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Abstract

Diseases cause major losses in crop production globally. Deployment of conventional pesticides
targeting microbes and pests is increasingly restricted due to environmental damage. We have
developed a high-yielding chemical route to synthesize a plant immune second messenger, phospho-
ribosyl-adenosine monophosphate (pRib-AMP) and engineered pRib-AMP derivatives. Using knowledge
of the pRib-AMP molecular mode of action in promoting plant transcriptional defence, we performed
structure-based engineering of a stabilized bioactive pRib-AMP derivative (Thio-pRib-AMP). When
exogenously applied to Arabidopsis plants, pRib-AMP, and Thio-pRib-AMP with higher potency, stimulated
immunity via the pRib-AMP authentic receptor and defence execution machinery, leading to reduced
pathogen infection. Dose-response and transcriptome assays revealed a need to tune Thio-pRib-AMP
applications for enhanced disease resistance without incurring a growth penalty in Arabidopsis,
Nicotiana benthamiana and oilseed rape. This study describes a biotechnology framework for harnessing
the properties of natural plant immune stimulants to generate protective agents for a broad range of
crops.

Main

Crop productivity is severely limited by pathogens and pests. Of the crop protection strategies developed
in agriculture, utilization of chemical pesticides has dominated. Often pesticide treatments are not
specific to a pest or microbe and thus can also target beneficial organisms, leading to detrimental
impacts on the environment and human health' 3. A further danger of widespread chemical pesticide

use is the occurrence of pathogen and pest resistance®. These negative outcomes have prompted global
efforts to phase out hazardous pesticides. The shrinking repertoire of deployable agents creates a need

for alternative, environmentally safe crop protection strategies>®.

Angiosperm plants (dicots and monocots), comprising the major food crops, possess an innate immune
system which deploys cell-surface (receptor-like kinase (RLK) or receptor-like protein (RLP)) and
intracellular (nucleotide-binding/leucine rich repeat (NLR)) receptors to detect pathogen disturbance and
trigger resistance. Considerable advances have been made in understanding the evolutionary dynamics
of plant hosts with disease-causing pathogen strains and the biochemical processes underpinning

7-10

immune receptor activation and signalling , creating opportunities to engineer immune receptors for

sustained disease resistance in transgenic crops 12,

Here we explore a different biotechnology strategy to enhance crop disease resistance which capitalizes
on recently discovered ribosylated nucleotide immune second messengers (SMs) in angiosperm

plants’. The SMs 2'-(5"-phosphoribosyl)-5-adenosine monophosphate (pRib-AMP) and its diphosphate
form (pRib-ADP) are produced by Toll-Interleukin-1 Receptor (TIR) enzyme hydrolysis of NAD* 1314,

Pathogen-induced TIR-domain NLRs (TNLs) and TIR-only proteins signal as NADase enzymes'>~20. Of
TIR/TNL generated cyclic and non-cyclic nucleotides, non-cyclic pRib-AMP/ADP activate an angiosperm
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immune regulatory module connecting cell-surface and intracellular receptors to transcriptional defence
that limits pathogen growth'821724 The module consists of Enhanced Disease Resistance 1 (EDS1) in a
dimer with Phytoalexin Deficient 4 (PAD4) which, upon SM binding, conformationally activates a sub-
family of variant coiled-coil domain signalling NLRs (RNLs) called Activated Disease Resistancel (ADR1)
to confer immunity'324. Genes for this TIR enzyme-activated EDS1-PAD4-ADR1 module are conserved

across dicot and monocot genomes?°>2%. Moreover, the dicot model Arabidopsis thaliana (Arabidopsis)
and monocot rice (Oryza sativa) employ the same TIR-EDS1-PAD4-ADR1 biochemical mode of action to
restrict infection by a broad range of pathogens'®'824_ A second dicot-specific module consisting of
EDS1 in a dimer with Senescence Associated Gene101 (SAG101) and co-functioning N requirement
genel (NRG1)-family RNLs is stimulated by different TIR/TNL catalyzed non-cyclic SMs, ADPr-ATP and

di-ADPR"# to promote host immune-related cell death 272829 |

We explored whether pRib-AMP or its chemical derivatives could be deployed as immune stimulants in
angiosperm plants. We describe a new high-yielding chemical synthetic route for pRib-AMP and a
versatile platform to engineer pRib-AMP modified forms. We establish that pRib-AMP and an engineered
derivative, Thio-pRib-AMP, promote transcriptional defence and pathogen resistance specifically via the
EDS1-PAD4-ADR1 node when applied to Arabidopsis intact cells and plants. Thio-pRib-AMP exhibits ~
100-fold higher potency than pRib-AMP for transcriptional reprogramming, consistent with its increased
hydrolytic stability and sustained action at nanomolar doses in Arabidopsis. We further establish that
Thio-pRib-AMP sprayed or infiltrated on leaves increases pathogen resistance in a solanaceous plant
model Nicotiana benthamiana and a commercial winter Brassica napus (rapeseed oil) variety, Vamos.
These findings highlight a new path towards broad-action immune stimulants for crops.

Results

Chemical synthesis of pRib-AMP and derivatives

Previously, chemical synthesis of pRib-AMP was achieved by a 15-step procedure’3. We developed a
simpler method to produce pRib-AMP over 5 linear steps with a total yield of 42% (Fig. 1a). Our design
principle was to generate pRib-AMP and pRib-AMP derivatives from a common synthetic precursor, Rib-
A, through a 5’-regioselective functionalisation (Fig. 1a)3C. Starting from N®-benzoylated adenosine, we
protected the 3’- and 5’-hydroxy groups with a bridged silyl protecting group (di-tert-butylsilyl, DTBS)
(Fig. 1a; step i). We next employed this protected nucleoside (Fig. 1a; step ii) in a B-selective ribosylation
reaction using 1-O-Acetyl-2,3,5-tri-O-benzoyl-B-D-ribofuranose as the ribosyl-donor in the presence of
SnCl, as a Lewis acid®". This step exclusively gave the B-anomer (Fig. 1a; step iii), validated by crystal
structure analysis (Supplementary Information). Stepwise deprotection of the silyl groups by
tetrabutylammonium fluoride (TBAF) (Fig. 1a; step iv), and the benzoyl groups by ammonia (Fig. 1a; step
v), produced Rib-Adenosine (Rib-A) in a 4-step procedure with 50% overall yield. A final phosphorylation
step was accomplished using proton sponge as a sterically demanding base together with POCl; as
phosphorylating agent. Triethylammonium (TEA) was used as counterion to obtain TEA,pRib-AMP from
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Rib-A with a yield of 83% (Fig. 1a). Synthesis of pRib-AMP provided pure compound to test pRib-AMP in
vivo bioactivity.

Exogenously applied pRib-AMP promotes EDS1-PAD4-ADR1 dependent immunity in Arabidopsis

In solution, pRib-AMP is highly polar and negatively charged, which we anticipated would not pass
unaided across the cell membrane into the cytoplasm. We therefore applied TEA,pRib-AMP to a final
concentration of 20 uM or 80 uM TEA only (as negative control), with and without the transfection agent
lipofectamine 3000 (L3000), to Arabidopsis Col-0 (WT) protoplast suspensions3? (EDF. 1a). Induced
expression of EDS7-PAD4 dependent defence marker genes CYP71A13, CBP60g and SARD1 was
measured by gqRT-PCR (EDF. 1b, Supplementary Table 1). TEA,pRib-AMP treatment led to defence gene
upregulation in the presence and absence of L3000 (EDF. 1b). This suggests that pRib-AMP alone can
cross the plant cell membrane for immune transcriptional reprogramming in Arabidopsis.

