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Abstract

The hormone salicylic acid (SA) plays a crucial role in plant immunity by activating responses that
arrest pathogen ingress. Since SA accumulation also penalizes growth, the question remains why
healthy plants synthesize this hormone. By overexpressing SA-inactivating hydroxylases in
Arabidopsis thaliana, we reveal that basal SA levels in unchallenged plants are needed for expression of
selected immune receptor and signaling genes, thereby enabling early pathogen detection and

activation of immunity.

Main text

Plants activate their immune response to biotrophic pathogens largely through the phytohormone
salicylic acid (SA)*2. This encompasses not only the transcriptional activation of defense genes but also
the repression of growth and development-related genes® which translates into reduced plant
growth#45. This balance or so-called growth-immunity tradeoff must be well-controlled to circumvent
complete immunity-driven growth arrest#5. Therefore, plant SA responsiveness should be tightly
regulated through SA synthesis, catabolism, and signaling?. In Arabidopsis thaliana (Arabidopsis
hereafter), SA catabolism is largely driven by the Fe(II) oxoglutarate-dependent oxygenases
DMR6/S5H (DOWNY MILDEW RESISTANT 6/SA 5-HYDROXYLASE) and its functionally redundant
paralog DLO1/S3H (DMR6-LIKE OXYGENASE 1/SA 3-HYDROXYLASE)¢. DMR6 and DLO1 hydroxylate SA
to form 2,5-dihydroxybenzoic acid (2,5-DHBA) and 2,3-DHBA, respectively, which are rapidly
glucosylated and transported into plant vacuoles’-9. Reduced SA catabolism, as in dmré6 and dlo1 single
and double mutants, leads to increased SA levels, elevated expression of immunity-related genes, and

enhanced broad-spectrum resistance to biotrophic pathogens®-8. However, severe growth reduction is
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observed in the dmré dlo1 double mutant, caused by hyperaccumulation of SAS. Conversely, plants
overexpressing DMR6 or DLO1 have lower SA levels, higher pathogen susceptibility, and increased
growth-8. dmr6-based disease resistance is not only effective in Arabidopsis but also different crops°-

17, demonstrating its potential for broad-spectrum resistance breeding.

Perturbation of DMR6 and DLO1 in Arabidopsis allows controlling basal SA levels in mutants and
overexpression lines and studying effects of SA on growth, immunity, gene expression, and other
responses without exogenous application of the hormone®®. Here, a comparison of transcriptomes
was carried out on Arabidopsis lines with perturbed expression of DMR6 and DLO1 (Supplementary
Figure 1). Overexpression of DMR6 or DLO1 in Arabidopsis Col-0 (hereafter Col) was associated with
increased rosette size of the 4.5-week-old plants and lower total SA levels in both 2- and 4.5-week-
old plants, in agreement with previous results®® (Figure 1A-C). Interestingly, the overexpression lines
were larger and had lower SA levels at two weeks than the sid2-1 mutant which has strongly reduced
SA production (Figure 1A-C). Single dmr6-3 (hereafter dmr6) and dlo1 mutants grew smaller and had
increased SA levels compared to Col, whereas the dmré6 dlo1 double mutant was severely reduced in
growth and accumulated high SA levels (Figure 1A-C). Due to severe leaf senescence®?, the 4.5-week-

old dmré6 dlo1 mutant was excluded from the RNAseq analysis.

The largest transcriptome changes were detected in the 2.5-week-old dmré dlo1 double mutant and
4.5-week-old DMR6/DLO1 overexpression lines compared to Col (Supplementary Figure 1A). In total,
we found 6234 differentially expressed genes (DEG) between the Col control and mutants or
overexpression lines of the same age (|1og.FC| =1, FDR-adj. p<0.05; Figure 1D, Supplementary Figure
1B-C). Hierarchical clustering grouped these genes into seven clusters (Figure 1D). Clusters 1 and 6
(1103 and 1705 DEG, respectively) contained genes upregulated in the 2.5-week-old dmré6 single and
dmré6 dlo1 double mutants but downregulated in 4.5-week-old DMR6 or DLO1 overexpression lines.
These clusters were enriched for SA and other immunity-related gene ontology (GO) terms (Figure 1D,
Supplementary Figure 2). In contrast, genes in clusters 2 (1217 DEG), 5 (1328), and 7 (504) were
downregulated in the 2.5-week-o0ld dmré6 dlo1 double mutant and upregulated in 4.5-week-old DMR6
or DLO1 overexpression lines. They were enriched for GO terms associated with photosynthesis,
growth, and development (Figure 1D, Supplementary Figure 2). Similar to these GO enrichment
patterns, genes involved in immunity were also upregulated in tomato dmré mutants? and the
Arabidopsis dmr6-1 mutant'?, while genes involved in photosynthesis, growth, and development were

downregulated in tomato dmr6 mutants®.

