
the discovery of BABA, its ability to trigger IR has been demonstrated in many different
crop species against nearly all major phytopathogens types (Cohen et al., 2016). In
Arabidopsis, BABA boosts both SA-dependent and independent defences, resulting in
protection against both biotrophic and necrotrophic pathogens (Zimmerli et al. 2000;
Ton and Mauch-Manio, 2004). In subsequent years, new insights were obtained about
the molecular machinery of BABA-IR, including the perception of BABA and
downstream defence signalling. A tRNA synthase, IMPAIRED IN BABA-INDUCED
DISEASE IMMUNITY 1 (IBI1), was reported to act as a receptor of BABA by binding
with the active R-enantiomer of BABA at (L)-Asp-binding domain (Luna et al., 2014;
Buswell et al., 2018). This event primes the pathogen-inducible translocation of IBI1
from the ER to the cytosol (Luna et al. 2014), where it interacts with defence-regulatory
VASCULAR PLANT ONE ZINC FINGER PROTEIN (VOZ) transcription factors
(Schwarzenbacher et al., 2020). A recent study has revealed the BABA transporter,
LHT1, which controls both BABA-IR and BABA-induced phytotoxicity (Tao et al., 2022).
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These results, combined with the finding that BABA accumulates endogenously upon
stress exposure, reinforce the notion that BABA functions as a natural defence signal
in plants (Thevenet et al., 2017; Balmer et al., 2019).

Once BABA is perceived by IBI1, the downstream IR signal is transmitted by
interacting proteins. Schwarzenbacher et al. (2020) used yeast two-hybrid analysis to
screen for IBl1-interacting proteins and identified cytosol located VOZ1 and VOZ2
transcription factors. The VOZ1 and VOZ2 contribute to BABA-IR by mediating
penetration resistance and simultaneously suppressing ABA-inducible abiotic stress
tolerance genes (Schwarzenbacher et al., 2020). The yeast two-hybrid screen by
Schwarzenbacher et al. (2020) revealed other putative interactors, including FAH2. As
IBI1 and FAH2 are ER-localised proteins (Nagano et al., 2009; Luna et al., 2014), it is

likely they interact in planta.

The study described in this Chapter has further explored the role of FAH2 in BABA
signalling. The interaction between IBI1 and FAH2 was confirmed by Bimolecular
Fluorescence Complementation (BiFC) and Co-immunoprecipitation (Co-IP) assays.
Furthermore, testing the fah2-1 mutant for BABA responses revealed that FAH2
contributes to both BABA-IR and BABA-induced stress (BABA-IS). In addition, global
sphingolipid profiling confirmed that mutation in FAHZ2 causes a massive shift in C16
sphingolipids, which is unrelated to BABA-IR. However, one GIPC was identified,
which responded to both BABA and Hpa treatments. Moreover, the accumulation of
this sphingolipid was similarly affected by the ibi1-1 and fah2-1 mutations, suggesting
arole in BABA-IR. Finally, this chapter has investigated whether FAH2 controls the IR-
related translocation of IBI1 from the ER to the cytosol during pathogen attack by
examining IBI1-YFP cellular location in 35Spro::IBI1-YFP and fah2/35Spro::IBI1-YFP

plants.

3.3 Results

3.3.1 FAH2 physically interacts with IBI1 in planta

Based on the IBl1-interacting candidates from the yeast two-hybrid screen by
Schwarzenbacher et al. (2020), FAH2 was selected for further analysis, since it is
expressed in leaves and localises on the ER membrane (Nagano et al., 2009). To

confirm in planta interaction, BiFC and Co-IP was used in Nicotiana
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nicotiana-benthamiana

benthamiana leaves upon transient expression by Agrobacterium tumefaciens
infiltration. Co-infiltration of leaves with A. tumefaciens expressing complementary
IBI1-YFP and FAH2-YFP constructs resulted in clear YFP fluorescence, which was
apparent for both reciprocal combinations (IBI1-YFP-C versus FAH2-YFP-N and IBI1-
YFP-N versus FAH2-YFP-C), while IBI1 co-expressed with the empty vector or
OUTGROWTH-ASSOCIATED PROTEIN KINASE (OAK) failed to cause YFP
fluorescence (Fig. 3.2A). Confocal scanning microscopy of the BiFC signal upon co-
infiltration with the IBI1-YFP-N and FAH2-YFP-C IP analysis revealed a subcellular
fluorescence pattern that is characteristic for the ER (Fig. 3.2B), suggesting that the
IBI-FAH2 interaction likely occurs at the ER. Co-IP was performed on leaves that had
been co-infiltrated with IBI1-YFP and FAH2-FLAG constructs, using an anti-FLAG
antibody for immunoprecipitation and an anti-GFP antibody for detection of IBI1-YFP.
Based on the previously reported autointeraction of IBI1 (Schwarzenbacher et al.,
2020), the combination of IBI1-FLAG and IBI-YFP was included as a positive control.
As is shown in Fig. 3.2C, IBI1 was detected by anti-GFP upon immuno-precipitation
with anti-FLAG when the IBI1-YFP construct was co-expressed with FAH2-FLAG or
IBI1-FLAG (control), thereby confirming the in planta interaction between FAH2 and
IBI1.
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Figure 3.2. The fatty acid hydroxylase FAH2 interacts with the BABA receptor IBI1. The
interaction between FAH2 and IBI1 was confirmed by bimolecular fluorescence complementation
(BiFC; A - B ) and co-immunoprecipitation (ColP; C). For BiFC analysis, the amino-terminal (-YN)
or carboxyl-terminal (-YC) half of Yellow fluorescent protein (YFP) were reciprocally fused to the C-
terminal end of the interacting proteins. BiFC analysis was performed by co-infiltrating Nicotiana
benthamiana leaves with Agrobacterium tumefaciens strains carrying the indicated BiFC constructs
(2 days after infiltration). Yellow fluorescence was observed using epifluorescence microscopy (A)
or confocal microscopy (B). Co-infiltration of IBI1-YN/YC with OUTGROWTH-ASSOCIATED
PROTEIN KINASE (OAK)-YN/YC or empty vectors (pEG202-YC, pEG201-YN) were used as a
negative controls. For the ColP assay (C), N. benthamiana leaves co-infiltrated with Agrobacterium
tumefaciens strains carrying the FAH2-FLAG and IBI1-YFP constructs (lane 1), IB/1-FLAG and IBI1-
YFP constructs (lane 2), the IBI1-FLAG construct (lane 3), the FAH2-FLAG construct (lane 4) and
the IBI1-YFP construct (lane 5). Samples for ColP was collected at 3 days post infiltration (dpi).
Total proteins were extracted from the leaves and incubated with anti-FLAG antibody for
immunoprecipitation. Anti-GFP antibody was used for immunoblot detection of YFP-tagged proteins,
and ponceau staining was used as a loading control for total proteins. Both experiments have been
repeated once with similar results.
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3.3.2 FAH2 regulates both BABA-IR and BABA-IS

To examine the role of FAHZ2 in plant responses to BABA, the effects of BABA on IR
and IS were compared between wild-type and fah2-1 plants (SALK _011293; Nagano
et al., 2012b). Soil-drench treatment of Col-0 seedlings resulted in near-complete
levels of BABA-IR against Hpa (Fig. 3.3A). Although similar treatment of fah2
seedlings still resulted in a reduction of Hpa colonisation, this BABA-IR was strongly
attenuated in comparison to Col-0 plants (Fig. 3.3A), which indicates that FAH2 has a
contribution to BABA-IR. The stress response to BABA was examined by comparing
growth phenotypes of Col-0, ibi1-1 and fah2-1 seedlings grown on "2-strength MS agar
supplemented with OmM or 5 mM BABA. Although previous research reported that the
fah2-1 mutation does not lead to an obvious growth phenotype (Nagano et al., 2012b),
fah2-1 seedlings developed marginally smaller leaf areas compared to Col-0 and ibi1-
1 plants when cultivated on control plates without BABA under our growth conditions
(Fig. 3.3B and Supplemental Fig. 3.1A). Cultivation of seedlings on agar plates
supplemented with 5 mM BABA revealed a complete lack of growth by the ibi1-1
mutant (Fig. 3.3B and Supplemental Fig. 3.1B), confirming the previously reported
hypersensitivity of this mutant to BABA (Luna et al. 2014). Furthermore, in comparison
to Col-0, fah2-1 seedlings on BABA medium showed less green leaf area (Fig. 3.3B
and Supplemental Fig. 3.1B). To determine in how far this reduced growth is caused
by increased sensitivity to BABA-IS, the reduction in green leaf area by BABA was
calculated relative to the control conditions (i.e. fah2-1 seedlings grown on medium
without BABA). This analysis confirmed that the fah2-1 mutant is more sensitive to
BABA-induced growth reduction than the Col-0 wild-type (Fig. 3.3C). Hence, FAH2
has a quantitative contribution to both BABA-IR and BABA-IS.
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Figure 3.3. FAH2 controls both BABA-induced resistance and stress. (A) BABA-IR in Col-0
and the fah2-1 mutant of Arabidopsis. Two-week-old seedlings were treatment with water (control)
or 0.05 mM BABA by soil-drenching and challenged 2 days later by spraying with Hpa conidiospores
solution. Hpa colonisation of leaves was examined at 6 days post inoculation (dpi) by assigning
trypan blue-stained leaves to 4 different Hpa colonisation classes using a dissection microscope: ()
healthy, no colonisation, (lI) hyphae colonisation with less than 10 conidiophores, (lll) extensive
hyphae colonisation with equal or more than 10 conidiophores, (IV) extensive hyphae colonisation
with the presence of both conidiophores and sexual oospores. Shown are the relative frequency
distributions. Different letters indicate statistically significant differences in class distribution between
treatment/genotype combinations (Fisher’s exact tests+ Bonferonni correction; p < 0.05; n=50-60
leaves; the experiment has been repeated once with similar results). (B) BABA reduces plant growth
of Col-0, ibi1-1 and fah2-1 plants. Shown are 12-day-old seedlings of Col-0 (top), ibi71-1 (bottom left)
and fah2-1 (bottom right) grown on %2 MS agar plates, supplemented with O (water) or 5 mM BABA
(C) Relative growth reduction of 12-day-old Col-0, ibi1-1 and fah2-1 seedlings on BABA-containing
¥ MS medium, relative to plants growing on %2 MS plate without BABA (control). Relative growth
(%) was calculated by dividing individual green leaf areas on BABA-containing medium by the
average green leaf area of the control from each genotype. Different letters indicate statistically
significant differences in growth reduction (Kruskal-Wallis test followed by Wilcoxon signed-rank
test; p < 0.05; n=39-48 seedlings; the experiment has been repeated once with similar results).
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3.3.3 Role of FAH2 and IBI1 in global sphingolipid profiles upon BABA and Hpa
treatment

