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Abstract

Temperature impacts plant immunity and growth but how temperature intersects with
endogenous pathways remains unclear. Here we uncover variation between Arabidopsis
thaliana natural accessions in response to two non-stress temperatures (22°C and 16°C)
affecting accumulation of the thermoresponsive stress hormone salicylic acid (SA) and plant
growth. Analysis of differentially responding A. thaliana accessions shows that pre-existing
SA provides a benefit in limiting bacterial pathogen infection at both temperatures. Several A.

thaliana genotypes display a capacity to mitigate negative effects of high SA on growth,
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indicating within-species plasticity in SA - growth tradeoffs. An association study of
temperature X SA variation, followed by physiological and immunity phenotyping of mutant
and over-expression lines, identifies the transcription factor unfertilized embryo sac 12
(UNE12) as a temperature-responsive SA immunity regulator. Here we reveal previously
untapped diversity in plant responses to temperature and a way forward in understanding the

genetic architecture of plant adaptation to changing environments.

Introduction

Analysis of phenotypic variation is a means to identify genes and networks underlying
complex traits'. Environment shapes plant phenotypes and is a driver of adaptation to new

habitats> > 4

. Temperature, as one key environmental variable, impacts plant physiology,
growth and responses to abiotic and biotic stresses™ . As temperature fluctuations across the
globe increase, it is important to determine how plants integrate temperature signals with

plant developmental and stress programs, and the genetic networks enabling resilience to

climate change.

There has been recent progress in elucidating processes that coordinate temperature with plant
endogenous pathways. Phytochromes act as thermosensors, coupled with their central
integrative role in light quality perception and signalling” ® °. In Arabidopsis thaliana,
phytochrome B (phyB) regulates the bHLH transcription factor phytochrome interaction
factor4 (PIF4) to prioritize growth over immune responses at elevated temperatures'’. In the
cold, membrane-bound NAC transcription factor NTL6 is released to induce disease
. 11 . . .. . . .
resistance . Therefore, temperature signals influence transcriptional regulation of immunity

and growth.
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Coordination between temperature and plant resistance to pathogen infection is determined by
phytohormone pathways with contrasting roles in growth and defence, and by temperature
effects on in planta microbial metabolism and infectivity™ ' ' ° In A. thaliana, the two
major protective layers against microbial pathogens: cell surface-based pattern-triggered
immunity (PTI) and intracellular effector-triggered immunity (ETI) respond differently to
ambient temperature, with PTI being preferentially activated at elevated and ETI at lower
temperatures'* ' ", Gradual depletion of the alternative histone H2A.Z in nucleosomes with
increasing temperature'® is associated with increased PTI-dependent gene expression at the
expense of ETI'. Hence, temperature effects registered at the chromatin are also important

for plant immunity outputs.

The plant stress hormone, salicylic acid (SA), mediates basal and systemic immunity to
biotrophic and hemi-biotrophic pathogens by reprogramming cells for defence via the
transcriptional co-regulator, nonexpressor of PR/ (NPR1)". In A. thaliana, pathogen-induced
SA is generated mainly by the isochorismate synthasel (ICS1) pathway *°. Induced ICS!
expression and pathogen resistance in 4. thaliana basal and ETI responses are compromised
at temperatures above 23-24°C >'*2! In A. thaliana accession Col-0, increased SA was also
responsible for plant stunting after shifting from 23°C to near chilling conditions (5°C)*.
Exposure of other A. thaliana accessions to 10°C revealed genotype-specific expression
patterns for ~75% cold-regulated transcripts®, highlighting the extent of natural variation in

temperature-modulated gene expression.

Lower temperatures (<16°C) amplify pathogen-activated ETI and autoimmune responses (-
the latter often due to mis-activated ETI receptors) accompanied by increased SA production
and pathogen resistance' 2" 2*2>2%2"- 28 plant autoimmune backgrounds exhibit stunting and

leaf necrosis as negative consequences of activated defences on plant fitness’. Defence -
3
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growth tradeoffs appear to be mainly hard-wired through phytohormone and transcriptional

29, 30, 31, 32 33,34

networks , probably to steer the plant through stressful periods’ ™. However, there
are instances in which antagonistic interactions between stress and growth pathways are
uncoupled *%3*3%3% 3738 “indicating genotypic and phenotypic plasticity in defence - growth

coordination.