We next investigated whether pRib-AMP stimulates transcriptional defence when infiltrated into
Arabidopsis seedlings (Fig. 1b). WT treated with TEApRib-AMP, but not its immediate non-
phosphorylated precursor Ribose-Adenosine (Rib-A) or TEA only, displayed elevated defence marker
gene expression (EDF. 1c), indicating bioactivity of pRib-AMP on seedlings. Transcriptional
reprogramming induced by pRib-AMP was lost in edsT and pad4 but maintained in a sag707 mutant
defective in the EDS1-SAG101-NRG1 cell death module’*?” (Fig. 1¢), indicating in vivo signalling
specificity of the synthetic pRib-AMP through EDS1-PAD4. We next tested seedling responses of
previously characterized pad4/sag7017 (ps) double mutant lines complemented with WT PAD4
(gPAD4"T/ps) or a PAD4 pRib-AMP binding mutant (gPAD4R37#A/ps), and pad4 sag107 complemented
with WT SAG101 (SAG107"T/ps)?3. Only WT and gPAD4"T/ps seedlings displayed elevated immune
marker gene expression following pRib-AMP treatment (Fig. 1d). Also, pRib-AMP treatment of mutants
lacking helper NLRs ADR1/ADR1-L1/ADR1-L2 (adr7 triple)®33* or NRG1a/NRG1b (nrg7a/b)*® showed that
only adr7 triple mutant seedlings failed to respond to pRib-AMP (Fig. 1e). These data underscore
specificity in synthetic pRib-AMP promotion of immune marker genes through the EDS1-PAD4-ADR1
module.

We considered that induction of Arabidopsis defence genes by applied synthetic pRib-AMP might be due
to cell-surface receptor recognition of pRib-AMP as a misplaced ligand rather than by pRib-AMP uptake
into cells. We therefore applied pRib-AMP to mutants in key cell-surface receptor/co-receptor or
signalling components (Supplementary table 3) and measured immune marker gene expression (EDF.
2a). All mutant lines reacted similarly to WT in response to TEA,pRib-AMP (EDF. 2a). Furthermore,

applications of 1 pM to 100 pM TEA,pRib-AMP to WT plants failed to elicit a reactive oxygen species
(ROS) burst, which is a hallmark of canonical cell-surface receptor activation, as detected after pathogen
elicitor nlp20 treatment?' (EDF. 2b). Next, we tested whether TEA,pRib-AMP application to leaves of

mature Arabidopsis plants stimulates resistance to virulent Pseudomonas syringae pv. tomato (Pst) strain
DC3000 bacteria. WT, eds1, pad4 and sag107 were pretreated with TEA or TEApRib-AMP. After 1d, the
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same leaves were inoculated with Pst DC3000 and bacterial numbers measured at 3 dpi (Fig. 1f). Pre-
treatment with TEA,pRib-AMP, but not TEA, reduced bacterial growth in WT by 15-fold (Fig. 1g). A similar
reduction in bacteria following TEA,pRib-AMP application was observed in sag707 but not in eds7 or
pad4 plants (Fig. 1g). Therefore, synthetic pRib-AMP treatment promotes bacterial pathogen resistance
by stimulation of the EDS1-PAD4-ADR1 signalling node and independently of major cell-surface immunity
components.

Chemical derivatization and functional analysis of Thio-pRib-AMP

The new chemical synthetic route was designed to enable late-stage generation of pRib-AMP derivatives
from Rib-A as a common synthetic precursor (Fig. 1a and Fig. 2a). We hypothesized that a prodrug ethyl-
ester derivative, mono-Et-pRib-AMP (full chemical name provided in Supplementary Information)

(Fig. 2a) might mimic the chemical nature of 2'cADPR, a proposed stable storage form and pRib-AMP
precursor'8, by reducing the charge at phosphate groups, thereby enhancing membrane permeability.
Mono-Et-pRib-AMP was obtained from Rib-A employing ethyl phosphorodichloridate (POCI,OEt) as
phosphorylating agent. In parallel, we aimed to assess whether replacement of the two pRib-AMP
phosphate groups with a thiophosphate (Fig. 2a)3%37, might overcome the predicted hydrolytic instability
of the phosphoester bonds within pRib-AMP'3. By employing PSCl; in the general procedure established
for the functionalisation of Rib-A (Fig. 1) we obtained Thio-pRib-AMP (Fig. 2a) with 24% yield
(Supplementary Information). We performed ligand docking modelling of pRib-AMP, mono-Et-pRib-AMP
and Thio-pRib-AMP into the protein structure of pRib-ADP bound Arabidopsis EDS1-PAD4'3.18
(PDB:7XEY) and calculated in silico binding energies (MM/GBSA, molecular mechanics/generalized Born
surface area) together with root mean square deviations (RMSD) for each compound (Fig. 2a). The
molecular docking results showed that mono-Et-pRib-AMP binds to EDS1-PAD4 poorly. By contrast, Thio-
pRib-AMP displayed marginally weaker binding energy and a comparable RMSD to that of pRib-AMP
(Fig. 2a).

We infiltrated Arabidopsis WT and pad4 seedlings with 20 pyM TEA,mono-Et-pRib-AMP, TEA,pRib-AMP or
TEA,Thio-pRib-AMP and measured CBP60g and SARD1 expression at 12 hpi. TEA,mono-Et-pRib-AMP
treatment had a negligible effect on defence marker gene expression compared to TEA,pRib-AMP

(Fig. 2b). By contrast, TEA,Thio-pRib-AMP elicited stronger PAD4-dependent defence marker gene
induction than pRib-AMP (Fig. 2b). The low bioactivity of mono-Et-pRib-AMP is consistent with its
predicted weak EDS1-PAD4 binding energy (Fig. 2a). The enhanced activity of Thio-pRib-AMP compared
to pRib-AMP is not reflected in higher predicted binding energy (Fig. 2a), suggesting that increased
potency might be due to greater Thio-pRib-AMP uptake or chemical stability. We measured the depletion
of pRib-AMP and Thio-pRib-AMP in Arabidopsis lysates over 24 h by LC-mass spectrometry analysis
(EDF. 3a). Whereas pRib-AMP displayed a half-life of 1.02 h, consistent with a previous study'3, Thio-
pRib-AMP decay was not observed over this time frame (EDF. 3b). Also, we compared pRib-AMP and
Thio-pRib-AMP binding to EDS1-PAD4 dimer purified from insect cells by a thermal shift assay (EDF.
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4)1338 Both pRib-AMP and Thio-pRib-AMP increased the melting temperature (T,,,) of apo-EDS1-PAD4,
indicating that both molecules bind to EDS1-PADA4.

We found that a 250 nM Thio-pRib-AMP application to seedlings had similar efficacy as 20 uM pRib-AMP
in PAD4-dependent defence gene induction, suggesting ~ 100-fold higher Thio-pRib-AMP bioactivity

(Fig. 2c). Furthermore, Thio-pRib-AMP produced more sustained EDS7-PAD4-dependent defence gene
induction in seedlings compared to pRib-AMP at 6 and 12 hpi (EDF. 3c). Collectively, these results
suggest that Thio-pRib-AMP in vivo stability might enable immune stimulation via the EDS1-PAD4-ADR1
node at lower doses than pRib-AMP.