FAH2 is a fatty acid a-hydroxylase, which targets the fatty acid chain of sphingolipids
(Konig et al., 2012; Nagano et al., 2012b). To investigate whether FAH2-dependent
changes in the sphingolipid profile play a role in the IBI1-dependent plant responses
to BABA, ultrahigh pressure liquid chromatography (UPLC) coupled to triple
quadrupole mass spectrometry (ULPC-QgQ) analysis was conducted of shoot
samples from Col-0, ibi1-1 and fah2-1 upon BABA and/or Hpa treatment. Principal
component analysis of all sphingolipid species revealed a clear separation of fah2-1
from the other two genotypes (Col-0 and ibi1-1; Fig. 3.4A). Plotting sphingolipid
quantities grouped by length of fatty acid moiety (LCFA < C20 versus VLCFA = C20)
and hydroxylation status of the second carbon atom in the fatty acid chain revealed
that the fah2-1 mutation drastically reduces hydroxylated LCFA sphingolipid content,
while it increases the pool of un-hydroxylated LCFA sphingolipids (Supplemental Fig.
3.2A, B), thereby supporting previous reports (Konig et al., 2012; Nagano et al., 2012b;
Ukawa et al., 2022). Interestingly, fah2-1 plants also contained higher quantifies of
VLCFA sphingolipids in both hydroxylated and non-hydroxylated forms (Supplemental
Fig. 3.2C, D). In addition, the ibi7-1 mutant, like fah2-1, appeared to have a higher
content of sphingolipids with hydroxylated VLCFA (Supplemental Fig. 3.2D). To obtain
a more detailed impression of the FAH2- and IBI1-dependent changes in sphingolipid
species during BABA-IR, hierarchical clustering analysis (HCA) was performed on the
log(x+1)-transformed values for each genotype-treatment combination. Since a-
hydroxylation occurs downstream of ceramide formation (Pata et al., 2010), HCA was
performed for ceramides, GlcCers and GIPCs separately (Fig. 3.4B-D). The ibi1-1
mutant showed a strong increase in selected ceramide species after BABA only
treatment, which was responsible for the separate clustering of BABA-treated ibi1-1
samples (Fig. 3.4B). Since the ibi1-1 mutant is hypersensitive to BABA-IS (Luna et al.
2014; Figs. 3.3B, C), itis likely that this response is associated with BABA-IS. Indeed,
a similar, albeit weaker, increase in these ceramide species was observed upon BABA
treatment of fah2-1 plants (Fig. 3.4B). By contrast, Hpa repressed ceramide
concentrations in untreated (susceptible) Col-0 but not in the more resistant BABA-
treated Col-0 plants, suggesting that Hpa reduces ceramide content as a possible
virulence strategy (Fig. 3.4B). Finally, as expected by the finding that a-hydroxylation

occurs downstream of ceramide formation (Pata et al. 2010), HCA of both GlcCers
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and GIPCs revealed a dominant effect by the fah2-1 mutation. The distinct clustering
of all fah2-1 samples relative to all Col-0 and ibi71-1 samples (Fig. 3.4C, D) was largely
driven by the FAH2-dependent differences in LCFA GlcCers and GIPCs. However, the
abundance of these FAH2-controlled sphingolipid species was not affected by the ibi1-
1 mutation, nor was it influenced by BABA and/or Hpa treatment (Fig. 3.4C, D). This
indicates that the a-hydroxylation of LCFA GlcCers and GIPCs by FAHZ2 is unrelated
to BABA-IR.
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Figure 3.4. Impacts of FAH2 and IBI1 on the global sphingolipid profiles of Arabidopsis.
Three-week-old plants were treated with water (control) or BABA (0.05 mM) and 2 days later

challenged by spraying with mock solution (water) or Hpa conidiospores (105 spores/mL). Leaves
of seedlings were collected for sphingolipids profiling by ULPC-QoQ mass spectrometry at 3 days
post inoculation (dpi). (A) Principal Component Analysis (PCA) on all 60 samples collected for
profiling. Ceramides (B), glucosylceramides (C) and glycosyl inositol phosphoceramides (D)
heatmaps project mean values (n=5) of sphingolipid species after log(x+1)-transformed (pmol/mg
d.w.); red letter font indicates the 2C-hydroxylated sphingolipid species. Hierarchical clustering was
based on complete-linkage by Euclidean distance.
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3.3.4 Identification of a FAH2- and IBl1-dependent VLCFA GIPC that is
responsive to BABA and Hpa treatments

Although the main a-hydroxylation activity by FAH2 on LCFA GlcCers and GIPCs
appeared to be unrelated to IBI1-dependent BABA-IR, it is still possible that FAH2 has
secondary activities related to BABA-IR. To identify the corresponding FAH2- and IBI1-
dependent sphingolipids, two-way ANOVA was performed on each sphingolipid
species, which allowed for the selection for sphingolipid species that are statistically
influenced by both genotype and BABA/Hpa treatment (Supplemental Fig. 3.3). The
analysis identified the a-hydroxylated VLCFA GIPC 18.0.3/24.1.1, which displayed a
statistically significant response to genotype and treatment, as well as a statistically
significant genotype x treatment interaction (Fig. 3.5A and Supplemental Fig. 3.3).
Plotting the concentration values of this GIPC species revealed that un-treated ibi1-1
and fah2-1 contain reduced basal levels compared to un-treated Col-0 plants (Fig.
3.5A). Furthermore, GIPC 18.0.3/24.1.1 was responsive to BABA/Hpa in Col-0 but not
ibi1-1 and fah2-1. Single treatment of Col-0 plants with BABA or Hpa induced a weak
and variable reduction in GIPC 18.0.3/24.1.1, respectively, while this reduction was far
more pronounced upon BABA treatment and subsequent Hpa challenge, reaching
concentrations that were statistically similar to the reduced concentrations in ibi1-1
and fah2-1 (Fig. 3.5A). Hence, GIPC 18.0.3/24.1.1 is produced in a IBI1- and FAH2-
dependent manner and BABA augments the Hpa-inducible breakdown of this
sphingolipid. To determine in how far this pattern is due to a-hydroxylation by FAHZ2,
the non-hydroxylated counter-species, GIPC 18.0.3/24.1.0, was plotted (Fig. 3.5B).
Although the concentrations of non-hydroxylated GIPC 18.0.3/24.1.0 were an order of
lower than the a-hydroxylated GIPC 18.0.3/24.1.1, their patterns generally mirrored
each other (Figs. 3.5A, B). These results suggest that IBI1 facilitates FAH2-dependent
production of GIPC 18.0.3/24.1.1, which acts as the pre-cursor of an Hpa-inducible
defence signal, whose GIPC 18.0.3/24.1.1-dependent production is primed by BABA.
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Figure 3.5. Genotype- and treatment-dependent accumulation of GIPC18.0/3.24.1.0 and
GIPC18.0/3.24.1.1. Concentrations of (A) GIPC18.0.3/24.1.1 and (B) 18.0.3/24.1.0 in leaves of 3-
week-old Col-0, ibi1-1 and fah2-1 after soil-drench treatment with water (control) or 0.05 mM BABA
and subsequent spray inoculation with mock solution or Hpa conidiospores at 2 days after
water/BABA treatment. Tissues were harvested at 3 days post inoculation (dpi). Insets show
statistically significant effects on GIPC18.03/24.1.1 by genotype, treatment and interaction and
GIPC18.0.3/24.1.0 by genotype and interaction (two-way ANOVA). Different letters indicate
significant differences between samples (Tukey’s post hoc test; p < 0.05, n=5).

3.3.5 Role of FAH2 in the BABA-induced priming of pathogen-induced
translocation of IBI1 from the ER to the cytosol

Dysfunctional a-hydroxylase activity by FAH enzymes disturbs membrane integrity
and affects protein distribution and exchange between membrane fractions (Nagano
et al., 2016; Ukawa et al., 2022). Previously, Luna et al. (2014) demonstrated that
BABA primes the release of IBI1 from the ER membrane to cytosol upon Hpa
inoculation. To examine whether this BABA-induced priming is controlled by FAH2, the

35Spro::IBI1-YFP was introgressed into the background of fah2-1 mutation line and
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examined by confocal scanning microscopy under control and BABA-primed
conditions following mock and Hpa inoculation. As reported before, a clear mobilisation
of IBI1 from the ER to cytosol was observed in BABA-treated 35Spro::IBI1-YFP after
Hpa inoculation (Fig. 3.6A ; Luna et al., 2014). Interestingly, BABA-treated
fah2/35Spro::IBI1-YFP plants failed to show a clear cytosolic translocation of IBI1-YFP
upon subsequent Hpa inoculation (Fig. 3.6A). However, the YFP fluorescence intensity
in fah2/35Spro::IBI1-YFP plants was reduced across all treatments in comparison to
35Spro::IBI1-YFP plants, which may have confounded the detection of the cytosolic
translocation by IBI1-YFP (Fig. 3.6A). To verify that the reduced quantities of IBI1:YFP
in fah2/35Spro::IBI1-YFP are due to post-transcriptional/translational processes, the
levels of IBI1:YFP transcription were quantified by RT-gPCR, using primers against
the IBI1 and YFP sequences. Surprisingly, this assay revealed significant reductions
in the relative quantities of IBI1 and YFP mRNA in fah2/35Spro::IBI1-YFP plants
relative to 35Sprop::IBI1-YFP plants. Hence, the reduced presence of YFP
fluorescence signals observed by confocal microscopy are likely caused by reduced
transcription of the IBI1-YFP transgene in fah2/35Spro::IBI1-YFP (Fig. 3.6B and
Supplemental Fig. 3.4).
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Figure 3.6. Effects of the fah2-1 mutation on the subcellular localisation of IBI1-YFP and
transcription of the 35Spro::IBI1-YFP cassette. (A) Confocal microscopy photos of IBI1-YFP
in water- or BABA-treated 35Spro::IBI1-YFP and fah2/35Spro::IBI1-YFP before and after Hpa
inoculation (3 dpi). White bars in the photos represent scale bar (20 ym). (B) Relative YFP
expression level in water- or BABA-treated 35Spro::IBI1-YFP and fah2/35Spro::IBI1-YFP before
and after Hpa inoculation (3 dpi). Insets show statistically significant effects on YFP expression
by genotype before inoculation and by genotype and interaction after inoculation (3 dpi; two-way
ANOVA). Both experiments have been repeated once with similar results.
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3.4 Discussion

3.4.1 FAH2, a interactor of IBI1 and a regulator of BABA-induced signalling

The results presented in this Chapter provide evidence that the fatty acid hydroxylase
FAH2 is a regulator of both BABA-IR and BABA-IS. In addition to the physical
interaction between IBI1 and FAH2 (Fig. 3.2), mutation of the FAH2 gene reduced
BABA-IR against Hpa and makes Arabidopsis more sensitive toward BABA-IS. Hence,
the fah2-1 mutation weakly mimics the phenotype of the ibi1-1 mutant (Fig. 3.3; Luna
et al., 2014). Sphingolipid profiling by UPLC-QgQ analysis furthermore revealed a
major shift in the sphingolipid composition by the fah2-1 mutation, which was largely
driven a-hydroxylation of LCFA GlcCers and GIPCs (Fig. 3.4A, and 3.4C, D). However,
this primary FAH2 activity appeared unrelated to BABA-IR, since the concentrations
of FAH2-dependent C16 sphingolipids were not affected by BABA/Hpa treatment or
the ibi1-1 mutation (Fig. 3.4C, D). Nevertheless, the profiling also detected secondary
activities by FAH2. For instance, both ibi1-1 and fah2-1 plants showed similar shifts in
ceramide profiles upon BABA treatment (Fig. 3.4B), suggesting that this response is
linked to the increased sensitivity to BABA-IS of these mutants (Fig 3.4 and
Supplemental Fig 3.2). It remains, however, unclear how a-hydroxylation by FAH2
affects the ceramide concentrations, since this activity is suggested to occur
downstream of ceramide formation (Pata et al.,, 2010). Furthermore, statistical
selection of sphingolipid species displaying a statistically significant change in
response to both BABA/Hpa treatment and genotype revealed the GIPC 18.0.3/24.1.1,
whose content changes differently in Col-0 when compared to the other two genotypes
(Supplemental Fig. 3.3). Moreover, this a-hydroxylated VLCFA GIPC showed a pattern
that is consistent with a mechanism by which IBI1 facilitates GIPC 18.0.3/24.1.1
production, which acts as a negative regulator of BABA-IR (Fig. 3.7). In this scenario,
the IBI1-FAH2 interaction induces production of GIPC 18.0.3/24.1.1, which generate
ER nanodomains that retain IBI1 to the ER membrane. BABA treatment then reduces
the physical interaction of BABA-bound IBI1 with FAH2, which affects FAH2 activity
and/or diffuses GIPC 18.0.3/24.1.1 in IBI1-retaining nanodomains, thereby loosening
the anchorage of IBI1 to the ER membrane. Subsequent Hpa challenge results in ER
stress that is known to cause ER autophagy (ER-Phagy; Park and Park, 2020), during
which GIPC 18.0.3/24.1.1 is broken down. This Hpa-induced reduction in GIPC
18.0.3/24.1.1 in the ER membrane enables the primed release of loosened BABA-IBI1
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from the ER to the cytosol, where it interacts with defence signalling proteins, such as
VOZ1/2, and mediate augmented defence (Schwarzenbacher et al. 2020; Fig. 3.7).
Support for this hypothesis comes from a previous findings that sphingolipids
contribute to stress regulation directly or through their catabolites (Huby et al., 2020).
For example, GIPC sphingolipids act as receptor for a group of pathogens toxins,
necrosis and ethylene-inducing peptide 1-like proteins (NLPs) in eudicots (Lenarcic et
al., 2017). Furthermore, a sphingolipid derivative, phytosphingosine-1-phosphate, can
regulate stomata response, which associates with pathogens entering the plants
(Coursol et al., 2005).