The highest number of DEG compared to Col was observed in 2.5-week-old dmré6 dlo1 plants (3696
DEG) (Figure 1B). A stronger effect on the transcriptome was observed in young plants of the dmré6
single mutant than in older plants (666 and 83 DEG, respectively), whereas the opposite pattern was
observed in the dlo1 mutant (8 and 851 DEG), suggesting that DMR6 and DLO1 are relatively more
important for SA catabolism in younger and older plants, respectively. The latter observation supports
the role of DLO1 as a regulator of senescence induction?. This temporal effect of single mutants on the
transcriptome is also reflected in SA levels that are higher in dmré6 than dlo1 at 2 weeks but higher in

dlo1 than dmré6 at 4.5 weeks (Figure 1B-C)8. In the DMR6 and DLO1 overexpression lines, SA levels were
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significantly lower in both 2- and 4.5-week-old plants compared to Col (Figure 1B-C). The
overexpression lines had minor transcriptome changes relative to Col in 2.5-week-old plants, while
they differed significantly at 4.5 weeks (2617 and 2774 in 355:DMR6, depending on the line, and 2895
DEG in 35S:DLO1; Supplementary Figure 1B-C). Together, these data suggest that reduced SA levels
have an increasing effect on the transcriptome as the plants age. Although DMR6 and DLO1 produce
different DHBAs, the transcriptome changes of 4.5-week-old DMR6 and DLO1 overexpression lines
compared to Col were strongly correlated (R>=0.84 to0 0.91, p-value < 0.001) (Supplementary Figure 3A)
indicating that it is the removal of SA that drives transcriptome changes in these lines rather than the
production of specific DHBAs. To independently validate that transcriptome changes in the tested
genotypes are due to perturbed basal SA levels, we analyzed a published gene expression profile of SA-
treated Arabidopsis leaves®. It correlated positively with the transcriptome changes of the dmré dlo1
mutant (R>=0.67, p-value < 0.001) and negatively with that of the DMR6/DLO1 overexpression lines
(R>=-0.55t0 -0.64, p-value < 0.001; Figure 1D, Supplementary Figure 3B).
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87  Figure 1. DMR6/DLO1 perturbation influences Arabidopsis growth, SA levels, and transcriptomes. (A)
88 Rosette area of 4.5-week-old plants with mutated or overexpressed DMR6 and DLO1 alongside controls
89 Col-o0 and sid2-1. (B, C) Total SA levels in two (B) and 4.5 (C) week-old plants of indicated genotypes.
90  Datain A-C are from three independent experiments (indicated by differently colored dots in A and C;
91 in B, each dot represents an independent experiment). Different letters above the boxplots show
92 statistically significant differences between genotypes (two-way ANOVA (A, C) or one-way ANOVA (B)
93  followed by Tukey’s post-hoc test, p < 0.05). Outliers were removed with interquartile range method
94 (IQR) in C. (D) Heatmap of log. fold change values for the 6234 genes that were differentially expressed
95 (llog-FC| = 1, FDR-adj. p < 0.05) in DMR6 and DLO1 mutant or overexpression lines compared to the
96  age-matched wild-type. Selected GO terms enriched in seven clusters of co-expressed genes are listed
97  with example genes or gene families from each cluster. On the right is the RNAseq profile of Col leaves
98 24 hours after treatment with 0.5 mM SA2°.

