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SUMMARY

The intracellular colonization of plant roots by the beneficial fungal endophyte Serendipita indica follows a
biphasic strategy, including a host cell death phase that enables successful colonization of Arabidopsis thali-
ana roots. How host cell death is initiated and controlled is largely unknown. Here, we show that two fungal
enzymes, the ecto-5'-nucleotidase SIE5NT and the nuclease SiNucA, act synergistically in the apoplast at the
onset of cell death to produce deoxyadenosine (dAdo). The uptake of extracellular dAdo but not the struc-
turally related adenosine activates cell death via the equilibrative nucleoside transporter ENT3. We identified
a previously uncharacterized Toll-like interleukin 1 receptor (TIR)-nucleotide-binding leucine-rich repeat re-
ceptor (NLR) protein, ISI (induced by S. indica), as an intracellular factor that affects host cell death, fungal
colonization, and growth promotion. Our data show that the combined activity of two fungal apoplastic en-
zymes promotes the production of a metabolite that engages TIR-NLR-modulated pathways to induce plant

cell death, providing a link to immunometabolism in plants.

INTRODUCTION

Regulated cell death (RCD) occurs in plants as part of normal
growth and development and in response to abiotic and biotic
stimuli. In plant-microbe interactions, host cell death programs
can mediate either resistance or successful infection. Depend-
ing on the type of microbial lifestyle, host cell death can benefit
the plant by stopping the growth of biotrophs or the microbe by
promoting the growth of necrotrophs. Thus, control of plant
host cell death is critical to the outcome of an interaction.
Host cell death also plays a role in certain beneficial interac-
tions, challenging the paradigm that cell death in plant-microbe
interactions implies pathogenesis or host-microbe incompati-
bility. Both symbiosis with beneficial microbes and infection
by pathogens require sophisticated control of host defenses
and nutrient fluxes. Certain features of the interaction of bene-
ficial microbes, such as affecting host immunity, metabolism,
and host cell death, are reminiscent of pathogen infections. In

Rhizobium-legume symbioses, root nodules are formed to pro-
vide a niche for bacterial nitrogen fixation. The formation of
infection pockets is associated with host cell death and the pro-
duction of hydrogen peroxide.’ Host cell death is also observed
in ectomycorrhizal symbioses®* and is a requisite for the estab-
lishment of symbiotic interactions with the widely distributed
beneficial fungi of the order Sebacinales.*° Molecular environ-
mental studies have shown that some of the most abundant
taxa of this order have little, if any, host specificity and interact
with a wide variety of plant species. Sebacinales isolates,
including S. indica and S. vermifera, exhibit beneficial effects
such as growth promotion, increased seed production, and
protection from pathogens and thus play an important role in
natural and managed ecosystems.”® The requirement of
restricted host cell death for the establishment of certain bene-
ficial microorganisms leads to the hypothesis that the activation
of cell death mechanisms in roots has a more important ecolog-
ical function than previously thought.
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Figure 1. Host cell death during S. indica colonization of roots

(A) Current model for dAdo-triggered cell death during colonization of A. thaliana roots by S. indica. The beneficial endophyte S. indica secretes two enzymes into
the apoplast, the nuclease SiNucA and the ecto-nucleotidase S/ESNT. S/ESNT is initially involved in manipulating eATP signaling (left), as described in Nizam
et al.’® SiNucA accumulates at the onset of cell death. The combined activity of SINucA and SiE5SNT releases deoxynucleosides from DNA, with a strong
preference for dAdo, a potent cell death inducer in animal systems. dAdo is transported to the cytoplasm via AtENT3, where it triggers a cell death process and
contributes to successful fungal colonization. dAdo induces the production of the retrograde stress signal MECPP from plastids, activating stress signaling and
possibly intercellular communication. Cell death triggered by dAdo is modulated by an uncharacterized TIR-type NLR protein (ISI, induced by S. indica), providing
a link to immunometabolism.

(legend continued on next page)
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In the hosts Hordeum vulgare (hereafter barley) and A. thaliana
(hereafter Arabidopsis), Sebacinales fungi initially colonize living
cells that die during the progression of colonization.* %' This
symbiotic cell death is thought to contribute to niche differentia-
tion during microbial competition for space and nutrients in
the root and appears to be restricted to colonized cells in the
epidermis and outer cortex. The host pathways that control the
induction and execution of plant cell death and the fungal elici-
tors/effectors that initiate this process in roots are still largely un-
known.>®"3'* Pathogenic and beneficial fungi have a large
repertoire of secreted effectors that can affect host cell physi-
ology and suppress plant defenses, promoting fungal coloniza-
tion. In fungi, effectors have been described mainly in biotrophic
and hemibiotrophic foliar pathogens.'® By contrast, only a few
effectors of root symbiotic fungi have been functionally charac-
terized.®572° Therefore, the modes of action of effectors of
mutualistic fungi remain poorly understood.

Using genomics, transcriptomics, and proteomics, we iden-
tified proteins secreted by S. indica into the root apoplast.’
One secreted protein consistently found at various stages of
symbiosis is the ecto-5'-nucleotidase SIESNT (PIIN_01005)."®
Expression of SIESNT is induced during colonization of barley
and Arabidopsis roots but not in axenic fungal culture.’® Ani-
mal ecto-5’-nucleotidases play a key role in the conversion
of AMP to adenosine, counteracting the immunogenic effects
of extracellular ATP (eATP) released from host cells.”’ eATP is
an important signal in plants that controls development and
response to biotic and abiotic stresses. In Arabidopsis, eATP
mediates various cellular processes through its binding to
the purinergic membrane-associated receptor proteins
DORN1/P2K1 and P2K2.%? In the apoplast, eATP accumula-
tion increases cytoplasmic calcium and triggers a defense
response against invading microbes. The perception of extra-
cellular nucleotides, such as eATP, plays an important role in
plant-fungal interactions—we previously demonstrated this
by showing that the knockout (KO) mutant dorn1 of Arabidop-
sis is better colonized by S. indica. Partially purified prepara-
tions of SIESNT are able to hydrolyze adenylates to adenosine,
which alters the eATP content in the apoplast and the plant
response to fungal colonization.'® Secretion of SIE5NT in Ara-
bidopsis leads to enhanced colonization by S. indica, confirm-
ing its role as an apoplastic effector protein. Considering the
important role S/ESNT plays in fungal accommodation at early
symbiotic stages, we proposed that modulation of extracel-
lular nucleotide levels and their perception play a key role in
compatibility during early plant-fungal interactions in roots.'®
Secreted SIESNT homologs are also present in fungal patho-
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gens such as Colletotrichium incanum and Fusarium oxyspo-
rum and other Arabidopsis endophytes such as Colletotrichum
tofieldiae, suggesting that purine-based extracellular biomole-
cules also play a role in other plant-fungal interactions.

During the colonization of barley and Arabidopsis by
S. indica, a small fungal endonuclease, which we named SiNucA
(PIIN_02121), is secreted with S/IESNT at the onset of cell
death.'®?® In plants, the mechanisms linking immune recogni-
tion of DNA danger signals in the extracellular environment to
innate signaling pathways in the cytosol are poorly understood,
as is the role of (deoxy)nucleotide metabolism in root coloniza-
tion and cell death. Here, we show that the synergistic activity
of SiNucA and S/ESNT leads to the production of deoxyadeno-
sine (dAdo) from extracellular DNA (eDNA). dAdo production
by fungal extracellular enzymes is similar to the processes
involved in dAdo-mediated immune cell death of Staphylo-
coccus aureus in animals, which appears to ensure bacterial
survival in host tissues.?*?° Staphylococcal nuclease and aden-
osine synthase A (AdsA, a homolog of SIE5NT) are both required
to release dAdo from neutrophil extracellular traps (NETs), which
has a potent cytotoxic effect on macrophages and other immune
cells.”*

We demonstrate that dAdo but not the structurally similar Ado
activates a previously unidentified cell death mechanism in
plants. Expression of either extracellular SiNucA or SIESNT in
planta results in enhanced colonization by S. indica and host
cell death.” We found that a mutation in the equilibrative
nucleoside transporter 3 (ENT3) of Arabidopsis leads to a
strong and specific resistance phenotype to dAdo-induced cell
death. Accordingly, the ent3 KO line shows less fungal-
induced cell death in the root and accumulates less of the extra-
cellular signaling metabolite methylerythritol cyclodiphosphate
(MECcPP) in response to fungal colonization or dAdo treatment.

Finally, through a mutant screen of Arabidopsis transfer DNA
(T-DNA) insertion lines, we identified a previously uncharacter-
ized locus including several Toll-like interleukin 1 receptor
(TIR)-nucleotide-binding leucine-rich repeat receptor (NLR) pro-
teins. Mutation in one of these proteins appears to modulate cell
death triggered by dAdo, as well as fungal colonization and
growth promotion. While most characterized TIR-NLRs (TNLs)
function as sensors of pathogen-secreted effectors, our findings
suggest that this TNL may be involved in the regulation of cell
death induced by a metabolite produced during symbiosis. We
hypothesize that the hydrolysis of extracellular metabolites by
the fungal enzymes SiNucA and S/E5NT provides a link between
purine metabolism, immunity, and cell death pathways in roots
(Figure 1A).

(B and C) Arabidopsis roots expressing the fluorescent nuclear marker UBQ10::H2B:mCherry (magenta) stained with the fungal cell wall marker wheat germ

agglutinin Alexa Fluor 488 conjugate WGA-AF 488 (green) at 10 dpi.

(D) Plant nuclei stained with DAPI (magenta) and fungal cell wall and matrix stained with the B-glucan binding lectin FGB1-fluorescein isothiocyanate (FITC) 488
(green) at 6 dpi. As colonization by S. indica progresses, host nuclei often become elongated and fade.

(E and F) Close-up of S. indica hyphae embedded in a host nucleus from (D).

(G and H) Staining of nucleic acids of roots colonized with S. indica with the dead cell indicator (membrane integrity marker) SYTOX Orange (magenta) and fungal

hyphae with WGA-AF 488 (green) at 10 dpi.

(l'and J) S. indica hyphae fluorescently labeled with the B-glucan-binding lectin FGB1-FITC 488 (green) embedded in a DAPI-stained host nucleus (magenta) at

6 dpi.

