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Abstract

NAD is a pyridine nucleotide that is involved in cell metabolismrand signaling of plant growth and stress.
Recently, we reported on the multifaceted naturesof NAD=inducible immunity indijadis. We identified

NAD as an integral regulator of multiple defense layers such as produtfidS) deposition of callose,
stimulation of cell death and modulation of defense metabolism including the defense hormones SA, JA ar
ABA, and other defense-associatedsnetabolites. Altogether, NAD-induced immune effects confer resistant
to diverse pathogenic microbes. Ourraddendum to this work further demonstrates an impact of NAD on the
cytosolic calcium poal, awellzknown component of early plant defense response.
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Abbreviations

ABA abscisic acid

ADPr ADP ribose

Arabidopsis Arabidopsis thaliana

H.O, hydrogen peroxide

JA  jasmonic acid

NAD(P) nicotinamide adenine dinucleotide (phosphate)

ROS reactive oxygen species

SA  salicylic acid

TEXT

The redox cofactor NAD is important for plant metabolism.andysignaling during growth and’stress.
Previously, we demonstrated that an inducible accumulation 0fNAD in Arabidopsis conferred resistance tc
the hemibiotrophic avirulent bacteria P st-AvrRpmi, by:modulating SA signaling at the tranaodpt
metabolite levef.Recently, we have detailéd the NADsinducible defense responses that are effigaitiss
biotrophic and necrotrophic pathoger@ur studyreveals that NADcts as an elicitor by stimulating basall
defenses (i.e. ROS productioh,callose deposition, cell death) and influencing hormonal®balance.
Metabolomics further demonstratedssimilarities between plants treated with a&the fungal elicitor
chitin.

Recent data sug@est thesnvolvement of a coordinated integration of ROS and caléyw&@es in plants
under pathdgen infectiofidn addition, NAD and Cd signaling potentially interact during stress respofses.
In fact, NAD"™ and its phosphate derivative NAD&ould trigger the release of intracellulaCeonsidering

its potential role as an ADP ribose (ADPr) donor for cyclic ADPr and nicotinic acid adenine dinucleotide
phosphate (NAADP). Thus far, however, direct evidence of effects of NMAIOCE" fluxes are missing.

To investigate the G&related component of NAD signaling, we tested cytosolfd €ancentrations

(denoted as [Czé]cyt) in response to NADby luminometry using 2 weeks-old transgenic apoaequorin



Arabidopsis seedlings (pPMAQ2). Upon NAD" addition at physiological concentration (1 mfif) [Cef ]y
transiently increased as compared to the control (water treatment) in plants incubated for 10 min, 20 min a
40-50 min Fig. 1A). [Ca?*]cyt then dropped after 60 min suggesting either a consumption to replenish non-
cytoplasmic calcium pools @nimportant binding of cytoplasmic €a This agrees with previous results
showing an upregulation of genes associated wiffi @aponse and bindifgdence, direct NADtréatment

is able to induce changes in f’(':]ay[ To get further insights into the specificity of them response, we

then conducted pharmacological treatments using pyridiciestides and their derivatives anMy(Fig.,1B).

We focused on the decrease in{0:: observed after 60 min of incubatidfid. 1A) ta\investigate the long term
effect. Under our conditions, quinolinate (Q), nicotinate (NA), ni@tideNAM) and isonicotinate (INA)
failed to substantially change [E]aeyt at 60 min after treatment compared to'water application. Furthermore,
application of SA did not change [€h,.. Conversely, all pyridine,nucleotides (NAINADP*, NADH and
NADPH) significantly decreased [é@cyt at 60 min after. treatment, with a more pronounced impact for
NADP* (Fig. 1B). Changes in Caappeared to be ifidependent of the reduction state of pyridine nucleotides
(e.i. NAD" vs NADH, and NADP vs NADPH), suggesting that reduced and oxidized pools similarly impact
Ccd"* signaling under our conditions. This,variation inTCJ:@,twas as pronounced as the positive controls
ADPr and HO, (Fig. 1B). Quite,noticeably, increasing concentrations of NARADP' and NADH led to
dose-dependent changes ft {Qg, With a more important effect of NADRFig. 1C). Hence, luminometry
assays indicate a dosé-dependeént and specific effect of pyridine nucleotidé$ oytd@alic pools.

During defense fesponsesi’Gaignaling acts upstream of R gene mediated-hypersensitive cell death and
ROS produttion associated with SAR regulafi@fter infection with Pst-AvrRpm1 and upon NAD build-

up, we detectéd’enhanced cell death and ROS [BFeishermore, [C?é]cyt levels regulate SA-, JA-, and
ABA-mediated stress responses in pldnisfact, cycam mutants affected in [?C]a,t showed increased levels of
SA, ABA and bioactive JA (JA-isoleucine) with or without infection with the necrotrophic fungus Altarna
brassicae’ Whilst cytosolic CA" peaks are potentiated by elicitors treatments such as the elicitor peptide

PEP1''*2APEP1 and C&-responsive genes are upregulated by higher KiiDaddition, trapping of CGa



by EGTA prevents the induction of Pathogen Relal#® (jenes after treatment with exogenous NADEP).
Hence, NAD and C&-mediated signal transductions are possibly relatédere, we provide evidence for
changes in [Czé]cyt caused by pyridine nucleotiddad. 1). This is accompanied by the accumulation of SA,
JA and ABA as has been shown in NADfiltrated leaves. [Caz*]cyt response was dose-dependent, could be
mimicked by the positive controls ADPr8, and was particularly intense upon NAD&pplicationythus
suggesting its effect was explained by the donation of its ADPr moiety to form cyclic ADPr and NAADP so
as to release Gafrom intracellular compartments®

In conclusion, our study revealed that pyridine nucleotisesulated CZ fluxes in Arabidopsis. This
strengthens the paradigm of a multifaceted nature of NAD-inducible ammunity. Still, the precise mechanisn
by which pyridine nucleotides regulate®Csignaling are open questiohs thatrequire further investigations
such as the analysis of earlier responses ffifixes and the useof inhibitors of internal stock calcium
release.

Experimental measur ements of [Ca2+]cyt by luminemetry

[Ca®"] crwere determined from aequorin-based lummescence of 2al@étansgenic pMAQ2 Arabidopsis
plantlets grown on 8% full strength MS medium®*Prior to luminometry measurements, pMAQ?2 seedlings
were incubated overnight in thesdarkfat 21°C in 20 mL of distilled water supplemented with 10 pL of 5 mM
coelenterazine to reconstittte functional aequorin. For each treatment and each time point, 16 biologically
replicated pMAQ?2 seedlings were incubated in the chemicals at mentioned concentrationshand for
corresponding time (n =146), then rinsed in detilvater. Relative luminescence units were thezctiat for each
time point on a Berthold luminometer (Lumat LB9507, Germany) for 10 s, and at the end of each
measurement, T mL of 2 M CaGR0% ethanol) was used to discharge excess of aequorfmcpﬁaere
calculated by applying the equation below, as already repbrted:

pCa = 0.332588(-log k) + 5:5593,

where k = luminescence count&/®tal luminescence counts remaining.
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Figure 1. Calcium pools dynamically fluctuate idine nucleotides treatment in a dose dependent

mannerA, quantification of cytosolic ium pools expressed ir?’[r;,a(uM) after treatment with

impact of pharmacological treatments onq{T after 60

[C&*]c, was measured b

water or 1 mM NAD. For each @ edlings were incubated in water or'Nized and