Transcriptional landscape of Arabidopsis WT and pad4 responses to Thio-pRib-AMP

To measure transcriptome changes following TEA,Thio-pRib-AMP treatment, RNA samples from
seedlings infiltrated with 100 nM TEA,Thio-pRib-AMP for 6 h (Fig. 1b) were prepared for RNA sequencing
(RNA-seq). Analysis of differentially expressed genes (DEG) in WT and pad4 relative to their respective
mock treatments revealed seven clusters as shown in a heatmap, with clusters 4 and 5 being enriched in
PAD4 dependent DEG (Fig. 3a, Supplementary Table 2). As displayed in Venn diagrams, 1533 up-
regulated and 1357 down-regulated DEG in response to Thio-pRib-AMP were specific to WT (Fig. 3b,c).
Gene ontology (GO) analysis showed WT up-regulated DEG (mainly populating clusters 4 and 5) to be
enriched in GO terms relating to immune responses (Fig. 3d), whereas down-regulated DEG GO terms
mainly related to RNA modification and metabolism (EDF. 5a). We compared the expression profile of
Thio-pRib-AMP responsive WT genes with Arabidopsis TNL (RRS1-RPS4) receptor triggered EDST-
dependent up-regulated DEG in response to Pst AvrRps4 bacteria at 8 h3°. This revealed a significant
overlap between treatments and a trend towards higher expression of immune components (for

example, FMOT and ALD1T promoters of systemic resistance*?) in the TEA,Thio-pRib-AMP treated

samples (EDF. 6). Different classes of cell membrane immune receptors and signalling components
were also highly represented (EDF. 6), consistent with mutual potentiation between Thio-pRib-AMP and
EDS1-PAD4-ADR1 dependent cell-surface receptor signalling??241. This analysis shows that
exogenously applied Thio-pRib-AMP transcriptionally promotes a broad suite of immune-related
defences via EDS1-PAD4.

While there was also a substantial overlap between WT and pad4 up- (836) and down- (1442) DEG in
response to Thio-pRib-AMP these were not related to immune defence. We further noted that 532 up-
and 778 down-DEG were specific to the pad4 mutant response to Thio-pRib-AMP (Fig. 3a-c). GO term
analysis revealed that pad4-specific up-regulated DEG were mainly associated with membrane raft
localization, responses to light signalling and metabolic processes (EDF. 5b). The pad4 down-regulated
DEG were enriched in protein folding, oxidative and other stress responses (EDF. 5¢). These data suggest
that functional EDS1-PAD4 signalling dampens Thio-pRib-AMP induced gene expression reprogramming,
perhaps to maintain cell and tissue homeostasis. Alternatively, Thio-pRib-AMP has one or more immune
non-related targets.
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Thio-pRib-AMP spray treatment bolsters disease resistance in Arabidopsis and N. benthamiana

Induced plant defence leading to pathogen resistance can be associated with a growth trade-off. We
therefore determined the minimal Thio-pRib-AMP effective dose for pathogen resistance without
negatively impacting plant growth. Leaves of mature Arabidopsis WT and pad4 plants were sprayed with
TEA or 50 nM and 100 nM TEA,Thio-pRib-AMP (EDF. 7a). At 8 d post treatment, plant fresh weight

measurements showed that 100 nM Thio-pRib-AMP led to growth reduction in WT but not pad4 plants,
whereas 50 nM TEA,Thio-pRib-AMP did not affect plant growth (Fig. 4a,b). Next, we compared 50 nM

and 100 nM TEA,Thio-pRib-AMP spray pre-treatments in limiting Pst DC3000 infiltrated 1 d later into WT
and pad4 leaves (EDF. 7b). The 50 nM and 100 nM TEA,Thio-pRib-AMP reduced bacterial numbers and

disease symptoms compared with TEA treatment, whereas bacteria were not reduced in pad4 leaves
(Fig. 4c, d). These findings suggest that a disease resistance benefit of Thio-pRib-AMP can be attained at
a low dose without impairing plant growth.

Notably, Thio-pRib-AMP spray treatment of Arabidopsis also increased resistance to a virulent strain
(Noco2) of the biotrophic oomycete pathogen, Hyaloperonospora arabidopsidis (Hpa) which causes
downy mildew disease. WT and pad4 plants were sprayed with TEA, 50 or 100 nM TEA,Thio-pRib-AMP

and inoculated 1 d after by spraying Hpa Noco2 onto leaves (EDF. 7c). Hpa Noco2 conidiospore
production was strongly reduced on WT but not pad4 leaves pretreated with both 50 and 100 nM
TEA,Thio-pRib-AMP, compared to TEA-treated plants (Fig. 4e). The genetically resistant Arabidopsis Ws-2

accession displayed full resistance to Noco2 (Fig. 4e). We used trypan-blue staining of leaves to detect

Hpa infection structures and host cell death microscopically*?. This revealed that WT treated with 50 nM
TEA,Thio-pRib-AMP slowed Hpa Noco2 hyphal growth and conidiophore formation without triggering

cell death observed in Ws-2 (Fig. 4f). The pad4 mutant, by contrast, was heavily colonized by Hpa in TEA-
and TEA,Thio-pRib-AMP treated plants (Fig. 4f). We concluded that 50 nM TEA,Thio-pRib-AMP spray
treatment of Arabidopsis reduces bacterial and oomycete infection via EDS1-PAD4 defence stimulation.

N. benthamiana (Nb) is an infection model for solanaceous crops (such as tomato, potato and pepper)
and predominantly uses TIR- and TNL-catalysed ADPr-ATP and di-ADPR SMs activating the EDS1-

SAG101-NRG1 module to confer pathogen resistance and host cell death3>4344. Nb EDS1-PAD4-ADR1
has a role in stomatal immunity*. We tested whether TEA,Thio-pRib-AMP treatment enhances EDS1-
PAD4 dependent pathogen resistance in Nb by infiltrating TEA or 500 nM TEA,Thio-pRib-AMP into leaves
of WT, Nb pad4 and Nb sag707a sag101b plants and spray inoculating 1 d later with virulent Pst strain

DC3000 AHopQ1-1%° (Fig. 5a). WT and Nb sag707ab reduced bacterial numbers by 10-15-fold at 6 dpi in
TEA,Thio-pRib-AMP compared to TEA treated plants, whereas bacterial numbers in pad4 plants did not

differ between treatments (Fig. 5b). The 500 nM TEA,Thio-pRib-AMP treatment also alleviated

macroscopic bacterial disease symptoms in WT and sag707 but not pad4 plants (Fig. 5c). These results
show that the Nb EDS1-PAD4-ADR1 node limits Pst bacterial infection after applying Thio-pRib-AMP to
leaves.
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Thio-pRib-AMP protects rapeseed oil crop plants from disease

We tested Thio-pRib-AMP efficacy in the German rapeseed (Brassica napus; Bn) commercial cultivar
Vamos by spraying leaves with TEA or 100 nM and 250nM TEA,Thio-pRib-AMP and measuring induced
expression of defence-related genes BnCBP60g and BnEDS1. Thio-pRib-AMP spray at 100 nM was
sufficient to transcriptionally induce BnCBP60g and BnEDS1 (Fig. 5d) and reduce Pst DC3000 infection in
leaves (Fig. 5e, f).

Discussion

In this study, we provide a new chemical engineering strategy and initial proof-of-concept for SM delivery
and immune bioactivity in plants. Our results highlight the potential benefit, and challenges, of pursuing
nucleotide-based immune stimulants as crop protectants against disease.