Here we investigate A. thaliana natural genetic variation in immunity responses to two
temperature regimes (22/20°C and 16/14°C). Our aim was to assess the phenotypic space in
immunity x growth interactions over a non-stress temperature range for this species. Using
SA accumulation in leaves of 105 genetically diverse accessions as a first proxy for defence
homeostasis, we uncover variation in temperature modulation of SA and in the relationship
between leaf SA and biomass. At both temperatures, there is a measurable benefit of high
initial SA levels on plant post-stomatal resistance to a leaf-infecting bacterial pathogen,
Pseudomonas syringae pathovar tomato DC3000 (Pst DC3000). A genome-wide association
study of temperature x SA variation identifies bHLH transcription factor unfertilized embryo

sac 12 (UNE12) as a new thermoresponsive immunity component.

Results

SA chemotyping of A. thaliana plants at two temperature regimes

To measure temperature-modulated SA accumulation we selected 105 A. thaliana accessions
from the HapMap population based on genetic diversity and geographical distance®”. Most
accessions (80%) originate from Eurasia populations and we included naturalized lines from
America, Africa, New Zealand and Japan (Table S1). Individual plants were grown in
separate pots to avoid competition/shading and, as a randomized design in controlled cabinets,

kept at 16°C/14°C or 22°C/20°C and 12 h light/dark cycle within the non-stress range for A.
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100  thaliana®™. We then determined biomasses and SA contents of 5-week-old plants under each
101  temperature regime. Because there was a strong correlation between fresh and dry plant
102 weights (Table S2), we used above-ground fresh weight (FW) as a measure of biomass.

103

104  To quantify SA in a large number of samples, we used a high-throughput SA biosensor-based
105  luminescence method*"** (Methods). This provided total SA measurements in medium (Ws-0

4 .
3% with an accuracy

106  and Col-0) and high SA (C24 and Est-1) accumulating accessions
107  comparable to GC-MS (Fig. S1a). The biosensor method was less reliable for quantifying low
108 levels of free SA, the biologically active form (Fig. S1b) *. There was a high correlation
109  between free and total SA amounts in GC-MS assays of 15 tested 5-week-old accessions with
110  contrasting SA contents at 22°C (Fig. S2). We therefore used biosensor-based total SA as a
111  measure of SA accumulation at the two temperatures. As plant age influences SA
112 accumulation and outputs’, we assessed whether differential SA accumulation between
113 accessions is captured reliably at 5 weeks. For this, total SA was quantified in five accessions
114  which in pilot studies had shown low (Sha, Col-0), intermediate (Est-1) or high (An-1) total
115  SA contents, together with a Col-0 isochorismate synthase SA biosynthesis mutant sid2-1°,
116  over a 7-week time course. Total SA accumulation trends seen in 5-week-old plants persisted
117  over the course of development from 4-7 weeks regardless of flowering time (Fig. S3).

118

119  Genetic variation in A. thaliana SA - growth tradeoffs

120 At each temperature there was considerable genetic variation in plant biomass and total SA
121 levels between accessions (Fig. la and 1b, Table S1). Surprisingly, total SA did not show a
122 general tendency to increase in plants grown at 16°C compared to 22°C, although biomasses
123 at 16°C were lower (Fig. la-c). Therefore, increased SA at cooler temperatures reported

11,22

124  previously for accession Col-0 ", and also found here for Col-0 (Table S1), appears not to

125  be generalizable for 4. thaliana. Moreover, comparing total SA contents with biomass in each
5
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126  accession revealed that at 16°C and 22°C there was an extremely weak negative correlation
127  between total SA levels and above ground FWs (Fig. 2a and 2b). One third of accessions with
128  total SA contents >1 pg/g FW had biomasses above the median at each temperature,
129  suggesting that there is within-species genetic and/or phenotypic plasticity in SA - growth
130  tradeoffs.