GIPC 18.0.3/24.1.1

ER lumen ( KN\ 1 (
ﬁ u FAH2 |'B! FAH2 naive &
unchallenged
cytosol ) \

ER lumen [ ¥ - ' '

BABA-primed&
unchallenged

/ \
é Y [ \ BABA-primed &
QA@ GAHZ Hpa-challenged
oy \ |
Cyloso \ \ \
BA N\ cytosolic defence

ER stress &
ER autophagy
signalling

Figure 3.7. Model of the IBI1- and FAH2-dependent role of the GIPC 18.0.3/24.1.1 in BABA-IR
against Hpa. In naive un-challenged plants, the interaction between FAH2 and IBI1 stimulates
GIPC 18.0.3/24.1.1 deposition in ER nanodomains, which keep IBI1 firmly anchored to the ER.
Priming with BABA affects the physical interaction between IBI1 with FAH2, which reduces FAH2
activity and/or diffuses GIPC 18.0.3/24.1.1 in the IBl1-retaining nanodomains, resulting in a
weakened anchorage of IBI1 to the ER membrane (Luna et al. 2014). Hpa challenge results in ER
stress and ER autophagy, causing degradation of GIPC 18.0.3/24.1.1 (purple lines) and the release
of IBI1 to the cytosol, where it interacts with defence-inducing signalling proteins (Schwarzenbacher
et al. 2020). Because BABA had already reduced the anchoring of IBI1 to the ER membrane, this
defence response is augmented in BABA-primed cells.

81



3.4.2 How can FAH2 regulate BABA-induced stress responses

The phytotoxicity of BABA is a major barrier against commercial exploitation of the
compound in crop protection. This BABA-IS, which includes growth reduction and
anthocyanin accumulation, is the result of non-canonical binding of R-BABA to the
aspartic acid-binding pocket of IBI1 (Wu et al., 2009; Luna et al., 2014). As an aspartyl-
tRNA synthetase, IBI1 primarily binds to L-aspartic acid (L-Asp) to charge cognate
tRNAs (Gomez and Ibba, 2020). In the presence of BABA, BABA physically interacts
with IBI1 and interferes with the tRNA synthetase activity (Luna et al., 2014). The
hyperaccumulation of uncharged tRNA is sensed by the protein kinase GCN2, which
in turn phosphorylates the eukaryotic translation initiation factor 2 (elF2-a) to
repress/alter gene translation, resulting in an amino acid starvation response (Luna et
al., 2014). Challenging gcn2-1 mutant plants with BABA showed reduced phytotoxicity
responses under high concentration but intact BABA-IR (Luna et al. 2014), indicating
that the undesirable BABA-IS response is linked to the GCN2 pathway and distinct
from the regulation of BABA-IR. In this Chapter, FAH2 was found to be essential for
both processes, meaning it acts upstream of the bifurcation in the BABA-induced

pathways controlling IR and IS respectively (Fig. 3.3).

Since FAH2 interacts physically with IBI1 at the ER (Fig. 3.2B), our results indicate
that it might act as an anchor to stabilise IBI1 at the ER membrane. Alternatively, since
both FAH1 and FAH2 contribute to membrane nanodomain formation, it is possible
that FAH2-dependent sphingolipids create nanodomains in the ER membrane that
favour the interaction and retainment of ER-associated proteins, such as IBI1 (Nagano
et al., 2016; Ukawa et al., 2022; Fig. 3.7). In both scenarios, the fah2-1 mutation would
reduce level of free IBI1 that can bind to BABA, thereby lowering the BABA threshold
concentration to cause phytotoxicity. Previously, BABA-IR was found to not only
depend on the expression of IB/1 (Luna et al. 2014), but also by its ability to interact
with downstream regulators (Schwarzenbacher et al., 2020) and the ability of the plant
to take up BABA (Chapter 2; Tao et al. 2022). Ukawa et al. (2022) recently reported
that cell membrane nanodomains were severely reduced in the fah1c fah2 double
mutant, causing a major reduction in the abundance of cell membrane-located proteins.
Since the membrane-located amino acid transporter, LHT1, acts as the BABA
transporter, it is possible that FAH2 indirectly affects the cellular uptake of BABA (Tao
et al., 2022).
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3.4.3 Will FAH1, a FAH2 homolog, also interact with IBI1 and contribute in BABA-
induced signalling?

The two FAHs in Arabidopsis, FAH1 and FAHZ2, are highly homologous, yet act on
different substrates (Nagano et al., 2012b; Nagano et al., 2012a; Ukawa et al., 2022).
Nagano et al. (2012b) demonstrated that both proteins interact with BAX INHIBITOR
1 (BI-1) through Cbs, with FAH1 having stronger affinity to BI-1 than FAHZ2. Although
FAH1 was not identified as a potential interactor with IBI1 (Schwarzenbacher et al.,
2020), the high degree of homology between FAH1 and FAH2 makes it possible that
FAH1 also interacts with IBI1, albeit with lower affinity. Like FAH2, FAH1 could
contribute to BABA-IR by participating in nanodomain formation. In addition, FAH1 and
Bl-1 complexes primarily suppress cell death, which is an effective means to limit
colonisation by biotrophic pathogens (Nagano et al., 2012b). If IBI1 also interacts with
FAH1, it is plausible that BABA treatment can enforce the interaction, leading to
competition between IBI1 and Bl-1 and, as a result, lifting the suppression force on
cell death. Further analysis of the IBI1-FAH1 interaction in the presence and absence
of BABA, as well as further characterisation of the BABA-IR phenotype fah1 single
mutant and fah1 fah2 double mutant would be required to validate this hypothesis
further.

3.4.4 FAH2 might control IBI1 translocation

Finally, it remains highly plausible that FAH2 activity controls the defence-related
translocation of IBI1 from the ER membrane to the cytosol during BABA-IR. Indeed,
confocal microscopy analysis of fah2/35Spro::IBI1-YFP revealed lack of cytosolic
translocation of IBI1-YFP during BABA-IR against Hpa (Fig. 3.6A). However, the
reduced YFP signal in the fah2 background due to repressed IBI1-YFP transcription
was a confounding factor for this experiment (Fig. 3.6B and Supplemental Fig. 3.5).
While it remains difficult to explain how reduced sphingolipid hydroxylation by FAH2
influences 35S-driven transcription of IBI1-YFP, quantification of cytosolic YFP
fluorescence in replicated samples from water/BABA-treated plants upon mock/Hpa
challenge would be required to confirm that FAH2 indeed controls the defence-related
release of IBI1 from the ER to the cytosol during BABA-IR.
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3.5 Methods

3.5.1 Biological material

All Arabidopsis thaliana lines used in this study are in the Col-0 background and
characterised previously: ibi1-1, 35Spro::IBI1-YFP (Luna et al., 2014) and fah2-1
(Nagano et al., 2012b). The fah2/35Spro::IBI1-YFP was generated by crossing fah2-
1 with 35Spro::IBI1-YFP. Plants homozygous both the fah2-1 mutation and
35Spro::IBI1-YFP were identified by PCR-based genotyping, using gene-specific
primers and the left border T-DNA primer listed in Supplemental Table 1, and
segregation analysis of YFP-fluorescence, respectively. Hyaloperonospora
arabidopsidis strain WACQO9 (Hpa) was kept under the asexual cycle by alternatively

propagating on Col-0 and Ws NahG plants via conidiospore inoculations.

3.5.2 Plant growth conditions

Arabidopsis seeds were stratified in 0.18% agar at 4°C in the dark for 2-3 days before
planting. Seeds were sown on a mix of 2:1 (v/v) Levington M3 soil: sand. Plants for
BABA-IR assays, confocal microscopy imaging, and lipid profiling were cultivated
under in environment conditions under short-day conditions (8.5 hours light/day; 150
umol/m?/s, at 21°C and 15.5 hours dark/day at 18°C) with 60% relative humidity (RH).
Nicotiana benthamiana were cultivated under long-day conditions (16 hours light/day;
150 pmol/m?/s at 21°C and 8 hours dark at 18 °C ) at 60% RH in a controlled growth
chamber. For agar plate assays to quantify BABA-IS, Arabidopsis seeds were vapour-
sterilized with chlorine gas (Lindsey Il et al., 2017) and planted onto ’2-strength
Murashige & Skoog (MS) agar plates containing 1% sucrose. Plates were kept in the
dark at 4 °C for 2-3 days to stratify and then transferred to similar long-day similar

conditions as detailed above.

3.5.3 BABA-induced resistance assay

The BABA-IR assay was conducted as described by Schwarzenbacher et al. (2020).
Two-week-old seedlings in 60 mL pots were soil-drenched with water or BABA at the
indicated final concentrations. Two days after application, plants were spray-
inoculated with Hpa conidiospores (10° spores/mL) and kept at 100% RH to facilitate
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infection. Six days post-inoculation, seedlings were collected for trypan blue staining
to visualise and quantify Hpa colonisation under a dissecting microscope. Leaves were
categorised into four Hpa colonisation classes, ranging from healthy leaf (I) to heavily
colonised leaf (1V), as detailed by Schwarzenbacher et al. (2020) and Tao et al. (2022;
Chapter 2). Statistical differences in Hpa colonisation were analysed by pairwise
Fisher's exact tests with Bonferroni multiple correction, using the package fifer’
(fifer_1.1.tar.gz) in R software (v 3.5.1).

3.5.4 BABA-induced stress assay

Vapour-sterilised seeds were grown on 2-strength MS agar plates for 12 days. Photos
were taken after 12 days of growth using a Nikon D5300 camera, and the green leaf
area (GLA) was quantified from the photos using Fiji/lmagedJ software (Rueden et al.,
2017). To quantify the relative contribution of BABA to plant growth repression, GLA
from individual plants on plates supplemented with 5 mM were divided by the average
GLA of plants grown on the control plate without BABA. Statistical differences in GLA
and growth changes were determined by Kruskal-Wallis test, followed by Wilcoxon

signed-rank test, using R software (v 3.5.1).

3.5.5 Subcellular localisation of IBI1-YFP

Plants were grown and treated with BABA and Hpa, as described above. To study the
subcellular localisation of IBI1-YFP, samples were harvested either 2 days after
water/BABA treatment, or 3 days after challenge with mock/Hpa, as described
previously (Luna et al. 2014). To examine the subcellular localisation of IBI1-YFP, 6
plants were collected per treatment and vacuume-infiltrated with propidium iodide (100
Mg/mL; Sigma-Aldrich, #P4170) to stain the cell walls. The subcellular localisation was
observed and imaged by confocal scanning microscopy (Nikon A1) using a Plan Fluor
40x oil immersion object lens (numerical aperture=1.3). YFP was excited at 488 nm,
and emission was collected at 500-550 nm. Propidium iodide was excited at 562 nm,
and emission was collected at 570-620 nm.
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3.5.6 Real-time quantitative PCR analysis

To quantify IBI1-YFP expression, four seedlings were pooled into one biological
replicate and -frozen in liquid N2. A total of 4 biological replicates/per treatment were
collected for RT-qPCR analysis. Tissues were homogenised and total RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen, cat. no. 74904). The Maxima First
Strand cDNA Synthesis Kit (Thermo Fisher, cat. no. K1641) was used to synthesise
cDNA from 800 ng RNA. All gPCR reactions were carried out with ten times diluted
cDNA and 250 nM primer concentration in a Rotor-Gene Q real-time PCR cycler
(Qiagen, Q-Rex v1.0), using the Rotor-Gene SYBR Green PCR Kit (Qiagen, cat. no.
204074). The gPCR amplification of YFP, IBI1, and two housekeeping genes
(At2g28390 and At5g25760) was performed with gene-specific primers (Supplemental
Table 3.1). The expression of YFP and /BI1 was normalised to the expression level of
two housekeeping genes, as detailed in Schwarzenbacher et al. (2020). Statistical
differences in expression level were determined by two-way ANOVA, using R software
(v 3.5.1).

3.5.7 Bimolecular fluorescence complementation assay

Assays were performed as described previously (Schwarzenbacher et al., 2020). In
short, coding sequences (without out stop codon) of target genes were amplified by
Phusion High-Fidelity DNA Polymerase (New England Biolabs, #M0530L) from
Arabidopsis cDNA. After amplification, sequences were cloned into pENTR plasmids.
Gateway cloning was conducted to ligate the coding sequences into pEarleygate201-
YN (pEG201-YN) and pEarleygate202-YC (pEG202-YC) vectors for generating BiFC
expression vectors. Four to six-week-old N. benthamiana plant leaves were infiltrated
with Agrobacterium tumefaciens (strain GV3101::pMP90) transformed with the
appropriate constructs. YFP fluorescence was observed three days after injection by
using Leica DM6B upright microscope (excitation filter: 460-490 nm, emission filter:
510-550 nm, dichromatic filter: 505 nm) and Zeiss LSM880 confocal microscope

(excitation:514 nm, emission: 526-560 nm).