One major biotechnological challenge is to generate useful compounds simply and cheaply. Our
designed high-yielding synthesis route to Rib-A as precursor of pRib-AMP, Thio-pRib-AMP and further
derivatives (Fig. 1a, 2a) creates a basis to scale-up chemical synthesis for wider application. Another
anticipated hurdle was effective delivery of polar pRib-AMP and Thio-pRib-AMP molecules to the
receptor machineries inside cells. Arabidopsis protoplast (EDF. 1a, b), whole seedling and mature plant
responses to exogenous pRib-AMP and Thio-pRib-AMP (Fig. 1c, €, Fig. 2b, c, Fig. 3), suggest that both
compounds are able to cross the cell wall and cell membrane to stimulate EDS1-PAD4-ADR1 mediated
transcriptional defence and pathogen resistance (Fig. 1g, Fig. 4). In future studies, the bioactive
molecules might be directly monitored in plant cells and tissues using, for example, engineered trackable
pRib-AMP derivatives from Rib-A. An intriguing possibility is that TIR and TNL generated pRib-AMP is
mobile through apoplast-cytoplasm exchange, thus contributing to systemic spread of immunity signals

in leaves and the vasculature?®®.

We attributed the enhanced potency and persistence of Thio-pRib-AMP compared to pRib-AMP in
promoting Arabidopsis immune responses (Fig. 2b, ¢ & EDF 3c) to increased Thio-pRib-AMP stability, as
observed in leaf cell extracts (EDF. 33, b), although more efficient Thio-pRib-AMP uptake into cells cannot
be discounted. Thio-pRib-AMP binding properties were similar to those of pRib-AMP in ligand docking
models (Fig. 2a) and thermal shift assays indicated that both molecules bind purified EDS1-PAD4 dimer
(EDF. 4). The predicted hydrolytic instability of pRib-AMP might be a key rate-limiting step in EDS1-PAD4-
ADR1 immune signalling’®'®. A 50 nM — 100 nM Thio-pRib-AMP spray treatment in Arabidopsis reduced
bacterial (Pst) and oomycete (Hpa) infections (Fig. 4), suggesting that Thio-pRib-AMP bioactivity is not
limited by available EDS1-PAD4 dimer or ADR1-family proteins which execute the immune response.
Some Thio-pRib-AMP might be pre-loaded onto the EDS1-PAD4 complex?'#/, thereby sensitizing cells for
immune activation upon pathogen challenge. While the dynamics of Thio-pRib-AMP actions will require

future study, phosphorothioate bonds*®4° have been previously employed in approved drugs for human

diseases3648

Thio-pRib-AMP low dose applications in reducing pathogen infection of Arabidopsis, Nb and B. napus
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(Fig. 4, 5), suggest the small molecule treatment by-passes the need for specific pathogen recognition
and thus could be used alone or in a formulation to augment natural defences against disease in a broad
range of crops.

The described modular access to Rib-A as a common precursor provides a path for late-stage
functionalization to alter EDS1-PAD4 affinity and signalling outputs, thereby expanding the accessible
chemical space of bioactive second messenger analogues. Such diversification may enable fine control
over immune stimulant potency, persistence, and biological context without altering the core pRib-AMP
recognition motif. A deeper understanding of the structural parameters governing pRib-AMP activity,
including its stereochemical features and phosphate contributions, will be essential to guide future
optimization. This study positions ribosylated nucleotide scaffolds as a versatile platform for the
development of next generation immune modulators.
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Materials and Methods

Chemicals and solvents for organic synthesis

Chemicals acquired commercially were used without further purification. Chemicals and solvents were
obtained from Acros, Carbolution, Merck, Thermo Scientific, Sigma-Aldrich and BLD Pharm. Trimethyl
phosphate and POCI; were distilled and dried over activated molecular sieves (3 A). Dry solvents were
purchased from suppliers in septum bottles over appropriate drying agents.

Cooling baths

For reactions requiring temperatures below room temperature, appropriate cooling baths were applied.
In the case of 0°C, a RC 6 CS LAUDA cryostat was used. For temperatures of -15°C, a NaCl/ice bath was
employed.

Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded on a Bruker Avance Il 499 (499.92 MHz) or a Bruker Avance II* 600 (600.20
MHz) machines at room temperature. Deuterated solvents (CDCl; and D,0) were acquired from Deutero
GmbH. Tetramethyl silane was used as an internal standard to reference 'H-spectra (6 = 0 ppm). The
carbon signal of CDCl, was used to reference '3C-spectra (6 = 77.16 ppm). Coupling constants were

measured and are reported in hertz (Hz). Multiplicities are reported as follows: singlet “s”, dublet “d”,

triplet “t”, quartet “q”, pentet “p”, multiplet “m”. For the assignment of the signals 2D-NMR experiments

(H,C-HMBC, H,C-HSQC and H,H-COSY) were carried out.
Fourier transformation infrared spectroscopy

Infrared spectra were performed on a Perkin-EImer UTAR Two FT-IR spectrometer according to the
method of attenuated total reflection (ATR). All spectra were recorded at room temperature. The

wavenumbers are given in cm™ . The signal intensity is indicated by the following abbreviations: w
(weak), m (medium), s (strong). Strongly broadened signals are marked with the addition br (broad).

High resolution mass spectrometry (HR-MS)

HR-MS measurements were performed using electrospray ionization (ESI) on a THERMO Scientific LTQ
Orbitrap XL machine. Nitrogen was used as carrier gas and a spray voltage of 3.2 kV was applied. An
LTQ Orbitrap analyzer was used as mass selective detector.

Single crystal X-ray diffraction (SC-XRD)
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SC-XRD measurements were performed on a SC-XRD Bruker D8 Venture at 100 K. Data analysis was
carried out by Dr. J.-M. Neudorfl.

Thin layer chromatography (TLC)

Thin layer chromatography was performed using TLC Aluminum Plates by VWR Europe (specification film
thickness: 200 pm), with a fluorescence indicator UV254 as solid phase. Visualization of compounds
was performed by either UV-detection (254 nm) or staining with staining solutions. Aqueous KMnO,
solution or ethanolic vanillin solution were used as staining solutions.

Column chromatography

Silica (60 A, 0.035-0.070 mm) by Acros Organics was used as solid phase. The ratio of solvents in
mobile phase are given in volume fraction. Flash chromatography was performed to increase the flow
rate through a hand pump.

Reverse-phase preparative high-performance liquid chromatography (HPLC)

Purification by reverse phase preparative HPLC was performed using an Interchim puriFlash® 5.250P
system. This system was equipped with an Interchim puriFlash® PF-30C18HP-F0040 as flash column.
For the purification of phosphates, a puriFlash® Bio 100 PFB5C18-XS column was used. As mobile
phase, a gradient of acetonitrile and aqueous 0.1 M formic acid for small molecules or aqueous 0.1 M
triethyl ammonium bicarbonate (TEAB) for phosphates was used. The detection of analytes was
conducted via an UV-detector at 254 nm.

Chemical synthesis

A comprehensive procedure for the chemical synthesis of the compounds used in this study is detailed
in the Supplementary Information.

Arabidopsis materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) WT was used. Col-0 mutants and transgenic lines used
in this study are listed in Supplementary table 3. To prepare seedlings for pRib-AMP treatments, seeds
were germinated on % Murashige Skoog (MS) without sucrose under 16 h/8 h (light/dark) conditions
with 100 pmol m~2 s™ ! light intensity in a growth chamber. Eight-day-old seedlings were used for assays.
To prepare soil-grown plants for protoplasts and leaves disease resistance assays, seeds were
germinated on soil in a growth chamber and maintained under 8 h/16 h (light/dark) conditions at 22°C.