131

132 Negative effects of defence on growth in high SA backgrounds might be mitigated by
133  imposing a higher induction threshold for SA immunity. We therefore measured expression of
134  the SA-responsive pathogenesis-relatedl gene (PRI) at 22°C in selected 5-week-old
135  accessions with high total SA amounts (>1 pug/g FW) and high biomass (>1.5 g) (Ven-1,
136 PHW-13, Kas-2), accessions with high total SA and low biomass (>0.5 g) and some leaf
137  necrosis (Gy-0, Sprl-2, Mz-0), or with low total SA (<0.3 ng/g FW) and varied biomass
138  (Mrk-0, Col-0, Oy-0) (Fig. 2c-f). For these nine tested accessions, high total SA was
139  accompanied by elevated PRI expression but not always stunting (Fig. 2c-f). The data suggest
140  that mechanisms other than responsiveness to SA reduce antagonism of growth in some 4.
141  thaliana genetic backgrounds.

142

143  SA accumulation in response to temperature is genotype-specific

144  Because SA amounts in leaves of different accessions did not relate strongly with reduced
145  growth, we examined temperature effects on SA homeostasis regardless of biomass. From the
146  initial 105 4. thaliana accessions, we selected lines that accumulated higher total SA at 22°C
147  than 16°C (Ven-1, Mz-0, Nok-3), lines that showed no variation in total SA levels between
148  the two temperatures (Se-0, NFA-8), and lines displaying higher total SA at 16°C than at
149  22°C (Fei-0, Ei-0, Bay-0, Est-1) (Table S1 and Fig. 3a). Reference accessions Col-0 and Ler-

150 0 had relatively small but opposing total SA responses to temperature (Table S1 and Fig. 3a).
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151  We concluded that even a moderate change in temperature within the normal range of A.
152  thaliana (here 6°C) exposes variation in SA pathway homeostasis.

153

154  Temperature-modulated SA impacts bacterial pathogen growth in leaves

155  With differences of up to 5 pg total SA/g FW in accessions grown under the two temperature
156  regimes (Fig. 1c), we anticipated temperature-dependent variation in immune responses
157  between accessions, as suggested by the PR/ expression profiles of selected genotypes at
158  22°C (Fig. 2¢). We spray-inoculated leaves of the 5-week-old accessions showing diverse
159  total SA levels at 16°C and 22°C (Fig. 3a) with virulent Pst DC3000 at these two
160  temperatures. Pst DC3000 produces the JA-Ile mimic coronatine (COR) which promotes
161  reopening of leaf stomata to counter bacterial PAMP-induced stomatal closure and increase
162  bacterial entry to the leaf apoplast’’. Host-produced SA induces stomatal closure and post-
163  stomatal resistance to Pst DC3000" *>*°. At 3 h post inoculation (hpi), Pst DC3000 levels
164  inside leaves were unchanged between temperatures in each accession but showed up to 10-
165  fold differences between accessions (Fig. S4a). We therefore excluded stomatal resistance as
166  contributing significantly to the temperature effects observed on bacterial infection in these 11
167  accessions. After measuring Pst DC3000 growth in leaves of plants at 4 dpi, we found a
168  robust inverse correlation between temperature-modulated total SA accumulation and
169  bacterial growth across accessions (Fig. 3b). Thus, in accessions showing a rise in total SA
170  between 16°C and 22°C there was increased resistance to Pst DC3000 and the opposite trend
171 was observed in plants which had reduced total SA between 16°C and 22°C (Fig. 3b).
172 Accessions which responded negligibly to temperature at the level of SA accumulation
173 showed no difference in temperature effects on Pst DC3000 infection (Fig. 3b). These data
174  reveal a positive relationship between temperature-modulated total SA accumulation and
175  post-stomatal limitation of Pst DC3000 growth in leaves of the 11 tested A4. thaliana

176  accessions.
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177

178  We observed variation between accessions in the degree to which total SA differences
179  impacts bacterial resistance. For example in Ler-0, a rise of only 0.38 pg/g FW total SA
180  between 16°C and 22°C resulted in a substantial (1.5 logjo) reduction in bacterial numbers
181  (Fig. 3b). Est-1, with a much higher total SA differential (1.68 pg/g FW) between
182  temperatures, showed only a small (0.5 log;o) difference in bacterial growth, whereas in Fei-0
183  a2.56 pg/g FW total SA change translated to a 2.0 log;o bacterial growth difference (Fig. 3b).
184  All accessions in Fig. 3 had proportional free and total SA levels (Fig. S2). Together, these
185  data suggest there is variation between A. thaliana accessions in the extent to which
186  accumulated SA translates to bacterial immunity. When cultured on liquid M9 minimal salt
187  medium containing sorbitol as carbon source over a 56 h time course, Pst DC3000 grew more
188  slowly at 16°C than at 22°C during the exponential phase (Fig. S5). This result emphasizes
189  the influence of 4. thaliana host genotype in determining temperature effects on post-stomatal
190  bacterial growth in leaves.