99  When inspecting the DEG clusters (Figure 1D) for known regulators of Arabidopsis immunity, we

100 noticed that 4.5-week-old DMR6/DLO1 overexpression lines had reduced expression of genes involved
101  in pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). Examples are EDS1
102  (ENHANCED DISEASE SUSCEPTIBILITY 1), its paralogous signaling partners PAD4 (PHYTOALEXIN
103 DEFICIENT 4) and SAGi101 (SENESCENCE-ASSOCIATED GENE 101), genes encoding helper nucleotide-
104 binding leucine-rich repeat proteins (NLRs), selected immune receptors from the RLP class
105 (RECEPTOR-LIKE PROTEINSs, including RLP23), and RLP co-receptor SOBIR1 (SUPPRESSOR OF BIR1 1,
106  Figure 2A). On the other hand, expression of selected pattern recognition receptor genes from the RLK
107 (RECEPTOR-LIKE KINASE) class (e.g., FLS2 (FLAGELLIN-SENSITIVE 2)) was not consistently suppressed
108 in the DMR6/DLO1 overexpression lines (Figure 2A).

109 The altered expression of PTI-related genes prompted us to investigate the attenuation of early PTI
110 responses to the pathogen-associated molecular patterns (PAMPs) nlp24 and flg22 in the DMR6/DLO1
111 overexpression lines (Figure 2B-C). The nlp2/-triggered ROS burst and the induction of WRKY30 and
112 WRKY33 were strongly reduced in DMR6/DLO1 overexpression lines (Figure 2B-C). This fits the lower
113 expression of genes required for the nlp24-induced responses (RLP23, SOBIR1, EDS1/PAD/4/SAG101, and
114 helper NLRs; Figure 2A)). The flg22-triggered ROS burst and WRKY30 and WRKY33 induction were
115  unaffected in the DMR6/DLO1 overexpression lines, aligning with the unaltered expression of RLKs
116  FLS2 and BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1; Figure 2A-C). The single and double dmr6 and
117  dlo1 mutants behaved like Col in the tested outputs, suggesting that increasing SA levels does not
118  enhance early PTI responses (Supplementary Figure 4). To obtain additional evidence for the role of
119  basal SA levels and SA perception on early PTI responses, we tested the SA-deficient sid2 mutant
120 (Figure 1B-C) and the SA-insensitive npri-1 npr4-4D double mutant>. Both mutants showed reduced
121 nlp24-triggered ROS burst (Figure 2B, Supplementary Figure 5) confirming the dependency on SA for

122 nlp24 responsiveness.

123  To obtain a genome-wide view of the effects of DMR6/DL0O1 perturbation on immune receptor gene
124  expression, we analyzed the expression of Arabidopsis genes encoding for RLKs, RLPs, and NLRs in
125  DMR6/DLO1 overexpression lines and mutants. We termed these genes SA-responsive if, compared to

126  the Col control, they were downregulated in the three DMR6/DLO1 overexpression lines at 4.5 weeks
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and upregulated in the dmr6-3 dlo1 double mutant at 2.5 weeks (|1og.FC| =1, FDR-adj. p<0.05). We found
that 120 RLPs/RLKs (14%) and 21 NLRs (13%) fell into this group. Notably, the phylogenetic clustering
of receptors did not separate SA-responsive genes from the rest (Figure 2D), indicating that the
dependency of their expression level on basal SA is not restricted to specific phylogenetic clades. We
further tested if SA-responsive receptor genes have enrichment of certain transcription factor binding
sites. Indeed, promoters of SA-responsive RLP/RLK and NLR genes showed specific enrichment of
WRKY transcription factor binding sites (Supplementary Figure 6), suggesting that WRKYs contribute

to SA dependence of the receptor gene expression.
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137 Figure 2. Reduction in the basal SA levels lowers the expression of selected immunity genes and
138  associated PTI responses. (A) Expression of PTI-related genes, including signaling components and
139  immune receptors in indicated genotypes. Asterisks denote the differential expression compared to the
140  age-matched Col (|1og.FC| = 1, FDR-adj. p < 0.05). (B) Reduced ROS burst in response to nlp24 (upper
141 panel) but not to flg22 (lower) in the SA-depleted lines compared to Col-0. The rlp23 and fIs2 mutants