3.5.8 Co-immunoprecipitation assay
Genes were cloned as described above for the BiFC assays. The FLAG- and YFP-

tagged coding sequences were cloned into pGW512 and pEarleygate101, respectively.
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Leaf infiltration was performed with four- to six-week-old N. benthamiana plants. Three
days post infiltration, leaf samples were collected for protein extraction. Protein
extraction and immunoprecipitation were conducted as described by Luna et al. (2014).
Briefly, total proteins were extracted from one gram of leaf sample with 2.4 ml protein
extraction buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 10% (v/v) glycerol, 0.1% (v/v)
Nonidet P-40, 1mM PMSF, and 10u/ml Sigma protease inhibitor cocktail) by using
pestle and mortar. Samples were centrifuged at 12,0009 for 10 min at 4°C twice, and
supernatant was collected and combined after each centrifugation. Protein
concentration was quantified by using Bradford assay (Sigma, #B6916), adjusted to
2.1mg/ml for each sample and incubated with anti-flag magnetic beads (Sigma,
#M8823) at 4°C overnight. Beads were pelleted by using magnetic rack and washed
with washing buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 0.1%
Nonidet P-40) twice, then boiled 5 mins in protein loading buffer (0.25 M Tris-HCI, pH
6.8, 2.2% (w/v) SDS, 10% (v/v) glycerol, 2.5% (v/v) 2-mercaptoethanol, 1 mg/ mL
bromophenol blue). Proteins were separated on 8 - 16% Mini-PROTEAN TGX Precast
Protein gels (Bio-Rad #4561104) and transferred to PVDF membrane using Bio-Rad
Mini Protean 3 system, following manufacturer instruction. Ponceau staining was
conduct by using Ponceau S solution (Sigma, #P7170). Detection of YFP fusion
proteins was performed by immunoblotting with an anti-GFP (Abcam, #ab290) primary
antibody and anti-rabbit IgG (Cell Signalling, #7074) secondary antibody in 1:5000 and
1:20000 dilution, respectively. Chemiluminescent detection was performed with
Amerhsam ECL Prime Western Blotting Detection Reagent (GE Healthcare,
#RPN2232) and Syngene G:Box Chemi XRQ system (Syngene, UK).

3.5.9 Sphingolipid profiling

Three-week-old seedlings were used for sphingolipid profiling. Plants were treated
with water or BABA, as described above, and inoculated with mock or Hpa (10°
spores/mL) 2 days later. Plants were kept in 100% RH condition to promote infection.
Three days after inoculation, 25 seedlings were pooled into one biological replicate,
and a total of five biological replicates were collected per genotype/treatment
combination. Samples were frozen in liquid nitrogen. A total of 100 mg of homogenised
tissue was used for sphingolipid extraction. Sphingolipid extraction and analysis were

performed as described previously (Zienkiewicz et al.,, 2020). Briefly, frozen
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homogenised tissue was resuspended in isopropyl alcohol/hexane/water
(60:26:14,v/v/v) and incubated at 60°C for 30 mins, then centrifuged at 635 g for 20
mins. Supernatant was collected after centrifugation and dried under nitrogen stream.
Extracts were dissolved in methanol/tetrahydrofuran/water (4/4/1, v/viv). Sphingolipid
extracts were first reversed-phase-separated with ACQUITY UPLC HSS T3 column
(100 mm x 1 mm, 1.8 ym) in ACQYITY UPLC system (Waters Crop, USA) and
analysed by nano ESI (Advion BioSceinces, USA) equipped with a 6500 QTRAP
tandem mass spectrometer (AB Sciex, USA). Data was processed and analysed as
described by (Tarazona et al.,, 2015). Heatmaps of sphingolipid content were
generated by using pheatmap package (Kolde and Kolde, 2015) in R software (v 3.5.1).
Statistical differences in individual sphingolipid content were determined by two-way

ANOVA following by Bonferroni multiple correction, using R software (v 3.5.1).
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Supplemental Figure 3.1. Green leaf area is reduced in fah2-1 plants (Supports Figure 3.2).
Green leaf area of 12-day-old Col-0, ibi1-1 and fah2-1 seedlings, which were grown on %2 MS plates
(A) or 2 MS plates supplied with 5 mM BABA (B). Different letters indicate significant differences in
plant size (Kruskal-Wallis test followed by Wilcoxon signed-rank test; p<0.05; n= 39-49 seedlings;
the experiment has been repeated once with similar results).
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Total sphingolipid (pmolimg d. w.)

Total sphingolipid (pmolimg d. w.)

Supplemental Figure 3.2. Sphingolipid composition is genotype-dependent (Supports Figure
3.3). Sphingolipid analysis on Col-0, ibi1-1 and fah2-1 plants after treatments. Three-week-old
plants were exposed to water (mock) or 0.05 mM BABA by soil application and sprayed with mock
solution (water) or Hpa conidiospores two days after water/BABA treatment. Seedlings were
harvested 3 days post-inoculation (dpi). Total sphingolipid (ceramides, glucosylceramides and
glycosyl inositol phosphoceramides) content was shown and separated into (A) LCFA (sphingolipid
with less than C20 fatty acid moiety), (B) hLCFA (sphingolipid with less than C20 a-hydroxylated
fatty acid moiety), (C) VLCFA (sphingolipid with C20 or more fatty acid moiety) and (D)
hVLCFA(sphingolipid with C20 or more a-hydroxylated fatty acid moiety). Insets show statistically
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Supplemental Figure 3.3. Two-way ANOVA analysis on individual sphingolipids content
(Supports Figure 3.4). Three-week-old plants were treated with water (control) or BABA (0.05 mM)
and 2 days later challenged by spraying with mock solution (water) or Hpa conidiospores. Leaves
of seedlings were collected for sphingolipids profiling by ULPC-QoQ mass spectrometry at 3 dpi.
Heatmap on the left projects the mean value (n=5) of each sphingolipid species after log(x+1)-
transformed (pmol/mg d.w.). The results from two-way ANOVA analysis on individual sphingolipid
content are shown in the right. G, T and G x T in the figure mean genotype, treatment and genotype
x treatment, respectively. Asterisk indicates significant effect on sphingolipid content (Two-way
ANOVA with Bonferroni correction; ****: p<0.00001; ***: p<0.0001; **: p<0.001; *: 0.001<p<0.05).
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Supplemental Figure 3.4. IBI1 expressed less in fah2/35Spro::IBI1-YFP (Supports Figure
3.5). Relative IBI1 expression level in water- or BABA-treated 35Spro::IBI1-YFP and
fah2/35Spro::IBI1-YFP before and after Hpa inoculation (3 dpi). Insets show statistically significant
effects on IBI1 expression by genotype before inoculation and by genotype, treatment and
interaction after inoculation (3 dpi; two-way ANOVA; the experiment has been repeated once with
similar results).

Supplemental Table 3.1. Primers used in this study and their sequences.

Primer name Usage Primer sequence ( 5' to 3')
fah2-1LP genotyping fah2-1 CTCCAAGAATAGCAGGTGCTG
fah2-1RP genotyping fah2-1 ATGAGCAGAATTTTGCAGCAC
LBb1.3 genotyping fah2-1 ATTTTGCCGATTTCGGAAC

UBC qPCR Fwd gRT-PCR CTGCGACTCAGGGAATCTTCTAA
UBC gPCR Rev gRT-PCR TTGTGCCATTGAATTGAACCC
SAND gPCR Fwd gRT-PCR AACTCTATGCAGCATTTGATCCACT
SAND gPCR Rev qRT-PCR TGATTGCATATCTTTATCGCCATC
IBI1 gPCR Fwd gqRT-PCR GAGCGAGTGGTCATGCTTTTC
IBI1 gPCR Rev gRT-PCR CGAGGGAAGAGGGATGTTTTC
YFP gPCR Fwd gRT-PCR ACCCTGAAGCTGATCTGCAC
YFP qPCR Rev gRT-PCR GGTCTTGTAGTTGCCGTCGT
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4.1 Abstract
B-aminobutyric acid (BABA) and R-B-homoserine (RBH) prime early deposition of

pathogen-arresting callose papillae at the cell wall. The machinery enabling this
penetration resistance remains largely unknown. We have investigated the subcellular
structure and machinery driving RBH- and BABA-induced penetration resistance
against the downy mildew pathogen Hyaloperonospora arabidopsidis (Hpa) in
Arabidopsis. Although three-dimensional reconstruction of Hpa-arresting papillae
revealed no discernible morphological differences, RBH- and BABA-induced
penetration resistance differed in their requirement for the callose synthase
POWDERY MILDEW RESISTANT4. Furthermore, BABA-induced penetration
resistance was strongly attenuated by a triple mutation in PLASMODESMATA
LOCATED PROTEINS (PDLPs), while PDLP1 over-expression mimicked primed
penetration resistance against Hpa. Analysis of the translational marker line
PDLP1pro::PDLP-GFP revealed that BABA primes early mobilisation of PDLP1 to
germinating Hpa spores prior to callose deposition. Our study shows that RBH- and
BABA-induced penetration resistance operate through distinct mechanisms and

uncovers a novel role for PLDPs in BABA-primed cell wall immunity.

4.2 Introduction

Plants lack specialised immune cells to acquire immunity yet can acquire resistance
after recovery from pests or diseases. This so-called induced resistance (IR) can be
long-lasting and is often based on immune priming, which enables a faster and/or
stronger immune reaction to future challenges by pests or diseases (Wilkinson et al.,
2019; De Kesel et al., 2021). In addition to biological elicitors, such as pathogens,
herbivores and rhizosphere-colonising microbes, there are many chemicals that can
mimic biological IR, including damage- and microbe-associated molecular patterns
and plant-endogenous stress signalling compounds, such as salicylic acid (SA),
jasmonic acid (JA) and B-aminobutyric acid (BABA). Of these, BABA offers protection
across a range of taxonomically unrelated plant species against a broad spectrum of
environmental stresses, including biotrophic pathogens, necrotrophic pathogens,
insect herbivores and abiotic stresses (Cohen et al., 2016). BABA is produced by

plants under conditions of (a)biotic stress (Thevenet et al., 2017) and is perceived by
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the aspartyl-tRNA synthetase IMPAIRED IN BABA-INDUCED DISEASE IMMUNITY 1
(IBI1; Luna et al., 2014; Buswell et al., 2018; Schwarzenbacher et al., 2020). When
applied at higher doses, BABA is phytotoxic and represses plant growth (Wu et al.,
2010; Luna et al., 2014). This undesirable effect is caused by the inhibitory binding of
the active R-enantiomer of BABA to the L-aspartic acid-binding pocket of IBI1 (Buswell
et al. 2018), resulting in uncharged tRNA”SP accumulation and GENERAL CONTROL
NONDEREPRESSIBLE2 (GCN2)-dependent inhibition of gene translation (Luna et al.,
2014).

A screen of B-amino acids that are structurally related to BABA and induce resistance
against the downy mildew pathogen Hyaloperonospora arabidopsidis (Hpa) without
concomitant growth repression led to the discovery of R-B-homoserine (RBH; Buswell
et al., 2018). Despite the structural similarity between RBH and BABA, they induce
resistance via different pathways. While both chemicals use the same transporter to
enter the cells (LYSINE HISTIDINE TRANSPORTER 1; LHT1; Tao et al., 2022), RBH
is not perceived by the IBI1 receptor (Buswell et al., 2018). Furthermore, unlike BABA,
RBH primes jasmonic acid (JA)- and ethylene (ET)- dependent defences against the
necrotrophic fungus Plectosphaerella cucumerina (Buswell et al., 2018). On the other
hand, RBH and BABA both prime the deposition of callose papillae, which arrests early
colonisation by Hpa (Ton et al., 2005; Buswell et al., 2018). Although this penetration
resistance is highly effective against flamentous pathogens, little is known about the

mechanisms by which RBH and BABA prime this defence layer.