(K-N) Progressive vacuolar collapse of colonized root cells. Fungal hyphae are stained with WGA-AF 488 (green), while membranes are stained with FM4-64 (red).
(J and K) Initial biotrophic colonization. (M and N) Vacuolar collapse in a dying host cell. CLSM was repeated at least five times with 3 to 4 plants colonized by
S. indica. Fading of nuclei at the onset of cell death during fungal colonization was regularly observed.
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RESULTS

Fading of host nuclei and vacuolar collapse are
hallmarks of symbiotic cell death during S. indica root
colonization

S. indica induces restricted cell death in colonized root cells of
Arabidopsis and barley, resulting in characteristic cytological
features at later stages of colonization. In these two hosts, the
timing and extent of cell death differ.>° In Arabidopsis, the cell
death phenotype is less pronounced than in barley, but cytolog-
ical analyses showed fading of host nuclei, vacuolar collapse,
and swelling of the endoplasmic reticulum (ER) in colonized
cells,® indicating ER stress and host cell death during root colo-
nization (Figures 1B-1N). To characterize the timing of fungal-
induced cell death, the presence and shape of plant nuclei dur-
ing colonization by S. indica were monitored by confocal laser
scanning microscopy using either an Arabidopsis line expressing
the nuclear marker H2B:mCherry (Figures 1B and 1C) or the
nucleic acid dye DAPI (Figures 1D-1F) and the cell death dye
SYTOX Orange (Figures 1G and 1H). In the Arabidopsis
H2B:mCherry line, plant nuclei in the epidermal layer were often
elongated (Figures 1B and 1C), faded, and eventually disap-
peared by 8 to 10 dpi in heavily colonized areas of the root.
Nuclei stained with SYTOX Orange were visible at 7 to 8 days
post inoculation (dpi), indicating that at this time the plasma
and nuclear membranes of Arabidopsis were permeable to the
dye, which is a hallmark of cell death (Figures 1G and 1H). In
dying cells, S. indica hyphae embedded in plant nuclei were
frequently observed, indicating that during activation of cell
death, the fungus might digest and feed on host nuclear DNA
(Figures 1E, 1F, 11, and 1J). These results show that Arabidopsis
root cell death begins around 7 dpi, and by 10 dpi, most host
nuclei have faded or disappeared in cells colonized by S. indica.

SiNucA and SiE5NT act synergistically in the production
of deoxynucleosides

Although the interaction between S. indica and roots has been
extensively studied, comparatively little is known about the
contribution of apoplastic effectors to fungal accommodation
or the mechanism of cell death in this system.'%'8:2%:26 e pre-
viously analyzed soluble apoplastic proteins in barley at different
stages of S. indica colonization. We found that S/IESNT was
consistently one of the predominant fungal proteins.'® We
demonstrated that S/IESNT functions as a membrane-bound
nucleotidase that is released into the apoplast during host colo-
nization. Partially purified preparations of SIESNT are capable of
releasing phosphate and adenosine from ATP, ADP, and AMP."®
In addition, the small secreted protein SiNucA with predicted
endonuclease activity (Figure S1) was found in the apoplastic
fluid of colonized barley roots at the onset of cell death
(5 dpi)."® SiNucA is also secreted during root colonization in Ara-
bidopsis.”® SiNucA expression is transiently induced during cell
death in barley and Arabidopsis, as shown by transcriptomic
data® and quantitative PCR analyses (Figure 2A). This prompted
us to further investigate the involvement of SiNucA in fungal colo-
nization and host cell death. The secretion of SiNucA and its
enzymatic activity were investigated by overexpressing a SiNu-
cA:HA:His construct in S. indica (Figures 2B and S1). Superna-
tants from fungal overexpression (OE) strains and affinity-puri-
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fied SINucA were able to degrade double-stranded DNA and
single-stranded RNA from fungal and plant material, indicating
nonspecific nuclease activity (Figure 2C). Addition of magnesium
and calcium increased SiINucA activity in in vitro assays, whereas
EDTA inhibited it (Figure S1F).

To investigate the effects of SINUcA on colonization, we tested
independent homozygous T3 lines heterologously expressing a
native version of SiNucA in Arabidopsis under control of the 35S
promoter. Expression of SiNucA in Arabidopsis resulted in higher
fungal colonization at 7 dpi, which correlated with the SiNucA
expression level (Figures 2D and 2E), demonstrating its impor-
tance in fungal accommodation. Overcolonization resulted in a
reduction in plant biomass that was not observed in the mock-
treated SiNucA expression lines (Figure S2A). Localization studies
by confocal microscopy of Arabidopsis roots expressing either
full-length SiNucA or a version lacking the N-terminal signal pep-
tide (SP) fused to mCherry confirmed secretion of the full-length
SiNucA fusion protein into the apoplast and functionality of the
SP. After plasmolysis, the mCherry fluorescence signal was visible
on the cell walls and apparently on the membrane of the shrinking
cells for the full-length SiNucA fusion protein but not for the cyto-
plasmic version without SP (Figures S2B and S2C). Remarkably,
S. indica colonization was associated with the observation that
the full-length mCherry-tagged SiNucA localized to host nuclei
specifically in colonized cells. By contrast, in adjacent non-colo-
nized cells, the mCherry signal was localized at the cell periphery,
even following plasmolysis (Figures 2F and S2B-S2D). The detec-
tion of SINUCA in the apoplast'® and within the nuclei of colonized
host cells (Figure 2F) suggests that it may be directed toward the
nucleus during colonization, where it could potentially interact
with both eDNA and nuclear DNA.

The co-occurrence of SINucA and S/E5NT in the apoplast at
5 dpiled us to speculate that these two enzymes might cooperate
in promoting fungal colonization of roots. Using affinity-purified
SIESNT from leaves of Nicotiana benthamiana, we found activity
with dJAMP and AMP substrates (Figures 3A and 3B), whereas no
activity was detected for other deoxynucleotides (deoxycytidine
monophosphate, deoxyguanosine monophosphate, deoxythy-
midine monophsophate) or nucleotides (guanosine monophos-
phate, uridine monophosphate, 3',5-cAMP) tested. Moreover,
dATP and the general phosphatase substrate para-nitrophenyl
pyrophosphate (pNPP) were not SIESNT substrates. Interest-
ingly, only dAMP was hydrolyzed at a constant rate, whereas
the AMP hydrolysis rate gradually decreased under the selected
reaction conditions (Figures S3A and S3B). The Ky, for AMP
(15.9 uM) was ~20-fold lower than for dJAMP (361.6 uM), but
the keat for dJAMP (11.9 s77) exceeded that of AMP (1.1 s7") by
a factor of ~10 (Figures 3A and 3B). These data suggest that
SiESNT hydrolyzes AMP slightly better at low substrate concen-
trations (below 20 uM) but is far more efficient for JAMP at higher
substrate concentrations that might prevail in a nucleus undergo-
ing degradation and in the case of eDNA degradation. To test po-
tential synergistic activity of SiNucA and S/ESNT, we incubated
DNA with SIESNT and SiNucA alone and in combination. As
expected, SiNucA degraded DNA (Figure 3C), but neither deoxy-
nucleotides nor deoxynucleosides were detected as reaction
products by LC-MS analysis, suggesting that SiNucA degrades
DNA to oligonucleotides. SIESNT also did not release deoxynu-
cleotides from DNA but produced small amounts of
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Figure 2. SiNucA is a small secreted nuclease involved in fungal accommodation

(A) SiNucA expression in Arabidopsis and barley roots colonized by S. indica and axenic cultures measured by the 22T method. Error bars: SD, n = 3 (biological
replicates).

(B) SiNucA:HA:His protein enrichment from culture filtrate precipitated with 80% ammonium sulfate and separated by size exclusion chromatography. The
resulting fraction was separated by SDS-PAGE, and SiNucA:HA:His was stained with Coomassie brilliant blue.

(C) The purified SiNucA:HA:His protein was incubated with fungal (S. indica) or plant (Arabidopsis) RNA or DNA in 5 mM Tris buffer (pH = 8) containing 1 mM MgCl,
and 1 mM CaCl, for 4 (RNA) or 10 (DNA) min and visualized after gel electrophoresis.

(D) Arabidopsis lines expressing SiNucA driven by the 35S promoter (lines 18, 53, and 56) compared with control lines (4 and 18: segregating from T2 generation
and Col-0 WT). Roots of plants grown on ¥2 MS medium were inoculated with S. indica and analyzed after 7 dpi. The dots represent independent biological
replicates, and the lines represent the mean. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc Tukey HSD
test (p < 0.05).

(E) Root colonization by S. indica in transgenic 35S::SiNucA-Arabidopsis lines at 7 dpi was assessed by RT-gPCR by comparing expression of the fungal
housekeeping gene SiTEF and the plant gene AtUbi and the 2722°T method, normalized to colonization in the WT Col-0. The dots represent independent
biological replicates, while the lines represent the mean. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc
Tukey HSD test (p < 0.05).

(F) CLSM live cell images of an Arabidopsis root expressing SiNucA:mCherry (yellow) and inoculated with S. indica. Fungal cell walls are stained with WGA-AF 488
(green) and nuclei with DAPI (magenta). SINucA:mCherry fluorescence signal accumulates in the apoplast/cell periphery in non-colonized root cells (asterisk) and
(re)localizes in host nuclei in colonized cells (arrow).

deoxynucleosides (Figure 3D). However, in combination, SINucA  dAdo induces host cell death

and S/ESNT released deoxynucleosides from DNA with a strong  The production of dAdo by the synergistic activity of the two
preference for dAdo. This demonstrates the ability of SIESNT to  secreted fungal enzymes resembles the processes involved in
use oligonucleotides released by SiINUCA as a substrate and act dAdo-mediated immune cell death of S. aureus in animal cells,
synergistically with SINucA to preferentially release dAdo from  which ensures the exclusion of macrophages from the center
DNA (Figure S3C). of abscesses where the bacteria survive.”**®> This motivated
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Figure 3. SiNucA and S/E5NT act synergistically in the production of deoxy nucleosides from DNA
(A) Enzymatic activity and kinetic constants of SIESNT. Left axis, initial catalytic velocity (v) for phosphate production at different dAMP concentrations fitted with
the Michaelis-Menten equation. Right axis, ratio of JAMP concentrations and velocities (s/v) plotted against JAMP concentrations (s) fitted by linear regression

(Hanes plot). Error bars: SD, n = 3.
(B) As in (A), but using AMP as substrate (n = 3).

(C) Degradation of DNA by SiNucA and/or SIESNT. 2% agarose gel loaded with the products of a 1-h incubation of 10 ug salmon sperm DNA at 25°C with different
enzyme combinations. (D) Relative quantification of deoxyadenosine (dAdo), deoxycytidine (dC), deoxyguanosine (dG), and deoxythymidine (dT) released during
incubation in (C) by HPLC-MS/MS. Deoxynucleotides could not be detected in any of the reactions.

us to test the effect of dAdo in plants. Incubation of the Arabidop-
sis H2B-mCherry line with extracellular dAdo but not with Ado re-
sulted in the fading and disappearance of nuclei in roots within
48 h (Figure 4A). This root cell death phenotype could be quan-
tified using Evans blue azo dye (Figures 4B and 4C). In addition,
extracellular dAdo-triggered hallmarks of cell death, such as
increased electrolyte leakage, induction of cell death marker
gene expression, as well as activation of the 26S proteasome,
and decreased photosynthetic activity (Fv/Fy) (Figures 4D-4H
and S4A). The effects were concentration-dependent, and
removal of dAdo from the culture supernatant 24 h post treat-
ment (hpt) resulted in recovery of Arabidopsis seedlings, indi-
cating that activation of this cell death program is still reversible
at this stage (Figures S4B and S4C).