191

192  High SA accumulation prior to infection increases bacterial immunity

193  We have shown that A. thaliana SA amounts before infection correlate positively with
194  resistance to virulent Pst DC3000. Next we tested whether temperature effects on Pst
195  DC3000-induced SA might also contribute to resistance in these accessions. For this, leaves
196  of accessions Ven-1, Mz-0, Fei-0, Ei-2, Col-0 and Se-0 grown at 16°C or 22°C were sprayed
197  with Pst DC3000 or buffer (mock) and total SA measured at 24 hpi. Similar temperature
198  effects on total SA accumulation were observed in these accessions after mock treatment as in
199  untreated plants (compare Fig. 4 (mock) and Fig. 3a). After Pst DC3000 inoculation, there
200 were no significant temperature differences in total SA accumulation between accessions
201 (Fig. 4). Hence, accessions with lower starting (basal) SA at 16°C or 22°C induced SA to

202  comparable levels as high initial SA accumulators at 24 hpi (Fig. 4). We concluded that
8
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203  temperature modulated SA accumulation before infection is an important determinant of 4.
204  thaliana immunity to Pst DC3000 bacteria.

205

206  SA underlies differential temperature effects on resistance to bacteria

207  We tested whether the observed temperature-dependent differences in bacterial resistance
208  between accessions are determined by SA levels. For this, we introduced into different A.
209  thaliana accessions a bacterial NahG (salicylate hydroxylase) gene which breaks down SA to
210  catechol*’. A single NahG transformant line from each accession was selected after checking
211 total SA depletion at the temperature the parental accession produced highest SA amounts
212 (Fig. S6). The SA-depleted (NahG) accessions, together with existing Ler-0 and Col-0 NahG

213 lines® ¥

grown at 16°C or 22°C, were spray-inoculated with Pst DC3000 and bacterial titers
214  measured in leaves at 3h and 4 dpi. There was again no detectable temperature effect on Pst
215 DC3000 stomatal entry to leaves at 3 hpi (Fig. S4b). In contrast to the parental responses (Fig.
216  3b), corresponding NahG lines had lost temperature-dependent differential resistance to Pst
217 DC3000 growth at 4 dpi (Fig. 3¢). This loss was also observed in Col-0 sid2-1 (Fig. 3c).
218 These data suggest that temperature-regulated SA accumulation directly or indirectly
219  underlies the observed temperature effects on resistance to virulent Ps¢ bacteria, and that the
220  isochorismate SA biosynthesis pathway is sensitive to the temperature range used here.

221

222 Notably, variation in Pst DC3000 growth between wild-type accessions persisted in the
223 corresponding NahG transgenic lines that was independent of temperature (Fig. 3b,c). For
224 example, up to a 1000-fold difference in Pst DC3000 titers was observed between the most
225  susceptible (Nok-3 and Ler-0) and resistant (Mz-0 and Ei-2) genotypes (Fig. 3c). These data
226  highlight a substantial contribution of SA-independent processes in limiting Pst DC3000

227  growth which, unlike the SA-dependent resistance, are unaffected by changes in temperature

228  within the 16°C to 22°C range. We concluded that there is within-species genetic variation in
9
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229  both temperature-dependent SA and temperature-independent (non-SA) defences shaping A.
230  thaliana post-stomatal immune responses to bacteria.

231

232 Genetic architecture of SA regulation by temperature in A. thaliana

233 After assessing SA homeostasis in response to temperature in 105 A. thaliana accessions, we
234  examined whether specific phenotypes fit a global distribution pattern, using the coefficients
235  of a GLM (Generalized Linear Model; Materials and Methods) to colour-code phenotypes at
236 occurrence sites. There were no obvious geographic or climatic distribution patterns found for
237  temperature-dependent total SA regulation (Methods) (Fig. 5a; representing only extended
238  European accessions for clarity).