Callose is a (1,3)-B-polyglucan in cell walls with numerous functions, including pollen
development, regulation of plasmodesmata permeability, and plant defence (Ellinger
and Voigt, 2014). Twelve CALLOSE SYNTHASE (CalS) genes have been identified
in the Arabidopsis genome (Richmond and Somerville, 2000), of which CalS12, also
known as POWDERY MILDEW RESISTANT 4 (PMR4), is the dominant CalS for
pathogen-induced callose (Jacobs et al., 2003; Nishimura et al.,, 2003). PMR4-
dependent callose is induced by damage- and microbe-associated molecular patterns
and contributes to penetration resistance via different mechanisms (Jacobs et al.,
2003; Kim et al., 2005; Luna et al., 2011; Ellinger and Voigt, 2014). Apart from
reinforcing the primary cell wall to resist intercellular colonisation and cellular
parasitisation, callose is thought to form a matrix in which antimicrobial metabolites

and defence-related proteins can be deposited (Luna et al., 2011; Ellinger et al., 2013).
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Here, we have investigated the role of resistance-enhancing callose depositions
during RBH- and BABA-IR against Hpa. Although both IR responses involve multiple
defence layers, they share the characteristic that they prime the deposition of Hpa-
arresting papillae. However, the regulatory mechanisms controlling this induced
penetration resistance remain largely unknown. Using a combination of microscopy
approaches and genetic resources, we show that RBH- and BABA-induced
penetration resistance differ in their requirement of PMR4, despite similar
ultrastructural morphologies of the Hpa-arresting callose papillae. We furthermore
show that BABA primes the mobilisation of PLASMODESMATA LOCATED PROTEIN

1 (PDLP1) at Hpa conidiospores to mediate primed callose deposition.

4.3 Results

4.3.1 Morphology of primed callose papillae arresting early Hpa colonisation
Although BABA is more effective than RBH in IR against Hpa, both chemicals prime
the deposition of Hpa-arresting callose papillae in Arabidopsis (Ton et al., 2005;
Buswell et al., 2018). To compare the priming of this defence layer by RBH and BABA,
we soil-drenched 2-week-old Arabidopsis seedlings with 1.5 mM RBH or 0.1 mM
BABA to obtain similar levels of IR against Hpa (Fig. 4.1A). Epifluorescence
microscopy analysis of aniline-blue/calcofluor-stained leaves at 3 dpi confirmed that
the percentage of callose papillae arresting early Hpa colonisation was statistically
increased in RBH- and BABA-primed plants compared to control plants (Fig. 4.1B, C).
To obtain a subcellular impression of these Hpa-arresting papillae, leaves were
analysed by confocal scanning laser microscopy after double-staining with aniline blue
(to visualise callose) and direct red-23 (to visualise the cell walls of Hpa and the plant
cell). Reconstruction of three-dimensional (3D) models from z-stacked scans revealed
that the callose within Hpa-arresting papillae was deposited underneath the spore to
encapsulate the emerging germ tube (Fig. 4.1D). However, apart from the enhanced
frequency of Hpa-arresting papillae in RBH- and BABA-primed plants, we observed
no obvious morphological differences between Hpa-arresting papillae in water-, RBH-
and BABA-treated plants.
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Figure 4.1. B-amino acid-induced resistance against Hyaloperonospora arabidopsidis. (A)
Colonisation of Arabidopsis leaves (Col-0) by downy mildew pathogen Hyaloperonospora
arabidopsidis WACQO9 (Hpa) after treatment of the soil with 1.5 mM R-B-homoserine (RBH) or 0.1
mM B—aminobutyric acid (BABA). Seedlings were challenged with Hpa conidiospores at 2 days after
soil treatment. Resistance was quantified at 6 days post inoculation (dpi) by assigning trypan-blue
stained leaves to four Hpa colonisation classes (Schwarzenbacher et al. 2020): healthy leaves (1),
leaves showing hyphal colonisation with < 10 conidiophores/leaf (ll), extensive hyphal colonisation
with 210 conidiophores/leaf (lll), extensive hyphal growth with conidiospores and sexual oospores
(V).

(Continued on the following page.)
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(Continued from the preceding page)

Shown are relative frequency distributions across the Hpa colonisation classes. Different letters
indicate statistically significant differences between treatments (Fisher's exact tests+ Bonferonni
correction; p<0.05; n=70-80 leaves; the experiment has been repeated once with similar results).
(B) Quantification of penetration resistance in water-, RBH-, and BABA-treated Arabidopsis at the
stage of spore germination and early hyphal colonisation (3 dpi). Leaves were double-stained by
aniline blue and calcofluor, and analysed by epifluorescence microscopy. Shown are percentages
of callose-arrested and non-arrested conidiospores, as detailed in Fig. 4.1C. Different letters
indicate statistically significant differences in frequency distribution between treatments (Fisher's
exact tests+ Bonferonni correction; p<0.05; n>100 conidiospores; the experiment has been
repeated once with similar results). (C) Germinated conidiospores were categorised as ‘non-
arrested’ if no callose was deposited at the germinated spore (), or if the germ tube/expanding
hyphae penetrated through the callose (Il and Ill). Conidiospores were categorised as ‘arrested’ if
the callose encapsulated the tip of the germ tube (IV) or the adhesion site spore (V). Shown are
representative examples by epifluorescence microscopy (upper panel) and confocal laser scanner
microscopy (lower panel) after double-staining with aniline blue/calcofluor or aniline blue/direct red
23, respectively. Conidiospores, germ tubes and expanding hyphae are indicated by S, Gt, and H,
respectively. Callose fluorescence is indicated by yellow/green. Yellow and white bars at the bottom
of each photo represent scale bars 50 ym and 20 pm, respectively. (D) Top and lateral views of
Hpa-arresting callose papillae in water-, RBH- or BABA-treated plants after 3-dimensional
reconstruction of z-stacked images using Morphographx software. White bar in each of photo
represents 10 um.

4.3.2 Role of PMR4 in BABA-and RBH-IR against Hpa

Although RBH and BABA both prime formation of Hpa-arresting callose papillae (Fig.
4.1B), the contribution of the pathogen-responsive callose synthase PMR4 in RBH-
and BABA-IR against Hpa has never been investigated. To address this question, Hpa
colonisation was compared at 6 dpi between wild-type (Col-0) and pmr4-1 plants after
pre-treatment of the roots with water (control) or increasing concentrations of RBH or
BABA. Water-treated pmr4-1 showed enhanced basal resistance compared to water-
treated Col-0, supporting previous reports that the pmr4-1 mutation increases SA-
dependent resistance to biotrophic pathogens (Fig. 4.2A; Nishimura et al.. 2003; Flors
et al. 2008). Secondly, all RBH and BABA concentrations statistically reduced Hpa
colonisation compared to the water-treated controls, which was apparent in both Col-
0 and pmr4-1 (Fig. 4.2A). Hence, PMRA4 is not critical for either IR response. However,
despite the elevated basal resistance of pmr4-1, BABA-treated pmr4-1 plants still
allowed for hyphal colonisation by Hpa and failed to reach the near-complete levels of
BABA-IR observed in wild-type plants. Thus, PMR4 has a quantitative contribution to
BABA-IR against Hpa (Fig. 4.2A).

101



A B c D E F
A B B C B B 100 - < F
100 o ) mm I -1
— B
2 — [ u $ ] m
>
g 50 | S 504 ||
= S [
- (]
0 0
S S $ oF oF
& & & & & & & L SL & F L
& “g- \‘\Q- R ®¢ \a @0 ‘xga “g: \xg:
¢ o ¢ oF o W o \F
Q7 N Q7 N o v o
o N
B Col-0 pmrd-1 Col-0 pmr4-1
q00, > B B c D D 100, A A B ¢ ¢ D
o o
o 5 onon-
by a arrested
2 50 - S 50 -
g h=] marrested
c c
8 8
2 2
04 0-
S o oF f o oF
&eﬁ Q?Q‘ Qg;!\ %@ Q?Q‘ Qg,é Q\’b@ v@ Y‘e ,‘gg ‘9 v@
S NN SN RN %Q’ “‘@ “‘0 '&@
¢ o€ & oF S < \E
o af PRI .Qq?? o P o

Q

Figure 4.2. Role of the callose synthase PMR4 in RBH- and BABA-induced penetration
resistance. (A) Hpa colonisation in leaves of Col-0 and pmr4-1 at 6 dpi after pre-treatment with
water (control) or increasing concentrations of RBH or BABA. For details, see legend of Fig. 4.1A.
Different letters indicate statistically significant differences between treatments (Fisher's exact
tests+ Bonferonni correction; p< 0.05; n=70-80 leaves). (B) Penetration resistance by callose
papillae in leaves of Col-0 and pmr4-1 seedlings at 3 dpi after pre-treatment with water (control) or
increasing concentrations of RBH or BABA. For details, see legends of Fig. 4.1B and C. Different
letters indicate statistically significant differences between arrested and non-arrested Hpa (Fisher’s
exact tests+ Bonferonni correction; p<0.05; n>100 conidiospores). All experiments have been
repeated once with similar results.

4.3.3 Role of PMR4 in RBH- and BABA-induced penetration resistance

Since IR is a form of quantitative resistance that is the results of multiple defence
layers (Wilkinson et al. 2019, Cooper & Ton, 2022), it is possible that the contribution
of PMR4-dependent callose is masked by other, later-acting, defence layers. To test
this hypothesis, the frequency of Hpa-arresting callose papillae was compared
between water, RBH- and BABA-treated Col-0 and pmr4-1 at the relatively early stage
of 3 dpi. (Fig. 4.2B and Supplemental Fig. 4.1). As observed previously, both IR

chemicals enhanced the deposition of Hpa-arresting callose papillae even though the
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enhancement in 0.025 mM BABA was not significant (p=0.0646; Fig. 4.2B). Although
the intensity and efficiency of Hpa-induced callose were dramatically reduced in pmr4-
1 compared to Col-0, there was still a residual level of Hpa-induced callose in pmr4-1
supporting earlier reports of PMR4-independent callose deposition (Dong et al., 2008;
Luna et al., 2011; Caillaud et al., 2014). Interestingly, while BABA failed to enhance
penetration resistance in pmr4-1, RBH still enhanced the frequency of pathogen-
arresting callose papillae in pmr4-1 (Fig. 4.2B). Therefore, RBH- and BABA-induced

penetration resistance differ in their requirement for PMR4.

4.3.4 Role of PDLP proteins in RBH- and BABA-induced penetration resistance
Caillaud et al. (2014) reported that the PDLP triple mutant pdip7123 is affected in
callose deposition around Hpa haustoria and that PDLP1 locates to the extrahaustorial
membrane before callose formation. Hence, PDLP proteins orchestrate callose
deposition to prevent functional haustoria at advanced stages of the Arabidopsis-Hpa
interaction. To investigate whether PDLPs also contribute to RBH- and BABA-induced
penetration resistance at earlier stages of the interaction, we quantified Hpa-arresting
callose papillae in Col-0 and pdip123 plants after pre-treatment with increasing
concentrations of RBH or BABA (Fig. 4.3A). A significant increase of Hpa-arresting
callose papillae was observed in 0.025 mM BABA treated Col-0 in this experiment (Fig.
4.3A). Noticeably, the ratio of Hpa-arresting callose in water treated Col-0 was much
lower in this experiment, comparing with the same treatment in Fig. 4.2B (19.1% vs
37.5%), which might be the cause of discrepancy in significance of 0.025 mM BABA
treatment between these two experiments. The BABA-induced penetration resistance
was abolished in the pdlp123 mutant after treatment with 0.025 mM BABA and strongly
reduced after treatment with 0.1 mM BABA (Fig. 4.3A). By contrast, RBH-induced
penetration resistance was unaffected in pdip123 plants compared to wild-type plants,
and even appeared more pronounced after treatment with the relatively low dose of
0.5 mM RBH (Fig. 4.3A). Hence, PDLP proteins contribute to BABA-induced
penetration resistance, not RBH-induced penetration resistance, supporting our notion
that priming of early cell wall defences by RBH and BABA are controlled by different
pathways. To study the behaviour of PDLP1 in penetration resistance, we quantified
Hpa-arresting callose papillae and Hpa colonisation in 35Spro::PDLP1-GFP over-
expression plants and Col-0. The 35Spro::PDLP1-GFP line showed strongly
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enhanced penetration resistance by callose papillae at 3 dpi (Fig. 4.3B), resulting in
reduced Hpa colonisation by 6 dpi (Fig. 4.3C). Hence, increased expression of PDLP1

mimics BABA-induced penetration resistance against Hpa.
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Figure 4.3. role of PDLPs in RBH- and BABA-induced penetration resistance against Hpa.
(A) Penetration resistance by callose papillae in leaves of Col-0 and pdip7123 at 3 dpi after pre-
treatment of the soil with water (control) or increasing concentrations of RBH or BABA. For details,
see the legend to Figures 4.1B and C. Different letters indicate statistically significant frequency
differences between treatments (Fisher's exact tests+ Bonferonni correction; p<0.05; n>100
conidiospores). (B) Penetration resistance by callose papillae in leaves of Col-0 and
35Spro::PDLP1-GFP at 3 dpi. For details, see legends to Figures 4.1B and C. Asterisk indicates
statistically significant differences in the frequency of arrested and non-arrested Hpa (Fisher’s exact
tests+ Bonferonni correction; p<0.05; n>100 conidiospores). (C) Hpa colonisation at 6 dpi in leaves
of Col-0 and 35Spro::PDLP1-GFP. For details, see legend to Figure 4.1A. Asterisk indicates
statistically significant frequency differences from Col-0 (Fisher’s exact tests+ Bonferonni correction;
p< 0.05; n=70-80 leaves). All experiment have been repeated once with similar results.
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4.3.5 BABA mobilises PDLP1 to germinating Hpa spores