A cell death phenotype was also observed in young leaves of
N. benthamiana during expression by Agrobacterium tumefaciens
infiltration of a SIESNT construct, including the SP for secretion
(Figure S5) and in seedlings incubated with dAdo (Figure SG6A).
Cell death was not visible in older leaves or in leaves of
N. benthamiana expressing SiNucA or the suppressor of gene
silencing p19. The observed phenotype suggests that the

2166 Cell Host & Microbe 32, 2161-2177, December 11, 2024

presence of SIESNT is sufficient to trigger cell death in this plant
host upon wounding by agroinfiltration, which could release
DNA and DNases into the apoplast or elicit a response to the pres-
ence of the bacterium or its proteins. To test whether cell death
triggered by dAdo is conserved in basal plant lineages, we addi-
tionally tested its effect on the liverwort Marchantia polymorpha.
Incubation with dAdo also induced cell death in this plant species
(Figure S6B). These findings suggest that dAdo-mediated cell
death operates through a conserved mechanism across diverse
plant lineages. However, the precise extent and regulatory path-
ways involved in different species require further investigation.

dAdo induces the MEP pathway and accumulation of the
stress-signaling metabolite MEcPP

To investigate the mechanism by which dAdo triggers cell death
in plants and to determine whether it activates stress-signaling
pathways, we analyzed the transcriptional response of Arabi-
dopsis at 0, 3, and 12 hpt using RNA-seq. Most marker
genes for RCD °® were upregulated at 12 h (Figure 4l;
Tables S1, S2, and S3). In addition, the plastidial 2-C-methyl-
D-erythritol-4-phosphate (MEP) pathway was induced at 12
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(A) CLSM images of 7-day-old Arabidopsis roots expressing the nuclear marker UBQ10::H2B:mCherry. Incubation with dAdo but not Ado (500 pM) results in
disorganization of Arabidopsis cells in the root tip and disappearance or fading of nuclear material.
(B) Bright-field microscopy of the root tip and differentiation zone of Arabidopsis seedlings treated with mock/dAdo (500 pM) and stained with Evans blue cell

death dye.

(legend continued on next page)
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hpt (Figure 4J; Table S4). Accordingly, MECPP, a precursor of
plastidial isoprenoids and a stress-specific retrograde signaling
metabolite produced by the MEP pathway, accumulated extra-
cellularly 3 days post treatment (dpt) as measured by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) (Fig-
ure 4J). Abiotic stress and wounding increase levels of
cytoplasmic MEcPP, which coordinates stress response path-
ways in plants.?® The detection of this isoprenoid intermediate
in the extracellular environment after dAdo treatment suggests
that this metabolite may serve as a stress signal in bystander
cells. Incubation of Arabidopsis with extracellular MEcPP did
not result in cell death, demonstrating that accumulation of this
metabolite is not sufficient to trigger cell death and therefore is
not the cause of the observed dAdo-mediated cell death
(Figure S6C).

dAdo-triggered signaling and cell death are not
mediated by canonical pattern-triggered immune
responses
To determine whether cell death triggered by dAdo is mediated
by signals generated by an immune receptor at the cell surface,
we tested the ability of it to trigger a rapid response by monitoring
calcium influx and ROS production. Both responses are part of
pattern-triggered immunity (PTI), a process activated by recogni-
tion of microbe-associated molecular patterns (MAMPs) or dam-
age-associated molecular patterns (DAMPs) by pattern-recogni-
tion receptors (PRRs) at the plasma membrane.®* 2

Incubation of Arabidopsis seedlings with dAdo did not elicit
calcium influx, whereas treatment with ATP or ADP, which
have been previously described as DAMPs**** but also with
dATP or dADP, triggered a rapid calcium influx that was depen-
dent on the eATP receptor P2K1/DORN1 (Figures S7A-S7C).
Treatment with dAdo or with any of the other purine derivatives
did not induce a ROS burst (Figures S7F and S7G). On the other
hand, incubation with dAdo and to a lesser extent with ATP or
dAMP but not Ado resulted in accumulation of the stress marker
metabolite MECPP and induction of the DAMP/MAMP- and fun-
gus-responsive gene AT1G58420 at 3 dpt (Figures S7D and S7E;
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Table S5)."%%3%° Overall, these data suggest that dAdo does not
act as a typical extracellular DAMP or MAMP but induces a
signaling pathway independent of calcium influx and ROS
production.

The Arabidopsis transporter ENT3 is required for dAdo-
mediated signaling and cell death

The fact that we did not observe a canonical PTI response to
dAdo led us to speculate that uptake of this metabolite is neces-
sary to promote plant signaling and trigger cell death. In the an-
imal system, treatment with extracellular dAdo leads to the accu-
mulation of intracellular dATP, which appears to impair DNA
synthesis and induces apoptosis via activation of caspase 3.°
Rapidly dividing cells are particularly susceptible to cell death
triggered by dAdo, and it has been shown that the toxic effect
of dAdo in the animal system depends on dAdo uptake by the
human ENT1 (hENT1).2° Similarly, we observed high sensitivity
of dividing cells in root tips using Evans blue staining and young
N. benthamiana plants (Figures 4A, 4B, and S6A). On the con-
trary, S. indica was not sensitive to dAdo and showed normal
growth even at high concentrations (Figure S8). In Arabidopsis,
eight potential ENT family members are annotated in the
genome. Two of them are expressed in roots, namely ENT3,
which is localized at the plasma membrane, and ENT1, which
is localized at the tonoplast. The Arabidopsis KO line ent3
showed a stronger resistance phenotype to dAdo-induced cell
death compared with both the WT and ent7 KO lines but is unaf-
fected in the response to MeJA-induced cell death (positive con-
trol) (Figures 5A-5C and S9A-S9E). ENT3 has been shown to
transport adenosine and uridine with high affinity, and their
uptake is competitively inhibited by co-treatment with various
purine and pyrimidine nucleosides and 2’-deoxynucleosides,
including dAdo.*® This suggests that ENT3 has a broad substrate
specificity and is a strong candidate for uptake of extracellular
dAdo. In a competition assay, addition of extracellular Ado
decreased the cell death phenotype induced by dAdo, suggest-
ing that these two extracellular metabolites compete for the
same transporter at the cell membrane (Figure 5D). Interestingly,

(C) Quantification of root cell death in Col-0 root tips 4 days after dAdo treatment. Cell death was assessed by Evans blue staining. Boxplots show data from 5
biological replicates. Asterisks represent a significant difference from the mock-treated samples analyzed by Student’s t test (p < 0.005 ***). The experiment was
independently repeated 3 times with similar results.

(D) Electrolyte leakage of Col-0 seedlings (9 days old) in MES buffer after mock, Ado, or dAdo treatment. Error bars show the standard error of the mean (SEM)
from 6 biological replicates. The experiment was independently repeated at least 3 times with similar results.

(E) Electrolyte leakage at 3 dpt of seedlings from (D). Error bars show the SEM of 6 biological replicates. Different letters indicate significantly different groups as
determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05). The experiment was independently repeated at least 3 times with similar results.

(F) Activity of the 26S proteasome of Arabidopsis. Total protein extracts from 14-day-old seedlings treated with 500 uM dAdo or 2.5 mM MES buffer (M) were
incubated with 1 uM of probe MVB072.?” Prior to labeling, samples were incubated with 50 uM of the proteasome inhibitor epoxomicin (+) or DMSO (—). Samples
were then labeled for 2 h and separated by SDS-PAGE. 26S proteasome activity was visualized by fluorescence scanning. SYPRO™ Ruby staining was per-
formed to compare sample amounts. A non-probe control (NPC) consisting of a mixture of all samples incubated with DMSO was used as an additional control.
The experiment was repeated twice with similar results.

(G) Photosynthetic activity (F\/Fy) of 7-day-old Col-0 seedlings incubated with 500 uM Ado or dAdo. Error bars represent the SEM obtained from twelve biological
replicates. The experiment was repeated three times with similar results.

(H) Photosynthetic activity (F\/Fy) of 7-day-old Col-0 seedlings incubated with 500 uM Ado or dAdo at 7 dpt from (G). Error bars represent the SEM obtained from
twelve technical replicates. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).
() Heatmap of core regulated cell death (RCD) marker-genes expression (selected from Olvera-Carrillo et al.*®) of 7-day-old Arabidopsis seedlings after dAdo
treatment at 0, 3, and 12 h. RNA-seq data are presented as log, (tpm) (Table S6). Heatmaps and hierarchical clustering (one-minus Pearson correlation) were
generated using Morpheus, https://software.broadinstitute.org/morpheus.

(J) Graphical representation of the methyl erythritol 4-phosphate (MEP) pathway. The colored numbers on the left represent the log, fold-change after 12 h of
dAdo treatment (padj < 0.05) as measured by RNA-seq. The boxplots on the right show the corresponding extracellular metabolites at 3 dpt. Asterisks represent
significant differences from the mock-treated sample analyzed by Student’s t test (*p < 0.05; ***p < 0.001).
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Figure 5. The equilibrative nucleoside transporter ENT3 of Arabidopsis is required for dAdo-mediated signal transduction and cell death
(A) Photosynthetic activity (F\/Fy) of 9-day-old mock- and dAdo-treated (500 pM) Col-0, ent3, and ent1 seedlings. Measurements were taken 3 days after
treatment (dpt) every 24 h. Data show the mean, and error bars show the SEM obtained from 12 technical replicates with 3 seedlings each. The experiment was
repeated more than three times independently with similar results.

(B) Fu/F of seedlings from (A) at 3 dpt. Boxplots show data from 12 technical replicates with 3 seedlings each. Different letters indicate significant differences as
determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(legend continued on next page)
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ENTS3 is expressed at higher levels in the epidermis compared
with the rest of the root,>” suggesting that dAdo-induced cell
death may be cell-type specific to some extent. This is consis-
tent with the phenotype of root cell death observed after dAdo
treatment with Evans blue staining (Figures 4B and 4C). Taken
together, these data indicate that a functional ENT3 plays an
important role in dAdo-triggered cell death in Arabidopsis,
most likely by importing dAdo into the cytoplasm, where it acti-
vates signaling leading to cell death. Accordingly, the ent3 KO
line accumulates lower levels of extracellular signaling metabo-
lites such as MEcPP, GSSG, and 3',5'-cAMP in response to
dAdo at 3 dpt compared with the WT line (Figure 5E; Table S6).

Mutation of ENT3 impairs S. indica-mediated cell death
Next, we investigated whether ENT3 plays a role in fungal accom-
modation and cell death mediated by S. indica in roots. The ent3
line showed significantly less cell death upon colonization
by S. indica compared with the WT line at 7, 10, and 14 dpi
(Figures 5F and 5G). In addition, we observed a transient effect
on fungal colonization at 8 dpi, where the ent3 KO line was less
colonized by S. indica compared with the WT control (Figure S9F).