142  were negative controls for the nlp24 and flg22 treatments, respectively. RLU: relative luminescence
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143 units; mock: mQ, (C) Transcript levels of WRKY30 and WRKY33 in response to the nlp24 and flg22
144, treatments. The DMR6/DLO1 overexpression lines have WRKY gene induction to nlp24. WRKY transcript
145  levels were measured by qRT-PCR and receptor mutant lines rip23 and fIs2 were included as negative
146  controls. Plants in B and C were 4.5-week-old. Data displayed are derived from three independent
147  experiments, as indicated by differently colored dots. Different letters denote statistically different
148  groups from two-way ANOVA followed by Tukey’s Post—Hoc test, p < 0.05. (D) Expression of 861 RLPs
149 and RLKs (top), and 166 NLRs (bottom) in DMR6/DL0O1 mutant and overexpression lines. Phylogenetic
150  analysis was performed on protein alignments. Abbreviations: CRK — cysteine-rich receptor-like
151  kinase, CNL, RNL and TNL — NLRs with coiled-coil, RPW8 (RESISTANCE TO POWDERY MILDEW 8),
152 and TIR (Toll/interleukin-1receptor homology) domains, respectively.

153

154 So far, the role of SA in plant immunity was focused on defense signaling and senescence. Here, we
155  show that low basal levels of SA are important for the appropriate expression of genes encoding for
156  several groups of immunity-related RLPs and their immediate downstream signaling components.
157  Although plants grow better in the absence of basal SA, our results reveal a trade-off in pathogen
158  detection. This explains why low basal SA levels are needed to have a well-functioning plant immune

159  system.

160

61 Data availability

162  Raw read RNA-seq data have been deposited in the European Nucleotide Archive (ENA) database at
163 EMBL-EBI (https://www.ebi.ac.uk/ena/) under accession number PRJEB61019.
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177 Material and Methods

178 Plant genotypes and growth conditions
179 Lines of Arabidopsis thaliana (L.) Heynh. Col-0 dmr6-3, dlo1, dmr6-3 dlo1, 35S:DMR6 and 35S:DLO1 were

180  previously described °. The Col-0 npri1-1and npri-1npr4-4D mutants (Ding, et al. ') were received from
181 Pingtao Ding (Leiden University, the Netherlands). Seeds were imbibed for four days at 4°C, either in
182 0.1% agarose and then transferred to soil (5:12 sand:soil mix, supplemented with half-strength
183  Hoagland solution, see Van Wees, et al. >2) or sown directly on soil. Plants were grown under short-day
184 (10h/14h light/dark, 21°C, 70% relative humidity, 100 pmol/m?/sec) conditions with regular watering
185  and a supplement of half-strength Hoagland solution once a week. During the first week of growth,

186  seeds were germinated under 100% RH.

187

188 RNA sequencing library preparation

189 Aerial parts of 2.5-week-old or the sixth leaf of 4.5-week-old plants were harvested and snap-frozen
190 in liquid nitrogen. RNA isolations and library preparations were performed according to Bjornson, et
191  al. » high-throughput RNA isolation and library prep protocols, with reagents from other suppliers
192  that are detailed below. Briefly, mRNA was enriched from crude cell lysate in two rounds using
193 biotinylated oligo-dT (IDT Europe) and streptavidin beads (New England Biolabs). RNA isolations were
194  performed in batches in a randomized order. Following cDNA synthesis and adapter ligation,
195  sequencing libraries were generated using indexed primers and enrichment primers (IDT Europe, see
196  Primer List) with Phusion HF polymerase (Thermo Fisher). Libraries were visually inspected on an
197  agarose gel before a double clean up with Ampure XP magnetic beads (Beckman). Library DNA quantity
198 was measured with SYBR Green (Thermo Fisher). Equalized amounts of libraries were pooled together
199  before a final Ampure XP cleanup. Libraries were sequenced at Useq (Utrecht, The Netherlands) on the