To further investigate the role of PDLP1 in BABA-induced penetration resistance, we
employed laser scanning confocal microscopy to determine the subcellular localisation
of PDLP1 in water- and BABA-treated PDLP1pro::PDLP1-GFP plants. This analysis
was performed at 1 dpi to capture the early signalling events preceding the deposition
of augmented callose deposition in BABA-primed plants (2-3 dpi). Pre-treatment with
0.1 mM BABA not only increased the co-localisation of Hpa spores with PDLP1-GFP
(Fig. 4.4B), but also intensified the PLDP1-GFP signal at Hpa spores (Fig. 4.4C).
Hence, BABA primes the mobilisation of PDLP1 to Hpa spores during the onset of
BABA-induced penetration resistance (Fig. 4.4 and Supplemental Fig. 4.2;).
Interestingly, no increased co-localisation of PDLP1-GFP with Hpa spores was
observed in RBH-primed plants following Hpa inoculation (Supplemental Fig. 4.3),
confirming our conclusion that RBH- and BABA-induced penetration resistance are

regulated by different pathways.
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Figure 4.4. BABA primes early translocation of PDLP1 to germinating Hpa conidiospores.
(A) Representative examples of PDLP1-GFP in leaves of PDLP1pro::PDLP1-GFP plants relative to
Hpa conidiospores at 1 dpi. Leaves were stained with calcofluor and imaged by confocal
microscopy. Calcofluor-stained spores and germ tubes are shown in blue; PDLP1-GFP is shown in
green. White bars represent scale bars (10 ym).

(B) Co-localisation of PDLP1-GFP with Hpa conidiospores in leaves of water- and BABA-treated
PDLP1pro::PDLP-GFP plants. Shown are frequency distributions of PDLP1-GFP that co-localised
(+PDLP1) or did not co-localise (-PDLP1) with Hpa conidiospores at 1 dpi, as illustrated in Fig. 4.4A.
Asterisks indicate a statistically significant difference to the water treatment (Fisher’'s exact test,
**:p<0.01, n=40-50 conidiospores; the experiment has been repeated once with similar results).
(C) Quantification of PDLP1-GPP signal intensity at Hpa spores. Shown are integrated fluorescence
intensities of GFP co-localizing with Hpa spores. Asterisk indicates a statistically significant
difference in the Hpa co-localising GFP signal between water- and BABA-treated plants (Welch t-
test, *:p<0.05, n=40-50 spores; the experiment has been repeated once with similar results).
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4.4 Discussion

4.4.1 Penetration resistance against Hpa: a multifaceted immune response
controls diverse signalling pathways

Despite the differences in perception and priming for phytohormone-dependent
defences (Buswell et al. 2018), RBH and BABA both prime early-acting cell wall
defence against Hpa. Here, we have shown that the induced penetration resistance
by RBH and BABA manifests itself as increased deposition of Hpa-arresting callose
papillae, which are similar in ultrastructural morphology (Fig. 4.1B, C), but controlled
by different pathways (Fig. 4.2-4.4). Buswell et al. (2018) reported that RBH-IR against
Hpa is associated with augmented induction of the tryptophan-derived phytoalexin
camalexin and that the camalexin-deficient pad3-1 mutant shows attenuated levels of
RBH-IR to Hpa. Interestingly, previous studies have demonstrated signalling activity
by tryptophan-derived secondary metabolites during penetration resistance against
filamentous pathogens, such as PEN2/GSTU13-dependent products of 4-methoxy-
indole-3-ylmethylglucosinolate  (4MI3G), indole-3-carboxylic  acid  (I3CA),
benzoxazinoids (BXs) and camalexin accordingly (Clay et al., 2009; Ahmad et al., 2011;
Pislewska-Bednarek et al., 2017; Gamir et al., 2018). In this context, we propose that
this diversity in tryptophan-derived metabolites plays a role in the differential regulation

of RBH- and BABA-induced penetration resistance against Hpa.

4.4.2 The contribution of PMR4 to penetration resistance

Previous experiments with the chemical callose synthesis inhibitor 2-deoxy-D-glucose
(2-DDG) indicated an important role for callose in IR (Ton and Mauch-Mani, 2004;
Sanmartin et al., 2020; Yang et al., 2022). However, despite the dominant role of the
callose synthase PMR4 in pathogen-induced immune responses, the pmr4-1 loss-of-
function mutation had no effect on RBH-IR against Hpa and only weakly affected
BABA-IR against Hpa colonisation at 6 dpi (Fig. 4.2A). The latter finding suggests a
quantitative contribution of PMR4 to BABA-IR against Hpa, supporting earlier reports
that BABA-IR against this pathogen involves priming of differentially regulated defence
layers (Ton et al. 2005, Schwarzenbacher et al. 2020). The pmr4-1 mutant showed
smaller Hpa-inducible callose papillae and compromised penetration resistance (Fig.
4.2B and Supplemental Fig. 4.1), confirming the dominant role of PMR4 in pathogen-

induced callose and penetration resistance. Moreover, while pmr4-1 failed to express
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BABA-induced penetration resistance to Hpa, RBH still displayed a statistically
significant increase in the frequency of Hpa-arresting callose papillae (Fig. 4.2B). Thus,
while BABA-induced penetration resistance to Hpa is fully dependent on PMR4, RBH-
induced penetration resistance against this pathogen involves activity by other callose
synthases. Defence-related callose has previously been reported in the pmr4-1 mutant
upon treatment with chitosan and during infection by Hpa (Dong et al., 2008; Luna et
al., 2011; Caillaud et al., 2014). Dong et al. (2008) showed that besides PMR4
(CalS12), the expression of CalS1 is also induced by both SA and Hpa in an NPR1-
dependent manner. Furthermore, both CalS1 and CalS8 have been implicated in
ROS-dependent callose deposition at plasmodesmata (Cui and Lee, 2016), making
these callose synthetases plausible candidates to contribute to RBH-induced

penetration resistance against Hpa.

4.4.3 The contribution of PDLPs to penetration resistance

PDLPs are conserved receptor-like proteins with transmembrane helix domain and
two extracellular DUF26 domains that show similarity to carbohydrate-binding proteins
(Vaattovaara et al.,, 2019). PDLPs have been implicated in the regulation of
plasmodesmata callose deposition and permeability (Thomas et al., 2008; Lee et al.,
2011; Li et al., 2022). Moreover, PDLP1 has been reported to co-localise with Hpa
haustoria to mediate PMR4-dependent callose deposition during the relatively
advanced stages of the interaction (Caillaud et al., 2014). Here, we have shown that
the pdip7123 mutant is strongly attenuated in BABA-induced penetration resistance
against Hpa (Fig. 4.3A) and that genetic over-expression of PDLP1 mimics this priming
of early-acting penetration defence (Fig. 4.3B, C). Together with our finding that BABA
primes the co-localisation of PDLP1 at Hpa spores during the onset of BABA-induced
penetration resistance (Fig. 4.4B, C), we conclude that PDLP1 regulates the
augmented induction of PMR4-dependent penetration during BABA-IR. Interestingly,
PDLP1 and PDLP5 have recently been shown to be part of a protein complex with the
immune regulatory protein NDR1/HIN1-LIKE 3 (NHL3), which mediates CalS1-
dependent callose and defence-related plasmodesmatal closure (Tee et al., 2023).
However, PDLP5, unlike PDLP1, did not co-localise with Hpa haustoria, while NHL3
was not identified as a direct interactor with PDLP1, suggesting that PDLP1 acts

through a different signalling complex to regulate Hpa-induced callose (Caillaud et al.,
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2014). Our finding that BABA primes PDLP1 mobilisation during the onset of PMR4-
dependent penetration resistance provides further evidence for a specific defence

regulatory role of this protein in the Arabidopsis-Hpa interaction.

4.5 Materials and Methods

4.5.1 Biological material and cultivation

All Arabidopsis thaliana lines used in this research are in the genetic background of
the Columbia (Col-0) accession. The pmr4-1 mutant was identified and characterised
by Nishimura et al. (2003), while the pdip7123, 35Spro::PDLP1-GFP and
PDLP1pro::PDLP-GFP lines have been described and characterised by Caillaud et al.
(2014). Arabidopsis seeds were suspended in 0.18% agar, stratified for 2-3 days in
the dark at 4°C, and planted onto 2:1 (v/v) Scott's Levington M3 compost/sand mixture.
Plants (~20-25 per 70-mL pot) were then cultivated in a climate chamber containing
Valoya NS1 LED lights at 150 ymol/m?/s, using a 8.5h light (21°C)/15.5h dark (18°C)
cycle at ~60% relative humidity. Hyaloperonospora arabidopsidis (Hpa) strain
WACO9 was kept in its asexual cycle by alternately inoculating Col-0 and Ws NahG

with Hpa conidiospores.

4.5.2 Induced resistance bioassays

Two-week-old seedlings were treated with BABA (Sigma-Aldrich, #A44207) or RBH
(Ark Pharm; #AK-23884) by saturating soil media with chemical solutions at indicated
concentrations, as described previously (Buswell et al. 2018). Two days after chemical
treatment, plants were spray-inoculated with Hpa conidiospores (10° spores/mL) and
kept in sealed containers at 100% RH to promote infection. For quantification of
callose-associated penetration resistance, leaves were harvested at 3 dpi and double-
stained with aniline blue (Sigma-Aldrich, #4415049) and calcofluor white (Sigma-
Aldrich, #F3543), as described by Ton et al. (2005). Ten leaves from each
genotype/treatment combination were analysed by epifluorescence microscopy (Leica
DM6B; light source: CoolLED pE-2; 365 nm excitation filter, L 425 nm emission filter,
400 nm dichroic filter). Germinated conidiospores from ten leaves were categorised

into ‘arrested’ (spore adhesion site or tip of germination tubes fully encased in callose)
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or ‘non-arrested’ (no callose or callose deposited alongside germination tubes/hyphae)
as further detailed and illustrated in Fig. 1C. Total levels of IR were based on
lactophenol trypan blue-stained leaves at 6-7 dpi (Koch and Slusarenko, 1990). Hpa
colonisation was quantified by categorising leaves into four distinct classes (I-IV),
ranking from no hyphal colonisation (I) to major hyphal colonisation with deposition of
conidiospores and oospores (IV), as detailed previously (Schwarzenbacher et al.,
2020). Statistical differences in penetration resistance and Hpa colonisation between
treatments and genotypes were based on pairwise Fisher's exact tests with a
Bonferroni false-discovery rate correction, using R software (v 3.5.1), package 'fifer'

(fifer_1.1.tar.gz).

4.5.3 Three dimensional imaging of callose papillae by confocal microscopy
Three days after Hpa inoculation, seedlings were collected and detained overnight
(ON) in 100% ethanol. Samples were then washed twice in dH20 for 15 mins and
stained ON with 1:1 mixture of 0.05% aniline blue (Sigma-Aldrich, #4415049) in 0.07M
phosphate buffer and 0.2% direct red 23 (Scientific Laboratory Supplies, #CHE1866).
Seedlings were imaged with a Nikon A1 confocal scanning microscope, using Plan
Fluor 40x oil immersion object lens (numerical aperture=1.3). Aniline blue was excited
at 405 nm and emission was collected at 425-475 nm; direct red 23 was excited at
562 nm and emission was collected at 570-620 nm. Three dimensional models were
constructed from z-stacked images using MorphoGraphX software (Barbier de Reuille
et al., 2015).