Colonization with S. indica also resulted in transient accumu-
lation of the extracellular signaling metabolites 3',5'-cAMP at
3 dpi (early biotrophic phase) and MEcPP at 6 dpi (onset of cell
death). In addition, a higher level of free phosphate was observed
at 10 dpi (Figure 5H; Table S6). Consistent with the decreased
cell death phenotype in the ent3 KO line, the amount of these
metabolites was lower in colonized ent3 seedlings, suggesting
that ENT3 is important for fungal-mediated signal transduction
and cell death in Arabidopsis. The activity of the fungal-derived
enzymes SiNucA and S/E5SNT, along with the host transporter
ENT3, modifies extracellular metabolite levels, establishing for
the first time a direct link between purine metabolism, immunity,
and cell death in roots. How the metabolic state of the host af-
fects S. indica-induced cell death remains to be thoroughly
elucidated.

Screening of Arabidopsis T-DNA insertion mutants
reveals a TIR-NLR gene involved in dAdo-mediated

cell death

To identify downstream genetic determinants associated with
dAdo-mediated cell death in plants, we performed a mutant
screen of 6,868 SALK-Arabidopsis T-DNA insertion lines (Fig-

Cell Host & Microbe

ure S10A). Sensitivity to dAdo was tested using Arabidopsis
Col-0 WT as control and the SALK mutant lines grown for
14 days on solid media (Y2 MS) in 24-well plates with and without
500 uM dAdo. The dAdo-insensitive lines (survivors) from the
screening were then analyzed by pulse amplitude modulation
(PAM) fluorometry in three independent biological replicates.
Thirteen lines with varying degrees of dAdo resistance were
identified (Table S7). One of the resistant SALK lines had an
insertion at the AT5G45240 locus (SALK_034517C), which en-
codes a predicted TIR-domain NLR (TIR-NLR). Mutation in this
locus resulted in reproducible and significantly high resistance
to dAdo-induced cell death, as evidenced by reduced electrolyte
leakage, higher photosynthetic activity, and increased germina-
tion rate compared with Col-0 WT after incubation with dAdo
(Figure 6). No differences were observed in response to the
cell death inducer MeJA (Figure S10B). An independent KO
line, CRISPRiIsi, generated using a CRISPR-CAS9-based
approach (Figure S11A)***° and carrying two indel mutations
in the TIR domain (Figure S11B), also exhibited a dAdo-resistant
phenotype (Figures S11C and S11D), further supporting a
connection between this locus and dAdo-mediated cell death.
Complementation using a cell-based transient expression sys-
tem with the full-length TIR domain restored sensitivity to
dAdo, suggesting that the TIR domain may play a role in medi-
ating dAdo-induced cell death in Arabidopsis (Figure 6E). The
TIR-NLR gene AT5G45240 is located in close proximity to
RPS4 and RRS1 and is part of a larger locus containing multiple
TNL genes, most of which are functionally uncharacterized. Four
of the five TNL genes at this locus showed transiently increased
expression during cell death associated with colonization by
S. indica, with the AT5G45240 gene displaying the strongest
relative induction (Figures S12A and S12B). We therefore named
this gene IS/, induced by S. indica. Induction could be detected,
especially during the onset of the cell death-associated phase
(Figure 7A). While the isi line showed less cell death after dAdo
treatment (Figure S12C), there was increased cell death in the
older parts of the mock-treated roots and during colonization
with S. indica compared with the WT line (Figure 7B), which
correlated with significantly greater fungal colonization (Fig-
ure 7C). In addition, colonized isi KO seedlings did not show
S. indica-mediated promotion of root growth, as observed in
WT and ent3 seedlings (Figures 7D and S12D). These results
could be explained by the activation of an alternative cell death

(C) Visualization of F\/Fyy measured by PAM fluorometry. The F\/Fy value is visualized by the color scale shown below. Shown are 12 wells with 9-day-old
seedlings probed at 0, 3, and 7 dpt with either mock treatment (2.5 mM MES buffer pH 5.6), 500 uM dAdo, or 500 uM MeJA. The experiment was repeated
more than three times independently with similar results.

(D) Photosynthetic activity (F\/Fym X photosynthetically active area) of 9-day-old Col-0 seedlings incubated with different concentrations of Ado and dAdo at 7 dpt.
Dots represent 3 biologically independent replicates consisting of 12 wells with 3 seedlings each. Different letters indicate significant differences as determined
by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(E) Metabolic analysis of supernatants from 7-day-old Col-0 and ent3 seedlings treated with dAdo at 3 dpt. Boxplots show data from 6 biologically independent
replicates. Data are plotted on a log, scale. Different letters indicate significant differences in measurements of a metabolite as determined by two-way ANOVA
with post-hoc Tukey HSD test (p < 0.05).

(F) Quantification of root cell death in 7-day-old Col-0 and ent3 roots colonized with S. indica at 7, 10, and 14 dpi. Cell death was assessed by Evans blue staining.
Boxplots show data from 20 biological replicates. Asterisks represent significant differences analyzed by Student’s t test (*p < 0.05, *p < 0.01, ***p < 0.005). The
experiment was repeated independently three times with similar results.

(G) Evans blue staining of S. indica-colonized Col-0 and ent3 roots at 10 dpi.

(H) Metabolic analysis of the supernatant of 7-day-old Col-0 and ent3 seedlings inoculated with S. indica at different time points after treatment (3',5’-cAMP: 3 dpi;
MECcPP: 6 dpi; phosphate: 10 dpi). Boxplots show data from 6 biologically independent replicates. Data are plotted on a log, scale. Different letters indicate
significant differences in measurements of a metabolite using a two-way ANOVA with post-hoc Tukey HSD test (p < 0.05).
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Figure 6. The AfTIR-NLR AT5G45240 is involved in dAdo-mediated cell death

(A) F\/Fy of 9-day-old mock- and dAdo-treated (500 uM) Col-0 and isi (AT5G45240 KO mutant) seedlings. Measurements were performed over 3 days. Data show
the mean, and error bars show the SEM obtained from 12 technical replicates with 3 seedlings each. The experiment was repeated three times independently with
similar results.

(B) Boxplots of the measurements of F/F\ from (A) at 3 dpt. Different letters indicate significant differences as determined by two-way ANOVA and post-hoc
Tukey HSD test (p < 0.05).

(C) Conductivity of water containing 9-day-old Col-0 or isi seedlings 0-3 days after mock or dAdo treatment (500 pM). Data points represent the mean, while error
bars show the SEM from 12 biological replicates.

(D) Boxplots of conductivity measurements from (C) at 3 dpt. Different letters indicate significant differences as determined by two-way ANOVA with post-hoc
Tukey HSD test (p < 0.05).

(E) Relative luciferase activity of A. thaliana protoplasts transfected with luciferase and either a construct expressing the TIR domain of ISI or an empty vector.
Values were normalized to mock treatment (0 pM dAdo). Different letters indicate significantly different groups per treatment, as determined by one-way ANOVA
with post-hoc Tukey HSD test (p < 0.05).

(F) Germination of Col-0 WT and isi seedlings on 1/10 PNM medium containing 500 uM dAdo or MES. The upper half shows photographs of the seedlings after
21 days. The lower half shows the quantification of Fy /F\y measured by PAM fluorometry. Boxplots show F,/Fyy measurements per well, containing six seedlings.
Different letters indicate significant differences as determined by two-way ANOVA with post-hoc Tukey HSD test (p < 0.05). The experiment was repeated three
times independently with similar results.

pathway in the absence of a functional ISI TIR-NLR, leading to
overcolonization by S. indica and loss of growth promotion (Fig-
ure 7E). Overall, our data suggest that the ISI TIR-NLR protein is

involved in modulating different cell death programs in roots and
mediating S. indica growth promotion. We further analyzed the
expression of both TIR- and CC-NLRs in the roots of Arabidopsis
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Figure 7. The AtTIR-NLR AT5G45240 is involved in fungal-mediated growth promotion

(A) AT5G45240 (AtISI) expression in Arabidopsis roots inoculated with S. indlica or mock treated. Expression was measured via RT-qPCR and calculated with the
27ACT method. Data points depict biological replicates, and asterisks represent significant differences analyzed by Student’s t test (**p < 0.005).

(B) Quantification of root cell death in Col-0 WT and isi roots colonized by S. indica at 10, 14, and 21 days after germination. Cell death was assessed by Evans
blue staining. Boxplots show data from 28-80 biological replicates. Different letters indicate significant differences between samples from one time point as
assessed by two-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(legend continued on next page)
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during S. indica colonization using time-resolved transcriptom-
ics. We detected an induction of expression for /S/ and also for
previously functionally characterized NLRs such as ZAR1 during
beneficial colonization (Figures 7F and S13). Overall, the role of a
TIR-NLR in dAdo-induced cell death suggests that this cell death
is influenced by the plant immune response and is not a pure
consequence of cytoplasmic toxicity, as assumed for ani-
mal cells.

DISCUSSION

Symbiotic cell death: An evolutionarily conserved
mechanism?

Root colonization by S. indica is associated with restricted host
cell death. The mechanisms behind the induction and regulation
of this symbiotic cell death are poorly understood. Previous work
has shown that S. indica secretes SIESNT, a ubiquitous apoplas-
tic fungal enzyme that catalyzes the conversion of adenosine
nucleotides released from immune-activated or damaged host
tissues to adenosine.'® The mechanism of the secreted ecto-
5’-nucleotidase for host colonization appears to be similar to
that evolved by S. aureus to evade the host immune response
by secreting AdsA, which converts AMP to Ado, a suppressor
of immunity in animal cells.*" In addition to the release of eATP
by damaged animal cells, activated neutrophils release NETs,
extracellular matrices composed of nuclear and mitochondrial
DNA and equipped with granular proteins, cell-specific prote-
ases, and antimicrobial peptides.”> NETs rapidly immobilize
and kill bacterial pathogens.”® S. aureus escapes NETs by
secreting proteases and the nuclease Nuc, which degrade anti-
microbial peptides and DNA. Nuclease-mediated degradation of
neutrophil NETs results in the formation of JAMP, which is con-
verted to dAdo by S. aureus AdsA. Macrophages and other im-
mune cells are highly sensitive to dAdo. This cellular intoxication
is mediated by uptake via ENTs.?*?° The escape mechanism of
S. aureus relies on the interaction of two extracellular microbial
enzymes and allows staphylococci to block infiltration of ab-
scess lesions by phagocytes and subsequent elimination.
Similar to neutrophils, plant roots secrete root extracellurar traps
(RETs) composed of eDNA and a variety of antimicrobial com-
pounds and polysaccharides. RETs and NETs share similar
compositional and functional properties, but unlike NETs, RET
production is not triggered only upon microbial infection;
instead, RETs are continuously released during root develop-
ment and form a large, mucus-rich network in the rhizo-
sphere.”*™* By cytological analyses, we observed that
S. indica is able to grow within RETs and along the root tip (Fig-
ure S14). The ability of S. indica to digest DNA via secretion of the
nuclease NucA'® suggests the possibility of RET digestion by
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S. indica during colonization. Moreover, localization of NucA in
the nuclei of plant cells during S. indica colonization shows
that this enzyme is able to digest host nuclear and eDNA. The
combined enzymatic activity of SIESNT and SiNucA, present
simultaneously in the apoplast, results in the conversion of oligo-
nucleotides with terminal dAdo obtained by nuclease digestion
of DNA to free dAdo. Most importantly, we demonstrated that
uptake of dAdo via ENTS3 is required for host cell death in roots.
Mutation of ENT3 results in reduced cell death during coloniza-
tion by S. indica, demonstrating the importance of extracellular
nucleoside uptake in regulating fungal-induced cell death. The
identification of a previously unknown immune-metabolic axis
by which cells respond to extracellular purine nucleosides and
trigger cell death in plants suggests some conservation or func-
tional convergence between the immune avoidance and escape
mechanisms developed by S. aureus and other bacterial patho-
gens in animals and the cell death triggered by dAdo during
plant-fungal endophyte interactions in roots.