Arabidopsis protoplast isolation and transfection

Soil grown 4-5-week-old Arabidopsis plants maintained at 8 h/16 h (light/dark) conditions were used for

protoplast preparations according to described protocol®®. Leaves were cut in strips with a surgical
blade and treated with enzyme solution (20 mM MES (pH 5.7) containing 1.5% cellulase R-10 (SERVA),
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0.4% macerozyme R-10 (SERVA), 0.4 M mannitol, 20 mM KCI, and 10 mM CaCl,. Isolated protoplasts
were washed in W5 solution (2 mM MES (pH 5.7) containing 154 mM NaCl, 125 mM CaCl, and 5 mM
KCI) and resuspended in W5 for transfection. Lipofectamine 3000 transfection reagent (L3000;
ThermoFisher Scientific) was used according to manufacturer’s instructions. Briefly, TEA and pRib-AMP
alone or complexed with L3000 were added to protoplast suspensions to a final concentration of 80 uM
and 20 pM, respectively. Protoplasts were incubated for an additional 6—8 h and protoplast pellets were
snap-frozen for RNA extraction.

Seedling pRib-AMP/Thio-pRib-AMP treatments and gene expression assays

Eight-day-old Arabidopsis seedlings were grown as described above. Test compounds were added to
final concentration as indicated in %2 MS. A vacuum was applied for 3 mins followed by quick release.
The infiltrated seedlings were transferred to 12-well plates with each well containing 10 to 15 seedlings
in 2 ml %2 MS and incubated in the same growth chamber. Samples were harvested at indicated
timepoints and snap-frozen for RNA extraction.

RNA extraction and reverse transcription-quantitative PCR (QRT-PCR)

Plant samples were homogenized and total RNA was extracted using a Zymo Research Direct-zol RNA
miniprep kit with DNase following manufacturer’s instructions. Extracted RNA concentrations in samples
were quantified with nanodrop and RT was performed with iScript (Bio-Rad). Complementary DNA
(cDNA) was diluted (1:5). gPCR assays were performed in a 96-well format using a Bio-Rad CFX96 real
time system with cDNA, SyBR Green (Bio-Rad) and appropriate primer pairs. Primers for qRT-PCR are
listed (Supplementary table 1).

Arabidopsis infection assays with Pst DC3000

Pst DC3000 with an empty vector (EV)®' was utilized for infection assays. Plants were treated with
indicated concentrations of TEA (mock), pRib-AMP or Thio-pRib-AMP by leaf infiltration or spraying onto
leaves of fully expanded rosettes. Solutions used for leaf infiltration were in dH,0. Leaf spraying was

performed by dissolving indicated concentrations of TEA and Thio-pRib-AMP in dH,0 containing 0.01%
Tween-20 to solution run-off. Plants were then incubated for 1 d before challenge with Pst DC3000 in a
growth chamber at 22°C and 70% RH. Pst DC3000 (ODg(, = 0.0005) in 10 mM MgCl, was syringe-
infiltrated into fully expanded rosette leaves and bacterial titers (colony forming unit; CFU/cm?) were

determined at 3 d post infection (dpi) as described ?'. Each biological replicate consisted of two leaf
disks from different leaves of one plant.

Arabidopsis infection assays with Hyaloperonospora arabidopsidis (Hpa) Noco2

Hpa isolate Noco2 (ref) was utilized for experiments on Arabidopsis accessions Ws-2 and Col-0. Three-
week-old Arabidopsis plants were sprayed with indicated concentrations of TEA or Thio-pRib-AMP to
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runoff and incubated for 1 d. Hpa Noco2 was then sprayed onto plants at 4 x 10* spores per ml H,0.

Spore counts and trypan blue staining were performed as described*?.
N. benthamiana infection assays with Pst DC3000 AHopQ

Five-week-old N. benthamiana plants grown at 26°C and16 h/8 h light/dark photoperiod were syringe
infiltrated with mock (TEA, 4 uM) or Thio-pRib-AMP (0.5 pM) in dH,0. One d after infiltration, Pst DC3000

AHopQ1-1%° cells were harvested from overnight cultures by centrifugation and resuspended in 10 mM
MgCl,. Bacterial suspensions were adjusted to an optical density at 600 nm (ODg,,) of 0.4. Silwet L-77
was added to a final concentration of 0.02% (v/v) immediately prior to inoculation. After inoculation,
plants were maintained under high humidity for 24 h and then transferred to standard growth conditions.
Macroscopic disease symptoms were assessed at 6 dpi. For bacterial counting, leaf discs were
collected at 0 and 6 dpi, homogenized in 10 mM MqCl,, serially diluted, and plated on selective medium.
CFUs were quantified after incubation at 28°C for 2 d.

Brassica napus infection assays with Pst DC3000

Brassica napus cultivar Vamos winter variety was acquired commercially from KWS (Einbeck, Germany).
Plants were grown under a 12h/12h light/dark period at 22°C (60% RH). Three-week-old plants were
sprayed with indicated concentrations of TEA or Thio-pRib-AMP and incubated for 1 d. Pst DC3000
(ODggg = 0.1) was resuspended in 10 mM MgCI2 + 0.04% (v/v) Silwet L-77. Following inoculation, plants
were maintained at high humidity for 24 h and then transferred to standard growth conditions. Bacterial
titres and disease symptoms were measured at 3 dpi.

RNA-seq and analysis of expression data

RNA samples were sequenced by Novogene Europe by 150 sbp paired-end sequencing using the
instrument lllumina NovaSeq X Plus. The qualities of the raw FASTQ reads were assessed by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) software. All reads were directly aligned to
the A. thaliana genome TAIR10°? with Araport11 gene annotations®3, using the STAR (v 2.7.11b)
aligner®®. Read counts for genes from the alignments were obtained with the featureCounts program
from R package Rsubread (v 2.12.0)°°. Differential expressions of genes were analysed by R package
DESeq?2 (v 1.38.0)°° with the criteria of | log2 fold change | > 1.0 and false discovery rate adjusted p-
value < 0.05. To cluster genes by expression patterns, a variance stabilizing normalisation was first
applied to raw reads using the vst() function from DESeq2, followed by scale() function for Z-score
normalization. Optimal number of clusters was determined using NbClust (v 3.0.1) R package®’, with
silhouette score as index, euclidean distance and ward.D as the clustering method. Gene Ontology (GO)
term enrichment analysis was performed with topGO
(https://www.bioconductor.org/packages//2.7/bioc/vignettes/topG0O/inst/doc/topGO.pdf), using
Araport11 annotated GO terms as input. The heatmaps for differential expression were visualised by R
package ComplexHeatmap (v 2.14.0)%.
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Arabidopsis ROS assays

Leaf discs of 4-week-old Arabidopsis WT plants were prepared using a 0.5 cm serological stamp and
washed 3 times for 30 min with dH,0. Leaf discs were transferred into wells of a white 96-well plate
containing 100 pl dH,0. After overnight incubation of plates in a growth chamber, the water was
exchanged with elicitor solution. (20 uM L-012, 2 ug ml-1 HRP with indicated concentrations of pRib-
AMP, 1 uM nlp20 or dH,0 (Mock). Luminescence was recorded for 1 h using a microplate luminometer

(Centro, LB960).
Stability measurements of pRib-AMP and Thio-pRib-AMP in Arabidopsis lysates

Five-week-old WT Arabidopsis leaves were harvested, homogenized and resuspended in dH,0 (2 g/10 ml
water). Suspensions were sonicated on ice at 40% amplitude, 15s/30s (on/off) for 15 cycles and
incubated at 4 °C for 30 min. Homogenates were centrifuged at 4000 rpm and supernatants recovered.
pRib-AMP or Thio-pRib-AMP was added to the lysate to a final concentration of 100 pM. The SM-spiked
lysates were incubated at 1,500 rpm in thermomixer for 0, 30, 60, 120, 240, 480 min & 24 h at 22°C.