4.5.4 Quantification of co-localisation between PDLP1-GFP and Hpa
conidiospores

One day after Hpa inoculation, PDLP1pro::PDLP-GFP seedlings were collected and
vacuum-infiltrated with calcofluor white (1.25ug/mL; Sigma-Aldrich, #F3543) to stain
Hpa conidiospores and germination tubes. Co-localisation between spores and
PDLP1-GFP was analysed and imaged by confocal scanning microscopy (Nikon A1)
using a Plan Fluor 40x% oil immersion object lens (numerical aperture=1.3). Calcofluor
white was excited at 405 nm and emission was collected at 425-475 nm; GFP was

excited at 488 nm and emission was collected at 500-550 nm. MorphoGraphX was
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used to reconstruct 3D models from z-stacked images. Integrated fluorescence
intensity was quantified by Fiji/lmageJ software (Rueden et al., 2017). Statistically
significant differences in PDLP-GFP co-localisation and intensity were assessed with
R software (v 3.5.1), using a Fisher's exact test (package 'fifer'; fifer_1.1.tar.gz) and a

Welch’ t-test, respectively.
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4.9 Supplemental Material

Arrested

Not arrested

Supplemental Figure 4.1. Hpa-induced callose depositions in Col-0 and pmr4-1 (Supports
Figure 4.2). Shown are representative photos from epifluorescence microscopy analysis of
germinating Hpa conidiospores and callose papillae in aniline blue/calcofluor-stained leaves at 3 dpi.
Germinating Hpa conidiospores (orange arrows) were categorised as either ‘non-arrested’ or
‘arrested’, as detailed and illustrated in Fig. 4.1C. The example images for Col-0 are reused from

Fig. 4.1C. The calcofluor signal from Hpa is light blue; the aniline blue signal from callose depositions
is yellow/green. White bars indicate scale bars (50 um).

Supplemental Figure 4.2. Co-localisation of PDLP1-GFP with Hpa (Supports Figure 4.4).
Shown are representative top (right) and lateral (left) views of PDLP-GFP co-localising with a
germinating conidiospore of Hpa. Z-stack images were taken from a calcofluor-stained
PDLP1pro::PDLP1-GFP leaf at 1 dpi with Hpa. The Hpa spore is indicated by S.
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Supplemental Figure 4.3. RBH does not prime early translocation of PDLP1 to germinating
Hpa conidiospores (Supports Figure 4.4). (A) Co-localization frequency of PDLP1-GFP with Hpa
conidiospores. Two-week-old PDLP1pro::PDLP-GFP seedlings were treated with water or 1.5 mM
RBH and inoculated with Hpa 2 days later. Shown are frequency distributions of PDLP1-GFP that
co-localised (+PDLP1) or did not co-localise (-PDLP1) with Hpa conidiospores at 1 dpi, as illustrated
in Fig. 4A (n=57 spores; the experiment has been repeated once with similar results). (B) PDLP1-
GFP signal intensity at Hpa conidiospores. Shown are integrated fluorescence intensities of GFP
co-localizing with Hpa spores. No statistically significant difference was detected in the Hpa co-
localising GFP signal between water- and RBH-treated plants (Welch t-test, p>0.05, n=57 spores;
the experiment has been repeated once with similar results).
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Chapter 5: General Discussion
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5.1 RBH and BABA share the same cellular transporter but prime

different defence pathways

This thesis aimed to improve our understanding of the molecular pathways driving (R)-
B-homoserine (RBH)- and B-aminobutyric acid (BABA)-induced resistance (IR). The
work described in this thesis has generated new insights into the cellular uptake of
resistance-inducing B-amino acids (Chapter 2), the mechanisms contributing to the
establishment of the priming (Chapter 3) and the mechanisms underpinning the

augmented defence response upon pathogen attack (Chapter 4).

The forward genetic screen in Chapter 2 was designed to select for Arabidopsis T-
DNA insertion mutants that are impaired in RBH-induced immunity (iri) against downy
mildew and yielded 108 putative mutants, of which four were completely impaired in
RBH-IR (Fig. 2.1A and Supplemental Fig. S1.1B). Of these, only one mutant
phenotype could be confirmed in an independent T-DNA insertion line (Fig. 2.1C, D
and Supplemental Fig. S2B, C). The affected gene in these allelic iri mutants encodes
the amino acid transporter LHT1. Subsequent experiments revealed that this
transporter is not only essential for the uptake of RBH from the soil, but also
responsible for the uptake of BABA (Fig. 2.2 A and Fig. 2.4A). Interestingly, it was
previously reported that the BABA receptor IBI1 is not necessary for RBH-IR (Buswell
et al., 2018). Thus, while both B-amino acids share the same transporter, they are not

perceived by the same receptor (Fig. 5.1).

Chapter 3 revealed that the fatty acid hydroxylase FAH2 interacts in planta with the
BABA receptor IBI1. Further characterisation of the fah2-1 mutant showed that FAH2,
like IBI1, functions as a regulator of both BABA-IR and BABA-induced stress (Fig. 3.2A,
B and C). Since FAH2 is an ER-localised enzyme (Nagano et al., 2012) and IBI1
moves to the cytoplasm during the BABA-potentiated defence response after
pathogen attacks (Luna et al. 2014), it follows that FAH2 acts at the initial perception
of BABA leading to the establishment of priming.

Finally, Chapter 4 focused on the mechanisms controlling the augmented defence
response of primed plants to pathogen challenge. Previous studies reported that RBH
and BABA both augment callose-related penetration defence at the cell wall,
suggesting a convergence in the pathways controlling RBH- and BABA-IR (Ton et al.,

2005; Buswell et al., 2018). However, the results in this chapter suggest otherwise:
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BABA-primed callose defence against the downy mildew pathogen Hyloperonospora
arabidopsidis (Hpa) entirely depended on the callose synthase PMR4, whereas RBH-
induced penetration resistance against Hpa could operate independently of PMR4,
suggesting an involvement of an additional, yet unknow, callose synthase (Fig. 4.2B).
A similar difference was found for callose-regulating PDLP proteins: the pdip123
mutations only affected BABA-induced penetration resistance and not RBH-induced
penetration resistance (Fig 4.3B). These results strongly suggest that the pathways
controlling BABA- and RBH-IR diverge after LHT1-dependent uptake (Fig. 5.1),

despite the phenotypic similarities in terms of callose-associated defence.
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Figure 5.1. Molecular mechanism of R-B-homoserine (RBH)- and B-aminobutyric acid
(BABA)-induced resistance (IR) in Arabidopsis. The mechanisms can be divided into two
sectors: pre-challenge and post-challenge. In the pre-challenge phase, RBH and BABA enter the
cell through the transporter LHT 1. After entering the cell, BABA binds to the receptor IBI1, while the
receptor for RBH is still unknown. FAH2, possibly acting with FAH1, coordinates and passes the
signal from IBI1. IBI1 and FAH2 also regulate the production of GIPC 18.0.3/24.1.1, which likely
contributes to anchoring IBI1 on ER membrane. After the pathogen challenge, BABA primes salicylic
acid (SA)-dependent defence and suppresses coronatine-induced jasmonic acid (JA)-dependent
response, which can antagonise SA-dependent defence. The IBI1 interactors, VASCULAR PLANT
ONE ZINC FINGER PROTEIN (VOZ) 1 and VOZ2 inhibit the expression of pathogen-inducing
abscisic acid (ABA)-responsive abiotic stress genes and regulate the primed cell wall defence,
callose, generated by PMR4 under the regulation of PDLPs. As for RBH, it enhances camalexin
production and JA/ethylene (ET) dependent defence. RBH also enhances callose deposition, but
unlike BABA, the augmented callose is generated by PMR4 with other callose synthases.
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5.2 The molecular mechanisms and biological relevance of RBH-

induced resistance: a known unknown

The genetic screen in Chapter 2 yielded 108 putative mutants that are affected in RBH-
IR against Hpa, of which only four were completely impaired in RBH-IR, while the
remaining 104 mutants were partially impaired in RBH-IR (Fig. 2.1A and Supplemental
Fig. 2.1B). This finding supports the notion that IR is a highly quantitative resistance
response that involves a multitude of genes, pathways and mechanisms (Balmer et
al., 2015; Desmedt et al., 2022). This multi-layered aspect of IR is illustrated by the
results in Chapter 4. Mutation in PMR4 blocked the first layer of BABA-primed
penetration defence (Fig. 4.2B), even though the total level of disease protection by
BABA was only mildly affected due to the activity of later-acting defence barriers in the
BABA-IR response. Furthermore, the pmr4-1 mutation only partially affected the
potentiated callose barrier in RBH-primed plants (Fig. 4.2B), suggesting
complementary action by an additional callose synthase during RBH-induced

penetration resistance.

Cohen and Gisi (1994) reported that the uptake and distribution of BABA in tomato is
causally related to BABA-IR. Chapter 2 showed a similar relationship for RBH, BABA
and IR: the loss of LHT1 function impaired both the uptake and IR by RBH and BABA,
which suggested that the contribution of LHT1 to RBH-IR is based on uptake. This
hypothesis was corroborated by the biochemical uptake experiments with LHT1-
expressing yeast cells (Fig. 2.6C and E), demonstrating that LHT1 acts as a medium-
to high-affinity transporter of RBH. Nevertheless, it remains possible that LHT1 has a
dual function: apart from its activity of a transporter, it may simultaneously also act as
a receptor of RBH. This hypothesis gained traction by the observation that LHT7 over-
expressing plants displayed statistically increased levels of RBH-IR at relatively low
doses of RBH, even though there was no increase in RBH content in the leaves at
these concentrations (Fig 2.2A and B). This could be explained by a mechanism in
which the IR pathway is elicited at low concentrations by high-affinity binding of RBH
to LHT1 before the medium- to high-affinity transportation activity of the protein
becomes activated. However, it is also possible that the mass spectrometry
quantification of RBH in the leaves was not sufficiently sensitive to pick up subtle
increases in response to relatively low doses of RBH applied to the roots. Thus, it

remains equally possible that LHT1 merely serves as a cellular transporter of RBH, in
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which case the chemical must be perceived inside plant cell by a yet unknown
intracellular receptor. While it is possible that RBH binds and acts through another

aminoacyl tRNA synthetase than IBI1, the receptor of RBH remains to be identified.

BABA has been reported to accumulate as an endogenous plant metabolite in stress
plant tissues (Thevenet et al., 2017; Balmer et al., 2019) suggesting it acts as an
endogenous defence signalling molecule, but the biological relevance of RBH remains
unknown. It is possible that RBH mimics other IR signals, for example, the IR-eliciting
determinants that are produced by plant growth-promoting rhizobacteria (PGPR) in
the rhizosphere, such as N-acyl-homoserine lactones (Fig. 5.2). Indeed, applying N-
acyl-homoserine lactones to plants has been reported to induced system resistance
(ISR) against biotrophic and hemi-biotrophic pathogens (Schikora et al., 2011).
Buswell et al. (2018) furthermore reported that RBH-IR against necrotrophic fungus
Plectosphaerella cucumerina relies on JA and ET signalling pathways, which are
known to control ISR in Arabidopsis (Pieterse et al., 2014). In addition, fully functional
ISR depends on Fe homeostasis (Pieterse et al., 2014; Zhu et al., 2022). Interestingly,
the iri mutant screen identified a T-DNA insertion mutant in FERRIC REDUCTASE
DEFECTIVE 3 (FRD3), showing reduced RBH-IR compared to the Col-0 wild-type
(Supplemental Fig. 2.1B and Supplemental Data set 2.1). Mutation of FRD3 has been
reported to disturb Fe distribution and homeostasis, causing increased Fe
accumulation in the root and reduced Fe content in the aboveground tissues, which
results in smaller rosettes, chlorotic leaves, and a Fe-deficiency response (Rogers and
Guerinot, 2002; Roschzttardtz et al., 2011). Thus, Fe homeostasis, which is a key
component of ISR regulation (Pieterse et al., 2014; Zhu et al., 2022), may also be
important for RBH-IR.

0
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Figure 5.2. Chemical structure of RBH and N-acyl-homoserine lactone. Shown are chemical
structure of RBH (left) and N-acyl-homoserine lactone (right). R stands for any functional group.
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There are yet many unanswered questions about RBH-IR. For instance, why did plants
evolve a cellular transporter for RBH-IR? Is it this merely due to the non-specific nature
of the LHT1 transporter or is there a biological function to the high-affinity uptake of
RBH by roots? The similarity in signalling between RBH-IR and ISR hints towards the
possibility that RBH acts as, or mimics, an ISR-eliciting rhizosphere signalling, but
there is currently no further evidence to support this hypothesis. In addition to profiling
the rhizosphere of ISR-expressing plants for RBH, or RBH-related molecules, it would
be interesting to examine whether RBH has autoinduction activity in rhizosphere
bacteria. Furthermore, besides augmented callose and camalexin production reported
by Buswell et al. (2018), much of the defence pathways and mechanisms contributing
to RBH-IR remain unknown and a further characterisation of the spectrum of
effectiveness of RBH-IR against different microbial pathogens, herbivores, viruses and
abiotic stresses would be informative. Moreover, although 3 of the 4 complete iri
mutants isolated in Chapter 2 could not be confirmed in independent T-DNA insertion
lines, the phenotype of these mutant lines was consistent and reproducible, indicating
that their iri mutant phenotype is caused by a secondary T-DNA insertion or related
mutation. A mapping-based approach to identify the genes affected by these iri
mutations would generate valuable new insight and, giving their complete iri
phenotypes, potentially reveal the RBH receptor. A better understanding of the
biological context and molecular mechanism controlling RBH-IR will not only increase
our understanding of the plant immune system but also but also facilitate the adoption
of RBH as a future crop protection agent. The full list of iri mutations and associated
candidate genes presented in Chapter 2, including the iri mutation that only partially

affect RBH-IR, can be a helpful resource to being answering these questions.