A TIR-NLR regulates host cell death in roots

To fight off infections by microbial pathogens, plants have
evolved immune receptors that are essential for a successful
defense response. PRRs localized in the plasma membrane
are capable of sensing conserved MAMPs/DAMPs and eliciting
a relatively mild PTI immune response. Successful plant-asso-
ciated microbes can provide a range of effectors to attenuate
PTI to enable successful host colonization. In turn, plants
have evolved polymorphic intracellular resistance proteins
(R-proteins) to recognize the presence and/or activity of effec-
tors, resulting in a robust defense response called effector-trig-
gered immunity (ETI) that potentiates PTI.>"*> Most R-proteins
belong to the nucleotide-binding (NB) leucine-rich repeat (LRR)
family (NLR), which are classified on the basis of their N-termi-
nal domains as TIR-type NLRs (TNLs) or coiled-coil type NLRs
(CNLs).*” TNLs generally function as sensors for microbial ef-
fectors, whereas several CNLs are referred to as helper NLRs
and are downstream of many sensor NLRs in Arabidopsis.*’*®
TNL sensing and signaling mechanisms have primarily been
studied in leaf cells, leaving much to be discovered about their
function in roots, including which specific TNLs are involved.*’
The role of the TNL ISI in resistance to dAdo-mediated cell
death in Arabidopsis suggests that this TIR-NLR or a potential
interaction partner might guard a protein targeted by dAdo in
the roots. Alternatively, dAdo might serve as a ligand or be con-
verted into a substrate for TNLs linked to either NAD* or
2',3'-cAMP, a noncanonical cyclic nucleotide monophosphate
(cNMP).%°°2 Plant TIR domains of NLRs are enzymes capable
of degrading NAD*. While the NADase function of the TIR
domain is necessary, it is not sufficient on its own to trigger

(C) Abundance of S. indica in Arabidopsis seedlings 14 days after germination. Fungal (SITEF) to plant (AtUbi) ratios were calculated using cDNA as template and
method 272°T, Boxplots represent 6 independent biological replicates. Asterisks indicate a significant difference from Col-0 WT samples (Student’s

t test, **p < 0.01).

(D) Root length of Arabidopsis seedlings 14 and 21 days after germination in the presence of S. indica or mock treatment. Boxplots show data from 23-86
biological replicates. Different letters indicate significant differences in samples from one time point using two-way ANOVA with post-hoc Tukey HSD test
(p < 0.05). The experiment was repeated 2 times independently with similar results.

(E) Current model illustrating cell death pathways occurring during colonization of S. indica in Arabidopsis Col-0 (blue), ent3 mutant (yellow), and isi mutant (red).
(F) The heatmap shows the expression values of A. thaliana NLR genes with NB-ARC and LRR (NL) domains in A. thaliana root samples as log, transformed TPM
values. Samples were taken at 1-, 3-, 6-, and 10-day post inoculation with S. indica or mock treatment. A more detailed version of the heatmap including an in-
depth description can be found in Figure S13. More details about the experimental conditions underlying the dataset can also be found in Eichfeld et al.*°
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plantimmune responses in Arabidopsis. Recently, it was shown
that plant TIR proteins can also function as 2’,3'-cAMP/cGMP
synthetases by hydrolyzing RNA/DNA. Mutations that specif-
ically disrupt synthetase activity prevent TIR-mediated cell
death in N. benthamiana, demonstrating an important role for
these cNMPs in TIR signaling.®® The accumulation of extracel-
lular 3',5’-cAMP upon S. indica colonization and treatment with
dAdo establishes a link to cNMPs. Further research is neces-
sary to elucidate the metabolism of dAdo in plant cells and to
understand how intracellular dAdo activates TNLs in Arabidop-
sis. Given that TIR-domain cell-surface receptors (TLRs) and
various TIR-adaptor proteins are involved in mammalian immu-
nity, our findings suggest the potential to explore the role of TIR
domains in dAdo-triggered cell death in plants and beyond.
However, more biochemical evidence is needed to definitively
clarify the mechanisms by which dAdo affects TNL signaling
in plants.

In animal systems, it has been shown that following import of
dAdo into macrophages, dAdo-mediated toxicity involves con-
version of dAdo to dAMP by deoxycytidine kinase (DCK) and
adenosine kinase (ADK) activity and signaling via subsequent
conversion to the corresponding di- and tri-phosphates by
nucleotide kinases and activation of caspase-3-induced
apoptosis.®® The absence of caspases in plants and the poten-
tial involvement of a TIR-NLR protein in dAdo-mediated cell
death in Arabidopsis strongly suggest that this part of the
signaling pathway is not conserved between plants and ani-
mals and relies on different regulatory and execution mecha-
nisms that require further investigation. The role of the EDS1
family of immunity regulators, which are genetically required
for pathogen resistance and execution of cell death by various
TIR-NLRs,*® in ISI-mediated cell death also remains to be
explored. The potential involvement of other ISI-like proteins
as interaction partners warrants further investigation, particu-
larly given that the dAdo-resistance phenotype associated
with ISl is only partial.

In summary, we have uncovered a cellular signaling
pathway that responds to extracellularly produced metabo-
lites during fungal colonization and links nucleoside transport
by an ENT to cellular activation of the MEP pathway and cell
death potentially influenced by the activation of ISI, a fungal-
induced TIR-NLR. The observation that dAdo triggers cell
death across multiple plant species, including a basal lineage,
suggests that this pathway is likely conserved and represents
an ancient cell death mechanism co-opted to facilitate
plant-endophyte symbiosis. This paves the way for a
better understanding of immunometabolism in plant-microbe
interactions.
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the date of publication. Microscopy data reported in this paper will be
shared by the lead contact upon request.

e This paper does not report original code.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse Monoclonal Anti-HA Sigma-Aldrich RRID:AB_260092

Conjugated Monoclonal Anti-Strepll + HRP

Iba life sciences

RRID:AB_3095590

Bacterial and virus strains

Escherichia coli Mach1 Lab strain N/A
Agrobacterium tumefaciens GV3101 pmp90RK Lab strain N/A
Serendipita indica German Collection of DSM11827
Microorganisms and
Cell Cultures
Biological samples
Arabidopsis thaliana Col-0 NASC N60000
Hordeum vulgare “Golden Promise” Lab stock N/A
Nicotiana benthamiana Lab stock N/A
Marchantia polymorpha Tak1 Lab stock N/A
Marchantia polymorpha Tak2 Lab stock N/A

Chemicals, peptides, and recombinant proteins

WGA-AF488 (Oregon Green)
DAPI

FGB1-FITC488

SYTOX Orange

dAdo

Evans blue

Adenosine

SyproRuby

Coomassie Brilliant Blue
MVBO072

Flg22

AMP

dAMP

ADP

dADP

ATP

dATP

Coelenterazine
Horseradish Peroxidase
Cellulase “Onozuka R-10”
Macerozyme R10
D-Luciferin

FM4-64

Invitrogen /ThermoFisher
Invitrogen /ThermoFisher
Wawra et al.*

Invitrogen /ThermoFisher
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Invitrogen /ThermoFisher
RAL Diagnostics
Kolodziejek et al.””
GenScript

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roth

Sigma-Aldrich

SERVA Electrophoresis GmbH
SERVA Electrophoresis GmbH

Biosynth
Invitrogen /ThermoFisher

Catalogue No: W6748
Catalogue No: D1306
N/A

Catalogue No: S11368
CAS No: 16373-93-6
CAS No: 314-13-6
CAS No: 58-61-7
Catalogue No: S12000
362740-0025

N/A

Cat. No: RP19986
CAS No: 4578-31-8
CAS No: 653-63-4
CAS No: 20398-34-9
CAS No: 72003-83-9
CAS No: 34369-07-8
CAS No: 74299-50-6
CAS No: 55779-48-1
CAS No: 9003-99-0
CAS No: 9012-54-8
CAS No: 9032-75-1
CAS No: 115144-35-9
Catalogue No: F34653

Critical commercial assays

First strand cDNA synthesis kit
GoTag® gPCR Master Mix, 2X
NucleoSpin Plasmid prep
NucleoSpin Gel & PCR Clean-Up
Gateway BP clonase Il Enzyme mix
Gateway LR clonase Il Enzyme mix

ThermoFisher

Promega

Macherey & Nagel
Macherey & Nagel
Invitrogen/ThermoFisher
Invitrogen/ThermoFisher

Catalogue No: K1612
Catalogue No: A600A
Catalogue No: 740588
Catalogue No: 740609
Catalogue No: 11789020
Catalogue No: 11791020
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNASeq data: Arabidopsis after dAdo treatment this paper GEO database: GSE209761 &
GSM6394981

Experimental models: Organisms/strains

Arabidopsis: UBQ10:H2B:mCherry Marqués-Bueno et al.”® N/A

Arabidopsis: 35S:SiNucA this paper N/A

Arabidopsis: 35S:SiNucA:mCherry this paper N/A

Arabidopsis: 35S:SiNucA:mCherry(w/o SP) this paper N/A

Arabidopsis: Col-0°E2 Choi et al.*® N/A

Arabidopsis: Col-0°E2 Adorn1 Choi et al.*>® N/A

Arabidopsis: ent3 NASC SALK _204257C

Arabidopsis: ent1 NASC SALK_025174C

Arabidopsis: isi NASC SALK_034517C

Arabidopsis: CRISPRisi this paper N/A

Serendipita indica: FGB1:SiNucA:HA:His this paper N/A

Oligonucleotides

All oligonucleotides are listed in Table S8. N/A N/A

Recombinant DNA

FGB1:SiNucA:HA:His for stable fungal transformation this paper N/A

358:SiNucA for stable Arabidopsis transformation this paper N/A

358:SiNucA:mCherry for stable Arabidopsis transformation this paper N/A

358:SiNucA:mCherry (w/o SP) for stable this paper N/A

Arabidopsis transformation

PDGE347_Cas9_4xsgRNA) for stable Arabidopsis this paper N/A

transformation targeting ISI for CRISPR-CAS9-induced KO

Software and algorithms

Prism 8 Graphpad https://www.graphpad.com/

Fiji software Schindelin et al.*® https://imagej.net/software/fiji/

Trimmomatic v.0.36
Kallisto v.0.46.2

Bolger et al.”’
Bray et al.’®

https://github.com/usadellab/Trimmomatic
https://github.com/pachterlab/kallisto

|.59

R package: tximport Soneson et a

R package: DESeq2 Love et al.®® https://github.com/thelovelab/DESeq2

https://github.com/thelovelab/tximport

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant Material and Growth Conditions

Seeds of A. thaliana ecotype Columbia 0 (Col-0), Col-0"E®, and Col-0°F® dorn1,% the SALK lines SALK_034517C (isi),
SALK_204257C (ent3) and SALK_025174C were used in the experiments. SALK lines and a matching Col-0 control were obtained
from the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info/).