Samples were transferred to a vial and compound detection was conducted using IC-MS. Separation
was performed with a Dionex Integrion HPIC System (Thermo Fisher) with a AS11-HC column (2 mm x
250 mm, Thermo Fisher) at 30°C. A guard column, Dionex lonpac AG11-HC b (2 mm x 50 mm, Thermo
Fisher), was placed before the separation column. The eluent (KOH) was generated in situ by a KOH
cartridge and deionized water. A flow rate of 0.380 mL/min with gradient was used for the separation: 0—
2 min 35 mM KOH, 2-6 min 35-100 mM, 6—8 min 100 mM, 8,01-13 min 35 mM. The Integrion was
connected to QExactive mass spectrometer operating in negative ionization mode, scanning in Full-MS
in a mass range between m/z 59-602 & PRM: Thio-pRib-AMP=ms2 of 590.0187@hcd45.00 [50.0000-
620.0000]; pRib-AMP= ms2 of 558.0644@hcd45.00 [50.0000-590.0000]. Resolution was set at 17,500.
Maximal injection time was set to 200 ms. HESI source operated with a spray voltage of 2.75 kV. lon
tube transfer capillary temperature was 350°C, sheath gas flow 50 arbitrary units (AU), auxiliary gas flow
14 AU, and sweep gas flow was set to 3 AU at 380°C. Level 1 identification data for pRib-AMP & Thio-
pRib-AMP was provided (MSV000102017, confirming the structure by matching the main fragmentation
of the reference standard using MS/MS and retention time. Data analysis was performed using the Quan
module of Trace Finder 4.1 software (Thermo Fisher Scientific) in combination with a sample-specific
compound database, derived from measurements of synthetized reference compounds.

Heterologous protein expression in insect cells

ExpiSF9 cell line (ThermoFisher Scientific) was utilized for insect cell expression. pFASTBAC containing
the coding sequences of EDS1 and PAD4-Twin-strep (PAD4-TS) have been described’3. Corresponding
baculoviruses were obtained following manufacturer’s instructions. Insect cell co-expression was
performed by mixing the indicated baculoviruses at an equivalent ratio. Cells were harvested at 60 h post
infection and lysed with 50 mM Tris HCI pH 8.0, 100 mM NaCl and 1 mM DTT. EDS1-PAD4-TS was
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purified with Strep-Tactin XT (IBA Lifesciences) and separated by size exclusion chromatography (SEC)
using Superdex 16/600 (Cytiva). Recombinant EDS1-PAD4-TS proteins were snap frozen in liquid N, after
the addition of glycerol to 5% (v/v). Purified EDS1-PAD4-TS protein was verified by Coomassie blue, SEC
and western blot.

Thermal shift assays (TSA)

The same batch of EDS1-PAD4-TS was utilized for TSA experiments. A final concentration of 5-10 pM
EDS1-PAD4 dimer was incubated with 50 pM pRib-AMP or Thio-pRib-AMP for 30 min in 25 mM Tris HCI
pH 8.0, 150 mM NaCl and 1 mM DTT at RT. SYPRO Orange (Catalog number, S6650; ThermoFisher
Scientific) was added according to manufacturer’s instructions. Melting curves were measured in a 96-
well format using a Bio-Rad CFX96 real time system from 25 to 95°C in increments of 0.5°C. Data was
fitted by MoltenProt v1.1, and unfolded fraction data was used to estimate Tm value by Boltzmann
sigmoidal equation in Graph Pad Prism version 5.00 (La Jolla California, USA) using the normalization

function®®.
R packages and figure formatting programs used in this study

Data analysis and visualization was performed in R (version 4.3.3; R Foundation for Statistical
Computing, Vienna). The following R packages were used: ggplot2 (https://ggplot2.tidyverse.org; 3.5.0);
plyr (https://www.jstatsoft.org/v40/i01/; 1.8.9); lattice (http://Imdvr.r-forge.r-project.org; 0.22.6); Rmisc
(https://CRAN.R-project.org/package=Rmisc; 1.5.1); ggbreak®?; multcompView (https://CRAN.R-
project.org/package=multcompView; 0.1.10). Final figure formatting was carried out using Adobe
lllustrator (version 28.4.1, Adobe Inc.).

EDF 2. pRib-AMP induced transcriptional reprogramming is
independent of Arabidopsis pattern recognition and
signalling components. (a)

pRib-AMP induced defence marker gene expression in 8-day-old WT, rbohD, bak1/bkk1, btl2, mik2,
bak1/bkk1/btl2, AEQ (aequorine) WT and dorn7 (in AEQ background) (see Supplementary table 3 for
mutant details), treated with 80 pM Triethylammonium (counterion, TEA; —) or 20 pM TEA,pRib-AMP (+)
for 6 h. Relative expression was normalized to ACTIN2 and set to WT (-) samples. Bars indicate mean
expression t s.e.m. (n:3 biological replicates, indicated by different shapes from one independt
epxeriment). Asterisks indicate statistically significant differences according to two-tailed Student T-test.
*:P < 0.05; **:P < 0.005; ***:P < 0.0005: ns: non-significant, P> 0.05. A second independent experiment
gave similar results. (b) Quantification of ROS production in leaf discs of 4-week-old WT plants. Leaf
discs were treated with mock (400 uM TEA) or 1, 20 or 100 uM TEA,pRib-AMP, and 1 uM nlp20 elicitor as
a positive control. ROS was measured by a luminescence reporter for 60 min. Data points represent a
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pool of 8 leaf discs. Two independent experiments, each with 2 biological replicates (n: 2), gave similar
results. Error bars represent standard deviation (SD).

EDF 3. Comparative stability, potency and sustained action of pRib-AMP and Thio-pRib-AMP in
Arabidopsis. (a)

Schematic of the pRib-AMP and Thio-pRib-AMP compound stability assay. 100 uM of TEA,pRib-AMP or
TEA,Thio-pRib-AMP was added into a leaf lysate derived from 4-week-old WT plants, incubated at 22°C
and then processed for LC-MS quantitation at time points indicated in (b). (b) Relative abundance of
pRib-AMP (left) and Thio-pRib-AMP (right). Results are normalized to 0 h levels of each molecule. Data
are means = SD (n:1 biological replicate each timepoint from two independent experiments). (c¢) Eight-
day-old seedlings of WT and pad4 were vacuum infiltrated with 80 uM Triethylammonium (counterion,
TEA; -), 20 uM TEA,pRib-AMP (pRib-AMP) or 20 uM TEA,Thio-pRib-AMP (Thio-pRib-AMP) for 6 h (upper
panel) and 12 h (bottom panel) before processing for defence gene expression analyses. Bars indicate
mean expression +s.e.m. (n:4 biological replicates from two independent experiments, indicated by
different shapes). Different letters indicate statistically significant difference (FDR:0.05) determined by
Kruskal—-Wallis with post-hoc two-sided pairwise comparisons using Wilcoxon rank sum test. For three
replicates, data were taken from Fig. 2b, excluding treatments with mono-Et-pRib-AMP.

EDF 4. Thermal shift assay (TSA) of EDS1-PAD4 with pRib-AMP or Thio-pRib-AMP. (a)

TSA curves of Apo-EDS1-PAD4 (black), EDS1-PAD4 + pRib-AMP (blue), EDS1-PAD4 + Thio-pRib-AMP
(green). 10 uM EDS1-PAD4 was added with 50 uM of either TEA ,pRib-AMP or TEA,Thio-pRib-AMP. Data

are means + SD. n:3 (technical replicates). (b) Table representing melting temperature (T,,,) of each setup
from two independent experiments.