200 Ilumina NextSeq2000 (P3 1x50nt) platform.

201

202 Transcriptome analysis

203  All sequencing data analyses on read files were performed in slurm workload manager on a local High-
204 Performance Computing Facility (University Medical Center Utrecht, The Netherlands). Illumina BCL
205 files were demultiplexed and converted to fastq format with bcl2fastq v2.20.0 (Illumina). Quality of
206  sequencing data was verified before and after trimming with fastQC vo0.11.5 and MultiQC v1.5 %.
207  Trimming was performed with trimmomatic v0.39 ?5 using default settings and Truseq3-PE adapters.
208  Trimmed reads were pseudo-aligned to the TAIRv10 nuclear transcriptome with kallisto v0.46.126 using
209  a21-mer index file. Only samples with least 5 million transcript-assigned reads were considered in
210  further analyses. For these samples, the reads per transcript were pooled per gene with tximport v1.24.0
211 %7, and differential gene expression was performed with deseq2 v1.36.0%¢, using a DEG cutoff at |log.FC]|
212 > 1, FDR-adj. p < 0.05.
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213  Fold-change values were further processed in Python v3 using pandas 1.4.1 package for data handling
214  and seaborn 0.11.2 and matplotlib 3.5.1 packages for data visualization. Principal component analysis
215 (PCA) was performed with scikit-learn 0.24.2. UpSet plots 2° were generated with upsetplot 0.61 package
216  for Python using minimal subset size of 25 and minimal degrees of 2. Clustering of genes was
217  performed with hierarchical clustering from SciPy 1.7.1 clusters.hierarchy package, using complete
218 method and correlation metrics. Clusters were generated with SciPy 1.7.1 hierarchy.cut_tree method, and
219  theoptimal n clusters for the dataset was determined after visual examination of the plots. Enrichment
220  of biological process gene ontology (GO) terms was performed in ClueGO v2.5.8 plugin for CytoScape
221  3° From the enrichment analysis we processed only the overview GO terms to minimize redundancy.
222 Pearson’s correlation analyses were performed with SciPy 1.7.1. Enrichment of transcription factor
223  binding sites was conducted in AME from the MEME 5.4.1-suite 3! on gene promoter sequences (1kb
224 upstream of translation start site) (TAIRv10). AME search was performed with motifs from DAP-seq
225 database 32 and PBM database 33 and with an E-value threshold of 0.001.

226

227 Phylogenetic analyses

228 To find groups of sequence-related NLR proteins, the proteome of A. thaliana Col-0 (Araportii,
229  representative peptide sequences) was scanned against Pfam-A database (release 35.0, pfam_ scan.pl
230 -e_seq 0.1 -e_dom 0.1), and NB-ARC domains (PF00931.25) of the corresponding 166 proteins were
231  extracted for phylogenetic analysis (Biopython v1.79). 92% of manually identified NLRs proteins were
232 supported by Araportil annotation. Multiple sequence alignments (MSAs) were constructed with
233  MAFFT default parameters (v7.505, --auto)3* and filtered for parsimony-informative sites. Alignment
234  columns with >60 % gaps were also removed (Clipkit v1.3.0, -m kpic-gappy -g 0.6). Filtered alignment
235  was inspected in the Wasabi MSA browser (http://was.bi/) prior to phylogeny reconstruction. The ML
236 trees were inferred with IQ-TREE (v.2.1.2, -m MFP -B 1000 -alrt 1000 -T auto)3. The best-fit
237  substitution model for the data was determined by ModelFinder (JTT+F+R6)3°.

238  For the sequence-based grouping of Arabidopsis RLKs and RLPs, we used 695 RLKs and 175 RLPs
239  annotated in previous publications37-39 and from the RGAugury pipeline4°. Four sequences (AT1G16140,
240 AT4G21370, AT5G57670 and AT3G21960) were discarded since they were annotated as pseudogenes in
241 TAIR10.1. MSAs were constructed with MAFFT (v7.505, --auto) and filtered for parsimony-informative
242 sites. Alignment columns with >90 % gaps were also removed (Clipkit v1.3.0, -m kpic-gappy -g 0.6).
243  Filtered alignment was inspected in the Wasabi MSA browser (http://was.bi/) and the conserved region
244 was extracted for evolutionary inference (seqkit v2.3.0, region between 700:1379 columns).
245 AT5G49750 was removed from further analysis due to the lack of aligned positions in this area. The ML
246 trees were inferred with IQ-TREE (v.2.1.2, -m MFP -B 1000 -alrt 1000 -T auto). The best-fit
247 substitution model for the data was determined by ModelFinder (LG+F+R8). Resulting NB-ARC and
248 RLP/RLK trees were inspected and rooted in iTOL (v6)4.