5.3 BABA: a natural defence priming hormone?

BABA was been shown to accumulate naturally in leaves of stressed plants (Thevenet
et al., 2017; Balmer et al., 2019). This discovery provided a first biological context for
the phenomenon of BABA-IR. Although the BABA concentrations under these
conditions were several orders of magnitude lower than those necessary to induced
resistance, it is possible that only a minority of pathogen-interacting cells in the

challenged tissues produce sufficient BABA to induce priming, rendering the BABA
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concentration in whole shoot tissues well below the IR-eliciting threshold. Interestingly,
BABA was found to accumulate at relatively late stages of pathogen infection, for
example, at 5 dpi of Hyaloperonospora arabidopsidis (Hpa) NOCO inoculation or 24
hours of Pseudomonas syringae pv. tomato (Pst) DC3000 inoculation (Thevenet et al.,
2017). This relatively slow response makes it unlikely that pathogen-inducible BABA
functions as an early defence signal. Given the role of LHT1 in the uptake and
distribution of BABA, it appears more likely that the relatively late induction of BABA
during pathogen infection acts as a signal to prime neighbouring cells for defence.
However, induced BABA production was only found in locally infected tissue (Balmer
et al., 2019). Hence, naturally induced accumulation of BABA during pathogen
infection likely acts as a localised immune signal that primes the cells neighbouring

pathogen-attacked cells for enhanced defence (Baccelli and Mauch-Mani, 2017).

In most experimental settings, BABA is applied exogenously. The finding in Chapter 2
that LHT1 acts as a plasma membrane-localised transporter of BABA provides an
answer to the question of how exogenously applied BABA can be perceived at the
endoplasmic reticulum (ER) inside the cell. Once inside the cell, cell-to-cell transport
of BABA can occur through plasmodesmata and induce priming in neighbouring cells.
After binding to IBI1, BABA not only primes defences, resulting in BABA-IR, but also
induces GCN2-dependent phosphorylation of the eukaryotic translation initiation factor
elF-a, resulting in BABA-induced stress (BABA-IS; Luna et al 2014; Fig 1.2).

Chapter 3 has shown that both BABA-IR and BABA-IS are regulated by the ER-
localised IBI1 interactor, FAH2 (Fig. 3.2A, B and C), indicating that FAH2 acts at an
early stage in the BABA response pathway, before the split in the pathway towards IR
and IS (Fig. 5.1). The demonstration that a fatty acid a-hydroxylase interacts with the
BABA receptor strongly points to a regulatory role of fatty acid homeostasis in BABA-
IR. In particular, plant responses to pathogen infection have been associated with
changes in sphingolipid metabolism. For instance, ceramide and LCB content have
been reported to increase after Pst and Botrytis cinerea infection (Magnin-Robert et
al., 2015; Zeng et al.,, 2021). The enhanced ceramide content after B. cinerea
inoculation correlated with higher cell death and disease severity, suggesting a linkage

among ceramide content. plant cell death and pathogenicity (Zeng et al., 2021).
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The sphingolipid profiling of Hpa-inoculated plants in Chapter 3 revealed a
downregulation in ceramides, which was antagonised by BABA pre-treatment.
Accordingly, Hpa may suppress ceramide-dependent induction of defence-related cell
death to allow for successful colonisation, which is prevented by BABA-IR (Fig 5.3B).
The lipid profiling also revealed an IBI1- and FAH2-dependent response of GIPC
18.0.3/24.1.1 to Hpa infection and BABA priming. A statistically significant, albeit
variable, reduction in leaf concentration of this GIPC was observed in naive plants
after Hpa infection, which was stronger and far more consistent in BABA-primed plants
(Fig. 3.4). The fact that this Hpa- and BABA-regulated response was similarly affected
by the ibi1-1 and fah2-1 mutation demonstrates involvement of this GIPC in BABA-

induced priming.

Based on its treatment- and genotype-dependent profile, Chapter 3 proposed a model
in which the IBI1/FAH2-dependent production of GIPC 18.0.3/24.1.1 acts a negative
regulator of BABA-IR by creating ER nanodomains in which IBI1 remains firmly
anchored to the ER membrane (Fig. 3.6). BABA priming treatment reduces the
physical interaction of IBI1 with FAHZ2, thereby reducing FAH2 activity and/or diffusing
GIPC 18.0.3/24.1.1 in IBI1-retaining nanodomains. Subsequent Hpa challenge results
in ER stress and ER autophagy (ER-Phagy; Park and Park, 2020). This process
causes breakdown of GIPC 18.0.3/24.1.1 within the membrane system (Fig. 3.4A),
which enables the release of IBI1 to the cytosol, where it interacts with defence
signalling proteins, such as VOZ1/2 (Schwarzenbacher et al. 2020), to mediate
augmented defence expression (Fig. 3.6). Further research into the role of ER stress
in BABA-induced plant responses, as well as the dynamics of the FAH2-IBI1
interaction during BABA-induced priming in relation to ER stress, could help shed new

light on the mechanisms proposed in this model.

Although FAHZ2 regulates both defence and stress pathways, the fah2-1 single mutant
still retains partial BABA-IR and BABA tolerance, indicating the existence of
functionally redundant genes. It is therefore possible that FAH1, a highly homologous
fatty acid a-hydroxylase localising to the ER membrane, acts together with FAH2 to
control BABA signalling (Nagano et al., 2012). It was initially suggested that FAH1 and
FAH2 have distinct substrate specificity. However, recent work by Ukawa et al. (2022)
demonstrated that both enzymes can hydroxylate very long-chain fatty acids (VLCFA).
This not only supports our finding that FAH2 acts on the VLCFA in GIPC 18.0.3/24.1.0
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(Fig. 3.4), but also reinforces the notion that FAH1 and FAH2 might act redundantly on

BABA-induced plant responses.

The BABA-IR and BABA-IS pathways likely diverge after the function of FAHZ2 in early
BABA perception. The defence signal is possibly transmitted and amplified by other
IBI1 interactors, for example, VOZ1 and VOZ2 (Schwarzenbacher et al., 2020). The
VOZ transcriptional factors mediate BABA-primed callose, produced solely by PMR4,
as shown in the Chapter 4 (Fig. 4.2B; Schwarzenbacher et al., 2020). To reach the full
potential of augmented callose, co-localisation between spores and PDLP proteins is
essential (Fig. 4.3B and 4.4B and C). It is still largely unclear how PDLPs coordinate
callose deposition. However, recent work reported that two plasmodesmata located
Class 1 formins, FORMIN HOMOLOGY (FH) 1 and 2, aggregate towards fungal
penetration sites and participate in penetration resistance (Qin et al., 2021). As
reported for the BABA-primed early translocation of PDLP1-GFP to germinating Hpa
spores (Fig. 4.4B and C), it is plausible that PDLPs act with FH1 and FH2 to contribute

to the BABA-induced priming of penetration resistance.

5.4 RBH- and BABA-induced stress responses

Although the molecular mechanisms driving f-amino acid-plant stress might be a less
appealing subject to study than B-amino acid-IR, a better understanding of how and
why B-amino acids induce plant stress will be critical for their exploitation as crop
protection agents. After all, we can only avoid these unwanted phenotypes if we
understand how they are generated in the first place. For BABA-IS, some studies have
revealed mechanisms (Wu et al., 2010; Luna et al., 2014; Buswell et al., 2018; Singh
et al., 2023). By contrast, the underlying causes of RBH-induced stress (RBH-IS) in
plants remain largely unknown. Chapter 2 showed that RBH-IS in 36SPro:LHT1 plants
is directly linked to the RBH concentration (Fig 2.3A and B). Luna et al. (2014)
demonstrated that BABA causes growth reduction due to GCN2-mediated translation
inhibition through the blocking of Asprtyl tRNA synthetase activity and a resulting
accumulation of uncharged tRNA accumulation. Although there is currently no
evidence for a mechanism underpinning RBH-IS, it is clear that the similar
concentrations of BABA have a more potent stress effect than RBH (Supplemental Fig.
2.5A and B). RBH-IS is triggered by a 10-fold higher dosage than BABA-IS
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(Supplemental Fig. 2.5A and B), making it unlikely that RBH-IS is controlled by the

exact same mechanism as BABA-IS.

Besides GCN2 activation, the sphingolipid profiling in Chapter 3 revealed a general
increase in ceramide content during conditions of BABA-IS (Fig. 3.3B). Whether the
increase is linked to GCN2 regulating translation inhibition remains unclear, but a
change in ceramide content could lead to cell death, as has been suggested by
previous research (Shi et al., 2007; Huby et al., 2020; Zienkiewicz et al., 2020). Thus,
in addition to global translation inhibition, high cell ceramide levels might have a further
contribution to BABA-IS. Furthermore, sphingolipids and metabolism are involved in
endoplasmic reticulum (ER) stress in humans and yeast (Kajiwara et al., 2012; Park
and Park, 2020). In response to ER stress-inducing conditions, cells initiate the
unfolded protein response (UPR), which involves regulation by GCN2 to maintain
homeostasis in the ER. Thus, it is very plausible the BABA-induced changes in

ceramides may be functionally linked to GCN2-dependent stress (Afrin et al., 2019).

5.5 Future exploitation of RBH and BABA in crop protection through

dual application protocols.
The work presented in this PhD thesis has demonstrated that RBH-IR and BABA-IR

are distinctly different IR responses. Accordingly, co-application of low (non-phytotoxic)
doses of RBH and BABA might have additive or synergistic effects on crop protection.
Indeed, application of BABA and Acibenzolar-S-methyl at half of the recommended
dose is more effective in reducing grape downy mildew severity (Reuveni et al., 2001).
Using reduced RBH and BABA doses would also result in less growth inhibition as the
corresponding IS responses are dose-dependent (Supplemental Fig. 2.5A and B). On
the other hand, LHT1 has been identified as the transporter of both RBH and BABA,
so there is a possibility that both agents compete for uptake. This potential issue can
be avoided by applying RBH and BABA sequentially rather than a mixture. Therefore,
it is worth re-examining and defining the effective IR-mediating doses of both
chemicals and establishing a new dual application protocol that is optimised for
different crop species and diseases.

The link between LHT1 expression and activity opens a new route for manipulating IR

and avoiding growth costs. Breeders can select lines with higher LHT1 expression
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levels in the species that are less sensitive to RBH or BABA. By contrast, cultivars with
lower LHT1 gene expression can be bred to reduce the uptake of both chemicals to
stress-inducing concentrations. This optimisation of genotype-treatment combination
can be applied in a wider integrated pest management program (IPM) with other crop
protection strategies (Yassin et al., 2021). High solubility in water makes RBH and
BABA particularly suitable to apply as root drenches in combination with other water-
soluble agrochemicals, such as fertiliser solutions. Indeed, root application was
recently reported to induce stronger levels of BABA-IR against tomato root-knot
nematode than foliar spray (Singh et al., 2023). Thus, the application of RBH and
BABA seems patrticularly suitable for hydroponically grown crops: carefully controlled
application of combinations of low RBH/BABA doses into the nutrient supply stream of
hydroponically grown crops could provide a safe and effective means of disease

protection without side effects and/or long-lasting chemical residues in crop products.

A major challenge of current agriculture is to replace pesticides with sustainable
alternatives, while maintaining (or improving) crop production. Combining -amino
acids with other chemical control methods has great potential to help addressing this
challenge and reduce the need for high pesticide usage. Integrated use of BABA with
fungicide Fluazinam in controlling potato late blight allowed for a 20-25% reduction in
Fluazinam usage without compromising protection (Liljeroth et al., 2010). Furthermore,
using BABA and the fungicide mancozeb provided better control of Phytophthora
infestans in potato and tomato and Pseudoperonospora cubensis in cucumber than
using each chemical alone (Baider and Cohen, 2003). Thus, the fundamental research
described in this PhD thesis offers new opportunities to direct further translational

research towards the safe and effective exploitation of 3-amino acids in crop protection.
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