EDF 5. Gene ontology (GO) term analysis of Thio-pRib-AMP response in Arabidopsis WT and pad4
seedlings at 6 h. (a)

GO term analysis of down-regulated differential expressed genes (DEG) in WT, corresponding to WT-only
1357 DEG in Fig. 3c. (b) GO term analysis of up-regulated DEG in pad4 corresponding to pad4-only 532
DEG in Fig. 3b. (c¢) GO term analysis of down-regulated DEG in pad4, corresponding to pad4-only 778 DEG
in Fig. 3c.

EDF 6. Thio-pRib-AMP up-regulated Arabidopsis immune-related DEG compared to TNL RRS1/RPS4
immune response to Pst-avrRps4 bacteria.

The heatmap shows up-regulated DEG by 100 nM TEA,Thio-pRib-AMP treatment (+) compared to mock

treatment (-) at 6h in WT RNA-seq analysis (column #1). Genes were taken from Supplementary table 2
(WT_6hr_MockVSThio_DEGSs) corresponding to 2369 up-regulated DEG in WT, and categorized into
immune-related functions. Differential expression of these genes is compared with a published RNA-seq
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analysis of Col WT plants relative to Col eds7 plants at 8 h post inoculation with Pst DC3000 AvrRPS4
(A4) (panel #2)%°.

EDF 7. Schematics of Arabidopsis Thio-pRib-AMP treatments and infection assays with Pst DC3000
and Hpa Noco2 in Fig. 4. (a)

Four-week-old Arabidopsis Col-0 (WT) and pad4 plants were sprayed with 400 nM Triethylammonium
[counterion, TEA; (-)] or corresponding doses of TEA,Thio-pRib-AMP. Plant fresh weights were measured
at 8 d post spraying. (b) Five-week-old Arabidopsis WT and pad4 plants were sprayed with 400 nM TEA or
corresponding doses of TEA,Thio-pRib-AMP. After 1 day, leaves were infiltrated with Pst DC3000
(0D:0.0005). Colony forming units (CFUs) were measured at 3 d post infiltration (dpi), and macroscopic
disease symptoms were recorded at 6 dpi. (¢) Two-week-old Arabidopsis accession Ws-2 (resistant),
Col-0 (susceptible; WT) and pad4 (hyper-susceptible) plants were sprayed with 200 nM TEA, 50 nM or
100 nM TEA,Thio-pRib-AMP. After 1 d, Hpa Noco2 was spray-inoculated onto leaves. Conidiospore
counting and trypan blue staining to detect Noco2 hyphae and plant host reactions were monitored at 5
dpi.
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Figure 1. pRib-AMP synthetic route and in vivo immune-stimulating activity.

Figure 1

pRib-AMP synthetic route and in vivo immune-stimulating activity assay. (a) Schematic representation
of the chemical synthetic route to pRib-AMP. Reaction steps are denoted as i-iv (above arrow) and %
yield at each step is indicated (below arrow). (b) Scheme for Arabidopsis seedling treatments with pRib-
AMP and transcriptional response assays shown in panels (c), (d) and (e). Eight-day-old-seedlings were
vacuum infiltrated with 80 pM Triethylammonium (counterion, TEA (-) or 20 uM TEA,pRib-AMP (+) and
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incubated for 6 h before gene expression analysis shown in (c) WT, eds7, pad4 and sag707 (d) WT,
pad4sag101 (ps), gPAD4/ps, gSAG101/ps and gPAD4R3"#A/ps, and (e) WT, adr1 triple, nrg1 a/b. Relative
expression was normalized to ACTIN2 and set to mock WT (-) samples. Bars indicate mean expression *
s.e.m. (n:3 biological replicates from one independent experiment, indicated by different shapes).
Different letters indicate statistically significant difference (FDR:0.05) determined by (c) Kruskal-Wallis
with post-hoc two-sided pairwise comparisons using Wilcoxon rank sum test or (d) and (e) one-way
ANOVA followed by Tukey’s HSD. A second independent experiment gave similar results. (f) Scheme for
pRib-AMP infiltration into Arabidopsis 4-week-old plants to monitor disease resistance against virulent
Pseudomonas syringae pv tomato (Pst) DC3000. (g) Pst DC3000 titers in WT, eds1, pad4 and sag101
plants syringe-infiltrated with 80 pM TEA (=) or 20 uM TEA,-pRib-AMP (+). Bacteria colony forming units

(CFU) were counted at 0 and 3 d post inoculation (dpi). Different shapes indicate independent
experiments (n:3 or 6 biological replicates each for 0 and 3 dpi, respectively). Asterisks indicate *:
P<0.05; **: P<0.005; non-significant (ns): P>0.05 according to two-tailed Student t-test. For box plots, the
centre line indicates the median, the bounds of the box show the 25™ and the 75 percentiles, and the
whiskers indicate 1.5 x IQR.
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Figure 2. Chemical derivatization and functional characterization of Thio-pRib-AMP.

Figure 2

Chemical derivatization and functional characterization of Thio-pRib-AMP. (a) Schematic of chemical
derivatization from Ribose-Adenosine (Rib-A) to mono-Et-pRib-AMP, pRib-AMP or Thio-pRib-AMP (left
panel). Molecular docking of the above ligands to the binding pocket of EDS1-PAD4 (middle panel).
Predicted binding energy (kcal/mol) and root mean square deviation (RMSD) of each predicted ligand
EDS1-PAD4 complex is reported in A (right panel). (b) Eight-day-old Arabidopsis WT and pad4 seedlings
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were vacuum infiltrated with 80 uM Triethylammonium (counterion, TEA; Mock), 20 uM TEA,mono-Et-
pRib-AMP (mono-Et-pRib-AMP), 20 uM TEA,pRib-AMP (pRib-AMP) or 20 uM TEAThio-pRib-AMP (Thio-
pRib-AMP) for 12 h before gene expression analysis. Bars indicate mean expression + s.e.m. (n:4
biological replicates from two independent experiments, indicated by different shapes). Different letters
indicate statistically significant difference (FDR:0.05) determined by Kruskal-Wallis with post-hoc two-
sided pairwise comparisons using Wilcoxon rank sum test. (c) Eight-day-old WT seedlings were vacuum
infiltrated with 80 pM Triethylammonium (counterion, TEA; Mock), 20 pM TEA,pRib-AMP (pRib-AMP) or
TEA,Thio-pRib-AMP (Thio-pRib-AMP) at the indicated concentrations for 6 h before gene expression
analysis. Bars indicate mean expression * s.e.m. (n:3 biological replicates from one independent
experiment, indicated by different shapes). Asterisks indicate *: P<0.05; **: P<0.005; ***:P<0.0005; non-
significant (ns): P>0.05 according to two-tailed Student t-test. A second independent experiment gave
similar results.
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Figure 3. Transcriptomic analysis of Thio-pRib-AMP treatment in Arabidopsis.