249
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250  Salicylic acid measurements

251  Total SA levels in two-week-old plants are from the experiment published in Zeilmaker, et al. ¢ where
252 data for the DMR6 and DLO1 overexpression lines were unpublished. Total SA quantification on 4.5-
253  week-old plants was performed as follows. Aerial parts of plants were weighed to approximately 200
254  mg material, harvested in liquid nitrogen, and subsequently freeze-dried overnight. Samples were
255 homogenized with steel beads before extraction with 1 ml 80% ethanol 0.5% formic acid and 3 ppm 5-
256  fluorosalicylic acid (internal standard). Cell debris was spun down and supernatant was evaporated to
257 20% (water phase). The samples were hydrolyzed by addition of 25 ul 5M HCl and incubation for 1 hour
258  at 90°C. Hydrolyzed samples were neutralized with 25 pl 5M NaOH and re-extracted with 500 ul ethyl
259 acetate. The organic phase was transferred to a new tube and 50 pl 0.5% formic acid was added. The
260  sample was concentrated by evaporation to an approximate volume of 50 ul, after which 50 nl
261  methanol with 0.5% formic acid was added. Before LC/MS analysis, samples were spun to remove any
262  debris. For absolute quantitation of SA with a calibration/response-curve, SA was spiked into unrelated
263  Col-o0 leaf samples before extraction in a concentration series. Samples were separated by UHPLC on a
264  Poroshell 120 column (2.1x100 mm, 1.9 micron pore) with pentafluorophenyl chemistry. Mobile phases
265 were: A) 5% methanol, 0.5% formic acid, 10 mM ammonium formate in MilliQ; B) 0.5% formic acid in
266 acetonitrile. Separation sequence was 20% B for 2.5’, increasing to 50% B at 5’ and increasing to 95%
267 B at 6’. Eluted metabolites were analyzed on an Agilent 6530 Q-TOF LC/MS in negative ion mode, with
268  dual EJS/ESI ionization. Quantitation was performed by quantifying peak areas from extracted ion
269 chromatograms of unfragmented parent ions (for SA m/z 137.023). Peak areas were corrected with
270  internal standard and sample fresh weight, and converted to absolute amounts using the external SA

271 spike-in calibration curve

272

273 Growth measurements
274 Rosette size was determined from topview images captured in a FluorCam 1300 system with Fluorcam

275  vio software (Photo Systems Instruments, Czech Republic).

276

277 Measurement of the reactive oxygen species (ROS) burst

278  ROS burst assays were performed as in Johanndrees, et al. 4.
279

280 gPCR analysis of gene expression

281 Leaves of 4.5-week-old plants were syringe-infiltrated with mock (10 mM MgCl2, 0.01% DMSO0), 1 pM
282  flg22, or1 uM nlp24. After 1h of treatment, leaves were harvested, snap-frozen in liquid nitrogen, and
283  stored at -80°C. Tissue was homogenized in a TissueLyserII using 3mm glass beads. We used Spectrum
284, Plant Total RNA kit (Sigma Aldrich) to extract total RNA. cDNA was synthesized with RevertAid H-

285 minus reverse transcriptase (ThermoFisher) and oligo(dT)16 according to manufacturer’s
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286  instructions. qRT-PCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad) according
287 to manufacturer’s instructions on a ViiA 7 system (ThermoFisher). Primers are listed in
288  Supplementary Table 1. qRT-PCR analysis was performed by averaging Ct values of technical replicates
289  and calculating ACt per sample by subtracting Ct of target gene from the Ct of the ACTIN2 gene
290 (AT3G18780). Statistics and visualization was based on these ACt values.

291

292 Data analysis and visualization

293  All data analyses were performed in Spyder IE for Python v3 using pandas 1.4.1 package for data
294 handling and seaborn 0.11.2 and matplotlib 3.5.1 packages for data visualization. Datasets were verified
295 to have a normal distribution with Shapiro-Wilk test of normality (p > 0.05), but were allowed to have
296 unequal variances (Bartlett’s test). Shapiro-Wilk, Bartlett’s tests, Student’s t-tests, Pearson’s
297  correlation analysis were performed with SciPy 1.7.1. ANOVA, Tukey’s Post-Hoc analyses, and FDR
208 (Benjamini-Hochberg) multiple test correction were performed with statsmodels 0.12.2. Significance

299  groups were determined based on Piepho 4 implemented in a Python script.

300
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