In addition, Col-0 expressing histone H2B fused to mCherry (H2B:2xmCherry) under the UBQ10 promoter in root cells®® were used
in this study. Col-0 transformation was performed using the floral dip method as described in Nizamet al."® to generate the transgenic
lines 35S::SiNucA, 35S::SiNucA:mCherry (with and without signal peptide) and the CRISPRisi line.

Arabidopsis seeds were surface sterilized (70 % ethanol for 10 minutes, 100 % ethanol for 7 minutes) and after 3 days of stratifi-
cation, grown on %2 MS medium (Murashige-Skoog medium, with vitamins, pH 5.7) containing 1% (w/v) sucrose and 0.4% (w/v) Gel-
rite under short-day conditions (8 h light, 16 h dark) with 130 umol m-2 s-1 light and 22 °C/18 °C. Two methods were used for fungal
inoculation: 1) 7-day-old seedlings were transferred to Y2 MS without sucrose or 1/10 PNM (Plant Nutrition Medium, pH 5.7) plates
(15-20 seedlings per plate). 1 ml of water containing 5x10° chlamydospores of S. indica was pipetted onto the root and surrounding
area. Control plants were inoculated with sterile water. 2) Sterile A. thaliana seeds were incubated in 1 ml of water containing 5x10°
S. indica chlamydospores for one hour and then pipetted onto 1/10 PNM plates.

For experiments using barley, seeds of the cultivar “Golden Promise” were used. The seeds were surface sterilized with 6 % so-
dium hypochlorite for one hour under continuous shaking and subsequently washed with sterile water for four hours, including water
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exchanges every 30 minutes. The sterilized seeds were transferred to petri dishes onto autoclaved filter papers wetted with 3 ml ster-
ile water. After four days of germination in the dark at room temperature (20 °C, high temperatures inhibit germination), the germi-
nated seedlings were transferred onto 1/10 PNM medium in sterile mason jars.

1/10 PNM medium contains: 0.005 % (w/v) KNOg, 0.005 % (w/v) KHoPQOy, 0.0025 % (w/v) KoHPOy,, 0.049 % (w/v) MgSO,, 0.00472
% (w/v) Ca(NO3),, 0.0025 % (w/v) NaCl, 0.5 % (v/v) Fe-EDTA stock solution and 1.2 % (w/v) Gelrite. After the pH was adjusted to 5.6,
the medium was autoclaved and 1 % (v/v) 1 M MES (pH 5.6) was added.

The Fe-EDTA stock solution contains: 2.78 % (w/v) FeSO4 x 7 Ho0 & 4.13 % (w/v) NaoEDTA x 2 H,0.

Barley plants were grown at a day/night cycle of 16/8 hours, 60 % humidity and a light intensity of 108 umol/mgs.

For Marchantia polymorpha, the gemmae of the male Tak1 and female Tak2 gametophytes were cultured on half-strength B5 me-
dium (1.5 g/l of 1/2 Gamborg B5 salt mixture, 0.5 g/l of MES, 10 g/l sucrose, 10 g/l plant agar — pH set to 5.2 with KOH) under contin-
uous light.

Fungal strains and cultivation techniques
S. indica strain DSM11827 (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) was cultured on com-
plete medium (CM) as previously described in Hilbert et al.®

CM medium contains: 5 % (v/v) 20 x salt solution, 2 % (w/v) glucose, 0.2 % peptone (w/v), 0.1 % (w/v) yeast extract, 0.1 % (w/v)
casamine acids, 0.1 % microelement solution (v/v) & 1.5 % (w/v) agar.

The 20x salt solution contains 12 % (w/v) NaNOg, 1.04 % (w/v) KClI, 1.04 % (w/v) MgSO,4 x 7 H,O & 3.04 % (w/v) KHoPO4. The
microelement solution contains 0.6 % (w/v) MnCl, x 4 H,0, 0.15 % (w/v) HzBO3, 0.265 % (w/v) ZnSO4 x 7 H50, 0.075 % (w/v) KI,
0.00024 % (w/v) NagMOy4 x 2 H,0 & 0.013 % (w/v) CuSO4 x 5 H,0.

Liquid (CM) cultures were incubated from spores at 28 °C and 120 rpm. Spores were collected from 4 weeks old plates.

METHOD DETAILS

Fungal inoculation
Two methods were used for fungal inoculation: 1) 7-day-old seedlings were transferred to ¥2 MS without sucrose or 1/10 PNM (Plant
Nutrition Medium, pH 5.7) plates (15-20 seedlings per plate). 1 ml of water containing 5x10° chlamydospores of S. indica was pipetted
onto the root and surrounding area. Control plants were inoculated with sterile water. 2) Sterile A. thaliana seeds were incubated in
1 ml of water containing 5x10° S. indica chlamydospores for one hour and then pipetted onto 1/10 PNM plates.

For harvesting, individual roots were thoroughly washed with water, a 4 cm root section was cut 0.5 cm below the shoot, and imme-
diately frozen in liquid nitrogen. Two to three plates of 20 seedlings each were pooled per replicate.

Confocal microscopy

Colonized Arabidopsis roots were treated with 5 ng/ml Wheat Germ Agglutinin-Alexa Fluor 488 conjugate (WGA-AF 488, Life Tech-
nologies, Thermo Fisher Scientific, Schwerte, Germany) or 1 uM FGB1-FITC of°* To visualize the fungal cell wall. 250 ng/ml 4',6-dia-
midino-2'-phenylindole dihydrochloride (DAPI) or 500 nM SYTOX Orange (Life Technologies, Thermo Fisher Scientific, Schwerte,
Germany) were used as nucleic acid stain.

ATCS SP8 confocal microscope (Leica, Wetzlar, Germany) was used for confocal laser scanning microscopy on living cells. AF 488
and FITC were excited with an argon laser at 488 nm, and the emitted light was detected with a hybrid detector at 500-550 nm.
mCherry and SYTOX orange were excited with a DPSS laser at 561 nm, and the signal was detected with a hybrid detector at
590-660 nm. DAPI was excited with a diode laser at 405 nm, and the emitted light was detected with a hybrid detector at 415-460 nm.

DNA and RNA extraction
DNA was extracted from frozen root or fungal material as described in Wawra et al.® Briefly, approximately 500 mg of ground frozen
material was dissolved in 1 ml of CTAB extraction buffer (100 mM TrisHCI pH 7.5, 50 mM EDTA pH 8, 1.5 M NaCl, 2% (w/v) cetyl-
trimethylammonium bromide, 0.05% (v/v) B-mercaptoethanol) and homogenized for 10 min. 500 pl chloroform:isoamyl alcohol
mixture (24:1) was added and the tubes were mixed and centrifuged for 5 min. Ethanol and 1 volume of chloroform:isoamyl alcohol
mixture (24:1) were added to the upper phase and centrifuged again. The DNA in the upper phase was precipitated with 1 volume of
isopropanol at 4 °C for 1 h.

RNA was extracted with TRIzol (Invitrogen, Thermo Fisher Scientific, Schwerte, Germany) and DNA was digested with DNase |
(Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer’s instructions. cDNA was synthesized using the Fer-
mentas First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Schwerte, Germany).

Quantitative RT-PCR analysis

For quantitative real-time PCR, the 2x GoTag gPCR Master Mix (Promega, Mannheim, Germany) was used. 500 nM forward and
reverse primers and 10-20 ng of cDNA or gDNA template were added to each. The reaction was performed in a CFX connect real
time system (BioRad, Munich, Germany) with the following program: 95°C 3min, 95°C 15s, 59°C 20s, 72°C 30s, 40 cycles and melting
curve analysis. Relative expression was calculated using the 2722CT method.®? All oligonucleotides used can be found in Table S8.
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Serendipita indica transformation

S. indica protoplasts were transformed using the PEG-mediated transformation system as described in Wawra et al.>*: For the
transformation of S. indica, a 250 ml culture in liquid CM was inoculated with 1 ml of a spore solution set to a concentration of
2.5 x 10* spores/ml and grown for 7 days at 28°C with 120 rpm of shaking. After 7 days the mycelium was collected by filtration
through a Miracloth filter and washed with 50 ml 0.9 % NaCl solution before it was re-suspended in 20 ml fresh CM. The mycelial
aggregates were disrupted using a Microtron® MB550 homogenizer (Kinematica, Lucerne, Switzerland) for 10 s and the homoge-
nized culture was regenerated for 3 days at 28°C with 120 rpm of shaking in a total volume of 150 ml fresh CM. After regeneration
the young mycelium was filtered again through a Miracloth filter and washed with 50 ml of 0.9 % NaCl solution to remove spores and
residual medium. Protoplastation was carried out by re-suspending the filtrated mycelium in sterile filtrated 20 ml SMC buffer (1.33 M
sorbitol, 50 mM CaCl, x 2H20, 20 mM MES, pH 5.8) supplemented with 2 % (w/v) Trichoderma harzianum lysing enzymes (Sigma
Aldrich, Taufkirchen, Germany). After incubation for 2 h at 32°C with 100 rpm of shaking the protoplastation was checked microscop-
ically and the reaction was stopped by filtration through a Miracloth filter and addition of an equal volume of cold STC buffer (1 M
sorbitol, 50 mM CaCl, x 2H,0, 10 mM Tris-HCI, pH 7.5). The protoplasts in the filtrate were pelleted at 3,000 xg in a swing out rotor
for 10 min and washed three times with cold STC. The protoplasts were finally re-suspended in an appropriate volume of cold STC
and stored on ice until transformation. 50 ng of the plasmid DNA were linearized by incubation with 20 units of the restriction enzyme
BsaAl and precipitated for 10 min at room temperature by addition of 0.5 volumes of 7.5 M ammonium acetate and 2 volumes of
100 % isopropanol. The plasmid DNA was pelleted by centrifugation for 30 min at 17,000 x g, washed twice with 75 % ethanol, dried
for 5 min at room temperature and finally re-suspended in 12 pl sterile ddH20O. For a single transformation reaction 70 pl of protoplast
solution was mixed with 10 pl linearized vector, 1 ul of a 15 mg/ml heparin solution and 10 units BsaAl on ice and incubated for 10 min.
Subsequently, 0.5 ml of a freshly prepared ice cold, filter sterilized (0.45 um filter) STC solution supplemented with 40 % (w/v) PEG
3350 (Sigma Aldrich, Taufkirchen, Germany) was added followed by a further incubation for 15 min on ice. Finally, the protoplast so-
lution was mixed with 5 ml of the MYP top medium (0.7 % (w/v) malt extract, 0.1 % (w/v) peptone, 0.05 % (w/v) yeast extract, 0.6 %
(w/v) agar, 0.3 M sucrose) which was kept at 45°C to prevent solidification and distributed on 20 ml solidified MYP bottom medium
(0.7 % (w/v) malt extract, 0.1 % (w/v) peptone, 0.05 % (w/v) yeast extract, 1.2 % (w/v) agar, 0.3 M sucrose) containing 80 pg/ml hy-
gromycin for selection of positive transformants. After solidification of the top medium the plates were incubated at 28°C. All clones
that were further used were checked whether they were homokaryotic or dikaryotic.