Figure 3

Transcriptomic analysis of Thio-pRib-AMP treatment in Arabidopsis. (a) A heatmap representation of
gene expression clusters from RNA-seq analysis of 8-day-old WT and pad4 seedlings treated with 80 pM
TEA (Mock) or 100 nM TEA,Thio-pRib-AMP (Thio-pRib-AMP) for 6 h. The heatmap shows normalized
expression Z scores for each row. Differentially expressed genes (DEG) with a false discovery rate (FDR)
< 0.01 were used in the analysis; n: 3 biological replicates per genotype/treatment. Each replicate
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contained 10-12 seedlings. (b) Venn diagram illustrating up-regulated DEG by 100 nM TEAThio-pRib-
AMP in WT and pad4 compared to corresponding mock treatments. (c) Venn diagram illustrating down-
regulated DEG by 100 nM Thio-pRib-AMP in WT and pad4 compared to corresponding mock treatments.
(d) Gene ontology (GO) analysis of up-regulated DEG in WT but not pad4 after treatment with TEA,Thio-
pRib-AMP. The top 10 GO terms represented in WT-only 1533 DEG in panel (b) are displayed.
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Figure 4. A low dose spray treatment of Thio-pRib-AMP promotes disease resistance in Arabidopsis.
Figure 4
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A low dose spray treatment of Thio-pRib-AMP promotes disease resistance in Arabidopsis. (a)
Development of 4-week-old Col-0 (WT) and pad4 plants 8 d after spraying with 400 nM
Triethylammonium (counterion, TEA; =), 50 nM or 100 nM TEA,Thio-pRib-AMP. Scale bar: 1 cm. Plants
shown are representative of n:16 per genotype assessed in three independent experiments. (b) Fresh
weight measurements (g) of plants derived from (a). Different shapes indicate independent experiments.
Bars indicate mean expression + s.e.m. (n:8 or 16 per experiment). Different letters indicate statistically
significant difference (FDR:0.05) determined by one-way ANOVA followed by Tukey’s HSD. (c) Pst
DC3000 titers in 4-week-old WT and pad4 plants sprayed with 400 nM TEA (=), 50 nM or 100 nM
TEA,Thio-pRib-AMP (+) 1 d prior to Pst DC3000 syringe inoculation. Bacteria colony forming units (CFU)
were counted at 0- and 3-d post inoculation (0 and 3 dpi). Different shapes indicate independent
experiments (n:3 or 6 biological replicates each for 0 and 3 dpi). Different letters indicate statistically
significant difference (FDR:0.05) determined by Kruskal-Wallis with post-hoc two-sided pairwise
comparisons using Wilcoxon rank sum test. (d) Disease symptoms of representative leaves derived from
(c) collected at 6 dpi. Scale bar: 1 cm. n:6 leaves per genotype from three independent experiments. (e)
Infection phenotypes of 2-week-old WT, pad4 and Ws-2 plants inoculated with Hpa isolate Noco2 1d after
spraying leaves with water, 200 nM TEA (=), 50 nM (+, left panel) or 100 nM (+, right panel) TEA,Thio-

pRib-AMP. Pathogen spores on leaves were counted at 5 d after spray-inoculation with 4 x 10* spores
ml-1. (n:3 biological replicates, comprising 30 plants each, in 2 two independent experiments). Different
shapes indicate independent experiments (n:3 biological replicates in each). Different letters indicate
statistically significant difference (FDR:0.05) determined by either one-way ANOVA followed by Tukey’s
HSD test (for 50 nM) or Kruskal-Wallis with post-hoc two-sided pairwise comparisons using Wilcoxon
rank sum test (for 100 nM). (f) Trypan blue staining of leaves derived from (e) treated with 200 nM TEA
(=) or 50 nM Thio-pRib-AMP. Scale bar: 100 pm. Images are representative of two independent
experiments (one representative photo taken from 8-12 Hpa-infected leaves. For box plots (panels (c)
and (e)), the centre line indicates the median, the bounds of the box show the 25" and the 75t
percentiles, and the whiskers indicate 1.5 x IQR. See EDF. 7 for schematics of SM treatment and
pathogen inoculation regimes.

Page 29/31



1d 6d Mock Thio-pRib-AMP
a—p — » CFUcount
Disease symptom t

S ¢
&
—
PstDC3000 AHopQ =\
0 dpi 8 dpi
ab ab a ab b ab a b [ ac ac b
8
7 8 i
N 3
56 & 2
2 T
i
TR
G5
o
2 m
L C
4f 6
= - Leppeed A &
ol = @
- ~
3 S
o
&
N 3 AN )l A x\ A 3N A ) A N\
N : A\i‘\ e h° o EN 2 q&‘\ B B S o
2 2 o Al 2 o o Al
¢ Ly A0 ? ¢ P A0
2 5@@ P 5@@
d € f
BnCBP80g BnEDST 0 dpi 3 dpi
* ® ns Fkk
2.00 8 8|
] L]
% ” £ 7 ¥
=175 T 10 & T .
g z 5o P 5
3 J_ T o sl | "¢ L t 20
& = L I
5150 . J_ 1] 2 ale
2 5 L o4 5 }
&125 s A L
: |
1.00 - G 2 “Too alog
val & & < S 4 * & a
& & & d
S S S . =
o e g & 1
Cal o Cal O =
N N\ N N\ @
o
Q
Wy
=

Figure 5. Thio-pRib-AMP application reduces bacterial infections in Nicotiana benthamiana and
Brassica napus.

Figure 5

Thio-pRib-AMP application reduces bacterial infections in Nicotiana benthamiana and Brassica napus.
(a) Scheme for Thio-pRib-AMP treatment of N. benthamiana leaves to protect against infection by
virulent Pst DC3000 AHopQ1-1. (b) Pst DC3000 AHopQ1-1 titers in 5-week-old WT, pad4 and sag107ab
plants syringe-infiltrated with 2 yM TEA (-) or 500 nM TEA,Thio-pRib-AMP (+). Bacteria colony forming
units (CFU) were counted at 0 and 6 d post inoculation (0 and 6 dpi). Different shapes indicate
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independent experiments (n:3 or 6 biological replicates each for 0 and 6 dpi). Different letters indicate
statistically significant difference (FDR:0.05) determined by Kruskal-Wallis with post-hoc two-sided
pairwise comparisons using Wilcoxon rank sum test. For box plots, the center line indicates the median,
the bounds of the box show the 251 and the 75™ percentiles, and the whiskers indicate 1.5 x IQR. (c)
Disease symptoms of N. benthamiana leaves derived from (b) at 6 dpi. Pictures are representative of
three independent experiments. Scale bar: 1 cm. (d) Induction of BhCBP60g and BnEDS1 defence marker
genes in 3-week-old WT Brassica napus cultivar Vamos leaves. Plants were treated with 400 nM
Triethylammonium (counterion, TEA; —) or 100 nM TEA,Thio-pRib-AMP (+) and incubated for 6 h before
gene expression analyses. Relative expression was normalized to BhnACTIN2 and mock (-) samples for
each treatment. Bars indicate mean expression + s.e.m. (n:3 biological replicates from 1 experiment are
indicated by different shapes). Asterisks indicate statistically significant differences according to a two-
tailed Student T-test. *:P<0.05. A second independent experiment gave similar results. (e) Pst DC3000
titers in 4-week-old Brassica napus WT plants sprayed with 400 nM TEA (Mock) or 100 nM TEA,Thio-
pRib-AMP (Thio-pRib-AMP) 1 d before Pst DC3000 spray inoculation. Bacteria colony forming units
(CFU) were counted at 0 and 3 d post inoculation (0 and 3 dpi). Different shapes indicate independent
experiments (n:3 or 6 biological replicates each for 0 and 3 dpi, respectively). Asterisks indicate
statistically significant differences according to Student T-test. ***:P<0.0005; ns: non-significant, P>0.05.
For box plots, the center line indicates the median, the bounds of the box show the 25" and the 75%
percentiles, and the whiskers indicate 1.5 x IQR. (f) Disease symptoms of B. napus leaves derived from
(e) at 3 dpi. Pictures are representative of n:6 leaves from three independent experiments. Scale bar: 1
cm.
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