Nuclease activity test
To assay the nuclease activity of the purified protein, 10 nM SiNucA was mixed with 100 ng linearized plasmid, 1 ng gDNA, or 1 pg
RNA in buffer (5 mM Tris pH 8, 1 mM MgCl,, 1 mM CaCl,, 0.1% microelement solution (from CM medium)). The mixture was incu-
bated at RT for 1 to 30 min, then loading dye was added and samples were run on a 1-2 % agarose gel.

To test nuclease activity in the filtrate of an S. indica culture, a 5-day-old CM culture was minced and incubated for an additional
3 days. The culture was filtered through Miracloth (Millipore Merck, Darmstadt, Germany), and 50 pl of culture filtrate was added to
linearized plasmid DNA, gDNA, or RNA.

SiNucA-HA-His purification

A 7-day-old liquid culture of S. indica grown in CM medium was filtered through Miracloth. The mycelium was washed with 0.9% NaCl
and minced in fresh CM medium in a mixer (MicrotronR MB550 homogenizer (Kinematica, Lucerne, Switzerland)). The culture was
regenerated for two days. Subsequently, the culture was filtered with Miracloth and through a 0.45 um membrane filter. To this cell-
free culture filtrate, 1 mM phenylmethanesulfonylfluoride fluoride (PMSF) was added and the pH was adjusted to pH 7 with 1 M Tris
pH 8. Proteins were precipitated with 80% ammonium sulfate. The protein pellet was resuspended in 20 mM Tris pH 8. Proteins were
separated by size exclusion chromatography (Sephadex G 200 column, Hiload 6/600) using a 20 mM Tris pH 8 /150 mM NaCl buffer.
Fractions containing SiNucA-HA-His were desalted by dialysis and checked by SDS-PAGE and anti-HA Western blot. The protein
was stored in 20 mM Tris pH 8. The identity of the protein was verified by LC-MS/MS.

Measurement of enzyme kinetics of SIESNT

SIiESNT fused to a C-terminal hemagglutinin (HA) and Strep tag (pXCScpmv-HAStrep, V69) was transiently expressed in Nicotiana
benthamiana and purified by affinity chromatography as described by Werner et al.°® and Myrach et al.** Enzyme concentrations
were determined using bovine serum albumin standards after SDS-PAGE and Coomassie Blue staining with an Odyssey Fc Dual
Mode Imaging System (Li-cor Biosciences, Germany).

To determine substrate specificity, different substrates were tested. Briefly, 10 ul of purified enzyme (1.9 x 10™ mg protein) was
added to 70 pl of reaction buffer (10 mM MES buffer, pH 6.0; 1 mM CaCl, and 1 mM MgCl,) and pre-incubated for 5 minutes. Sub-
strates were added (20 pl of a 5 mM stock solution) to give a final reaction volume of 100 ul. The reaction was quenched with 400 pl of
MeOH at the indicated times and centrifuged for 10 min at 21,0009 at 4°C. The supernatant was evaporated in a vacuum concentrator
and the dry pellet resuspended in 100 pl of HPLC mobile phase A.

Samples were analyzed using an Agilent 1200 SL HPLC system equipped with a diode array detector. 10 pl of the sample was
injected onto a Supelcosil LC-18-T column (Sigma-Aldrich) at a flow rate of 0.8 mI min™" and a column temperature of 25°C. The an-
alytes were separated with the following gradient: 0 min, 100% A; 9 min, 100% A; 15 min, 75% A; 17.5 min, 10% A; 19 min, 0% A,
23 min, 0% A; 24 min, 100% A; 30 min, 100% A. Mobile phase A consisted of 100 mM KH,PO,, pH 6.0, in deionized water and mobile
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phase B consisted of 90% 100 mM KH,PQOy,, pH 6.0, in deionized water and 10% MeOH. Appropriate standard solutions were used
for quantification. Data were analyzed using Agilent Chemstation software.

Kinetic constants for deoxyadenosine monophosphate and adenosine monophosphate were determined using the EnzCheck
(Thermo Fisher Scientific, Waltham, USA) phosphatase assay kit according to specifications, using only one-tenth of the recommen-
ded reaction volume.

Measurement of release of deoxynucleosides

10 ng of salmon sperm DNA was incubated with 4 pl of SINucA, 10 ul of SiIESNT, or a combination of both in a final volume of 40 pl
containing 10 mM HEPES, pH 7.2; 100 mM MgCl,; and 1 mM DTT. The enzymes were incubated in the buffer mixture for 5 minutes
prior to the addition of DNA. The reaction was incubated at 22 °C for 1 hour and inactivated at 95 °C for 5 minutes. Subsequently,
centrifugation was performed at 40000 g and 4 °C for 20 minutes. 20 pl of the supernatant was analyzed on a 2% agarose gel.
The remaining 20 pl of the supernatant was mixed with 50 pl of water and used for HPLC MS/MS analysis. Samples and standards
were analyzed using an Agilent 1290 Infinity Il HPLC system coupled to an Agilent 6470 triple quadrupole mass spectrometer. An-
alytes (10 pl samples) were separated on a 50 x 4.6 mm Polaris C18A column (Agilent) using the following gradient: 0 min, 96% A,
8 min, 35% A; 8.2 min, 0% A; 10 min, 0% A; 10.1 min, 96% A. Mobile phase A consisted of 10 mM ammonium acetate, pH 7.5,
and mobile phase B was pure MeOH. The flow rate was 0.6 ml min™" and the column temperature was 30°C. In-source parameters
were set as previously described for deoxynucleoside analysis.®® All analytes were measured in positive mode. Transitions (precursor
and production), collision energies, and fragmentor energies are listed in Table S9.

PAM fluorometric measurements

PAM fluorometry measurements were performed by transferring 9-day-old Arabidopsis seedlings into 24 well plates containing 2 ml
of 2.5 mM MES buffer (pH 5.6). 3 seedlings were pooled in one well. After 24 hours of regeneration, seedlings were treated with so-
lutions of 5’ deoxyadenosine (dAdo), adenosine (Ado), or methyl jasmonate (all Sigma-Aldrich, Taufkirchen, Germany), adjusting to a
final concentration of 500 uM. Treated seedlings were incubated in complete darkness for 20 min to reach a dark-adapted condition.
The photosynthetic activity of the plants was measured using the M-Series PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany).
Data were analyzed using ImagingWin software (v.2.41a; Walz, Germany). When further analysis of photosynthetic area development
was required, it was evaluated using Fiji ImagedJ).*®

Cell death staining with Evans blue

Amodified protocol as described in Vijayaraghavareddy et al.® was used. To quantify cell death induced by S. indica in Arabidopsis,
plants were used for cell death staining at three time points, 7, 10, and 14 days after fungal spore inoculation, using five plants per
treatment. For cell death induced by dAdo (or chemically induced cell death), plants were microscoped after 4 days of cell death
treatment. To remove external fungal growth or chemical treatment solutions, plants were washed three times in ddH, O before
cell death staining in a 2.5 mM Evans blue solution (Sigma-Aldrich, lot #MKCH7958) dissolved in 0.1 M CaCl, pH 5.6 for 15 minutes.
After extensive washing for one hour with ddH, O, images were captured using a Leica M165 FC microscope.

Activity-based protein profiling

After treatment with 500 uM dAdo, 500 uM Ado, or MES buffer, 9-day-old Arabidopsis seedlings were frozen in liquid nitrogen,
ground, and dissolved in 50 mM Tris-HCI buffer (pH 7). After centrifugation, the supernatant was divided and treated with either
the proteasome inhibitor MG132 (final concentration: 50 pM, company) or DMSO for 30 min. Samples were then incubated with
26S proteasome probe MVB072 (final concentration: 1 uM, company): 1 uM,?” Samples were then denatured in SDS loading dye
at 95 °C and separated on 12% SDS gels. The probe was visualized using the rhodamine settings (excitation: 532 nm, emission:
580 nm) on a ChemiDoc (BioRad, CA, USA). The protein content of the samples was visualized by staining the gel with SYPRO™
Ruby (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.

RNAseq

7-day-old seedlings were transferred from plates to individual wells of 24-well plates containing 0.5 ml of liquid ¥2 MS medium con-
taining 0.5% (w/v) sucrose. After 5 additional days in liquid culture, the medium was replaced with 1 ml of 500pn M dAdo in 2.5 mM
MES buffer pH 5.6 or 2.5 mM MES buffer pH 5.6 alone as a negative control. Three replicates of four seedlings were harvested for
each treatment at 0, 3, and 12 h after treatment (hpt), frozen in liquid nitrogen, and stored at -80° C until processing for RNA extrac-
tion. Total RNA was extracted using TRIZOL reagent as described above. RNA integrity was confirmed by gel electrophoresis, and
quantity and purity were determined using a NanoDrop 2000. Stranded mRNA-seq libraries were prepared according to the manu-
facturer’s instructions (Vazyme Biotech Co., Nanjing, China). Qualified libraries were sequenced on a HiSeq 3000 system instrument
in the Genomics and Transcriptomics Laboratory at Heinrich Heine University to generate >100 million reads with a read length of
150 bp from three biological replicates. Trimmomatic v. 0.36,°” was used for quality trimming and adapter clipping. Reads were
then mapped to Arabidopsis TAIR10 CDS assembly and quantified using kallisto v. 0.46.2,°® resulting in estimated counts and tran-
scripts per million (TPM) values. The log, fold difference in gene expression between conditions was estimated using the R packages
tximport®® and DESeq2.°° Genes with statistical significance were selected (FDR-adjusted p-value < 0.05). Data have been depos-
ited at NCBI under GEO accession number GSE209761 and GSM6394981.
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Collection of extracellular fluid

7-day-old Arabidopsis seedlings germinated on %> MS agar containing 1% sucrose were transferred to 24 well plates. Each well con-
tained 3 seedlings in 1.5 ml of 2.5 mM MES and the specific treatment. After transfer, the plants were returned to the growth chamber
for three days. The seedlings were then removed and the liquid centrifuged at 4000 g for 15 minutes. The supernatant was freeze
dried and sent for metabolite analysis.

Metabolite analysis

5 ul of the apoplastic liquid was injected into an Acquity UPLC (Waters Inc.) equipped with a Nucleoshell RP18 column (Macherey and
Nagel, 150mm x 2 mm x 2.1um) using tributylammonium as the ion pairing agent. Solvent A: 10 mM tributylamine (aqueous) acidified
with glacial acetic acid to pH 6.2; solvent B acetonitrile. Gradient: 0-2 min: 2% B, 2-18 min 2-36% B, 18-21 min 36-95% B, 21-
22.5 min 95% B, 22.51-24 min 2% B. Column flow was 0.4 ml min™! throughout. The column temperature was 40 °C. Scheduled
metabolite detection based on multiple reaction monitoring (MRM) was performed in negative mode with electrospray ionization
(ESI) on a QTrap 6500 (AB-Sciex GmbH, Darmstadt, Germany): lon source gas 1: 60 psi, ion source gas 2: 70 psi, curtain gas:
35 psi, temperature: 450 °C, ion spray voltage floating: and -4500V). MRM transitions of 189 metabolites covering central carbon
and energy metabolism were previously signal optimized and retention times determined (Table S10).

CaZ?* influx quantification

Calcium influx assays were performed as previously described in Wanke et al.”* Briefly, individual 7-day-old Arabidopsis seedlings
were placed in white 96-well plates filled with 200 pl reconstitution buffer (2.5 mM MES pH 5.7 [Sigma-Aldrich, Taufkirchen, Ger-
many], 10 mM CaCl, [Roth, Karlsruhe, Germany]). Before incubation overnight in the dark, the solution was replaced with 133 pl
reconstitution buffer containing 10 mM coelenterazine (Roth, Karlsruhe, Germany). The following day, chemiluminescence was
measured using a TECAN SPARK 10M microplate reader. After baseline measurement, 67 pl of three-fold concentrated elicitor so-
lutions (or Milli-Q water as a sham control) were added manually. Cytosolic calcium influx after addition of the trigger was measured
continuously for 30 min. To determine the undischarged aequorin for treatment normalization, 100 pl 3 M CaCl, (in 30% EtOH) was
injected into each well, followed by constant measurement for 1 minute. All steps were performed with an integration time of
450 msec.

|.67

Heterologous protein production in Nicotiana benthamiana and protein purification

For heterologous protein production in Nicotiana benthamiana, leaves of 4-week-old plants were infiltrated with Agrobacterium tu-
mefaciens GV3101 strains. A. tumefaciens was grown in LB liquid medium with the appropriate antibiotics at 28°C and 180 rpm for
2 days until an ODggg of 1 was achieved. Cultures were centrifuged at 3500 rpm for 15 min at RT, the supernatant was discarded and
resuspended in 1 ml infiltration buffer (10 MM MES pH 5.5, 10 mM MgCl,, 200 uM acetosyringone) and incubated for 1 h in the dark at
28°C, 180 rpm. All strains were diluted with the infiltration buffer to an ODggg of 1. Each strain was mixed with P19-expressing strains
at a 1:1 ratio. 2-3 leaves per plant were infiltrated with a needleless syringe. After 4 dpi, leaves were separated from the plant and
crushed in liquid nitrogen. Protein purification was performed according to Werner et al.®® with minor modifications performed: A
15-ml tube was filled to the 2-ml mark with ground leaf material, and 2 ml of cold extraction buffer (100 mM Tris pH 8.0, 100 mM
NaCl, 5 mM EDTA, 0.5% Triton X100, 10 mM DTT, 100 pg/ml avidin) was added. The powder was resuspended by vortexing and
then centrifuged at 12000 rpm and 4°C for 10 minutes. The supernatant was transferred to a new tube and 100 pl of Strep-
Tactin® Macroprep (50% slurry) was added and incubated for 60 min at 4°C in a rotating wheel. The mixture was centrifuged at
700xg at RT for 30 s and the supernatant was completely removed from the beads. The beads were washed once with 4 ml and
two additional times with 2 ml of wash buffer (50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM EDTA, 0.005% Triton X-100, 2 mM DTT)
by centrifugation for 30 s at 700xg and the supernatant was discarded. During the final wash, beads were transferred to a 1.5 ml
tube with a low binding level. The beads were either boiled directly for 5 min at 95°C with 6x SDS loading dye to run on an SDS-
PAGE, or the proteins were eluted from the beads by adding 100 pl of elution buffer (wash buffer + 2.5 - 10 mM biotin) and incubating
at 25°C, >800 rpm for 5 min. Samples were centrifuged at 700xg for 20 s and elution was repeated. Elution fractions were pooled,
SDS loading dye was added, and samples were run on SDS-PAGE followed by Western blot.

lon leakage measurements
The seedlings for measurement of ion leakage were prepared in the same manner as seedlings for PAM fluorometry measurements.
lon leakage was measured with a conductivity meter (LAQUAtwin EC-11; Horiba, Newhampton, UK).

Seed germination test

Sterile Arabidopsis seedlings were transferred into 24-well plates containing 2 ml of 1/10 PNM medium. The medium contained either
500 uM dAdo or the same volume of 2.5 mM MES (pH 5.6). Ten seeds were placed in each well and grown under short-day conditions
after 2 days of stratification. Seedling growth was monitored by PAM fluorometry.

Root length measurements
To evaluate root length, scans of the square plates containing seedlings were analyzed using Fiji ImageJ) and the length of the pri-
mary root was measured.
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Oxidative burst assay

Individual 7-day-old Arabidopsis seedlings were transferred to white 96-well plates containing 200 pl reconstitution buffer (2.5 mM
MES pH 5.7 (Sigma-Aldrich, Taufkirchen, Germany), 10 mM CaCl, (Roth, Karlsruhe, Germany) and incubated overnight in the growth
chamber. The following day, the buffer was replaced with 133 pl reconstitution solution containing 15 pgml™ horseradish peroxidase
(Sigma-Aldrich, Taufkirchen, Germany) and 15 uM L-O12 (Wako Chemicals, Neuss, Germany). After 10 min incubation, 67 pL of
three-fold concentrated elicitor solutions (or Milli-Q water as a mock control) were added manually to the wells. Measurements
were started immediately and chemiluminescence was measured continuously with a TECAN SPARK 10M microplate reader (Tecan,
Mannedorf, Switzerland) at an integration time of 450 ms.

Protoplast isolation and transformation

As described in Ochoa-Fernandez et al.,*® protoplasts were isolated from 2-week-old A. thaliana seedlings (Col-0, isi, ent3) grown in
12 cm square plates containing SCA medium (0.32 % (wt/vol) Gamborg’s B5 basal salt powder with vitamins (bioWORLD), 4 mM
MgSO4x7H.0, 43.8 mM sucrose and 0.8% (wt/vol) phytoagar in H,O, pH 5.8, autoclaved, 0.1% (vol/vol) Gamborg’s B5 Vitamin
Mix (bioWORLD), with a 22 “C, 16-h light — 8-h dark cycle. The leaf material was sliced with a scalpel and incubated in darkness
at 22 “C overnight in MMC solution (10 mM MES, 40 mM CaCl,H,0, 467 mM mannitol, pH 5.8, sterile filtered) containing 0.5% cellu-
lase Ono- zuka R10 and macerozyme R10 (SERVA Electrophoresis). After 18h, the lysate was thoroughly mixed, passed through a
70 mm pore size sieve and transferred to a MSC solution (10 mM MES, 0.4 M sucrose, 20 mM MgCl, 6H,0, 467 mM mannitol, pH 5.8,
sterile filtered) and carefully overlaid with MMM solution (15 mM MgCly,, 2.5 mM MES, 467 mM mannitol, pH 5.8, sterile filtered). After
centrifugation the protoplasts were collected at the interphase and transferred to a W5 solution (2 mM MES, 154 mM NacCl, 125 mM
CaCl,x2H,0, 5 mM KCl, 5 mM glucose, pH 5.8, sterile filtered) and diluted to 10° protoplasts per 100 ml after counting in a Rosenthal
chamber. The plasmids were transferred by PEG-mediated transformation. 10 pg of plasmid DNA (pSW209 - firefly luciferase re-
porter; pGENO16 - Stuffer; pGWB502 N-TIR; pGWB502N-trunc TIR) were used to transform 1,000,000 protoplasts in non-treated
6-well plates by drop-wise addition of a PEG solution (4 g PEG4gg0, 2.5 ml of 800 mM mannitol, 1 ml of 1 M CaCl, and 3 ml H,0).
After 8-min incubation, 120 ml MMM and 1,8 ml PCA (0.32% (wt/vol) Gamborg’s B5 basal salt powder with vitamins (bioWorld),
2 mM MgSO4x7H,0, 3.4 mM CaCl,x2H,0, 5 mM MES, 0.342 mM I-glutamine, 58.4 mM sucrose, 444 mM glucose, 8.4 mM calcium
pantothenate, 2% (vol/vol) biotin from a biotin solution 0.02% (wt/vol) 0.1% (vol/vol) in H,O, pH 5.8, sterile filtered, 0.1% (vol/ vol)
Gamborg’s B5 Vitamin Mix, 64.52 mg ml' ampicillin), were added to a final volume of 2 ml protoplast suspension. 3 hours after trans-
formation 0.9 ml of protoplast were transferred to non-treated 12 well plates and induced with dAdo (OpM, 25uM, 50uM, 100uM). The
protoplasts were kept in darkness for 18 h at 22°C.

Four technical replicates of 80 ml protoplast suspensions were pipetted into a 96-well white flat-bottom plates (Costar) for deter-
mination of activity luciferases as indicator for cell death. Addition of 20 ml of FLuc substrate (0.47 mM d-luciferin (Biosynth AG),
20 mM tricine, 2.67 mM MgS04,7H,0, 0.1 mM EDTA 2H,0, 33.3 mM dithiothreitol, 0.52 mM adenosine 5’-triphosphate, 0.27 mM
acetyl-coenzyme A, 5 mM NaOH, 264 mM MgCO3;x5H,0, in H,O, pH 8) was performed prior to luminescence determination in a plate
reader (determination of 20-min kinetics, integration time 0.1 s).

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate significant differences, ANOVA with post-hoc Tukey HSD test or Student’s t-test were used in this study. Statistical an-
alyses were performed using GraphPad Prism. Statistical details of the experiments can be found in the figure legends.
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