239

240  Broad sense heritability of SA accumulation was calculated to be 0.79 at 16°C and 0.76 at
241 22°C, indicating a sizable genetic underpinning to this trait. To explore the trait genetic
242 architecture we performed temperature x total SA association mapping on 99 accessions using
243 the GWAPP tool’® and coefficients of the GLM as a phenotype (Methods). One major peak
244  on the upper arm of chromosome 4 contained six significant single nucleotide polymorphisms
245  (SNPs) after Bonferroni multiple testing correction (Fig. 5b and Table S3). Two additional
246  peaks were found on chromosomes 1 and 4, each with one significantly associated SNP after
247  Bonferroni correction (Fig. 5b and Table S3). Immediate and neighbouring genes within 10
248 kb each side of the significant SNPs were considered as candidates (Table S3)>'. Two SNPs
249  on the upper arm of chromosome 4 fall in the bHLH transcription factor gene unfertilized
250 embryo sac 12 (UNE12), in which a T-DNA insertion in Col-0 led to slightly increased
251  resistance to a virulent strain of the oomycete pathogen Hyaloperonospora arabidopsidis™.
252 None of the six remaining significant SNPs considered by the GWAPP tool was in a gene
253  related to SA biosynthesis/signalling, temperature responses, defence or cell death regulation

254  (Table S3) except for At4g02600, a homologue of barley mildew resistance locus Ol
10
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255  (ATMLOI)>. However, ATMLO! expression was found to be specific to early development™.
256  In the GWAS analysis, 4. thaliana genes involved in thermosensory regulation, such as PIF4,

257  PhyB, NTL6 or genes controlling alternative histone H2A.Z recruitment "~ '* " '8

, were not
258  found to be associated with temperature-dependent SA regulation. Because Bonferroni is
259  conservative, we extended the list of candidate genes in the vicinity of SNPs with a reduced
260  significance level of —log(P) = 5.5 (Table S3). This identified SCF E3 ubiquitin ligase
261  complex genes: Skpl interacting protein5 (SKIPS), cullinl (CULI), two F-Box protein genes
262 (At3g25750, At3g54460) and a ubiquitin ligase protein degradation gene (At3g29270) as
263  candidates for temperature-dependent SA regulation (Table S3). Several other candidates are
264  associated with transcription (UNE12, RNA polymerase Il E, transcription factor At2g46510
265  and transposable elements (7F) (Table S3).

266

267  Comparison of UNE12 functions with thermosensory immune regulator PIF4

268  As UNEI2 is supported by two significantly associated SNPs on chromosome 4 (Fig. 5b,c and
269  Table S3), we investigated its role in temperature-dependent SA accumulation and immunity.

270  Using TAIR.10 sequence data to identify UNEI2 genomic polymorphisms with the Col-0

271 reference genome (http://signal.salk.edu/atg1001/3.0/gebrowser.php) we examined sequences

272 from accessions with extreme or intermediate temperature x SA phenotypes that were also
273 used for the Pst DC3000 infection assays (Fig. 3). Variation was uncovered in UNE2 coding
274  and regulatory sequences (Fig. 5c). While accessions Bay-0 and Se-0 have several deletions
275 and nucleotide exchanges in the UNEI2 coding sequence relative to Col-0, all other
276  considered accessions only display one SNP in the coding sequence (Fig. 5c). Since this SNP
277  leads to a synonymous mutation, we reasoned that variation in expression of UNE12 rather
278  than protein sequence might underlie temperature-modulated SA and/or bacterial resistance.

279

11
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280 A T-DNA line with an insertion in the last intron of UNE2 leading to a truncated transcript
281  (SALK 13303; unel2-13 - verified by qRT-PCR (Fig. 6a and Table S4)), and a B-estradiol
282  inducible UNEI2 transgenic line (BE::UNE12) from the TRANSPLANTA Col-0 collection™,
283  were selected for phenotyping. Because the bHLH TF PIF4 and its closest homologue PIF5
284  are temperature-sensing immunity regulators under control of the PhyB thermosensory
285  pathway in Col-0'", we explored redundancy or cooperativity between PIF4/PIF5 and UNE-
286 12 by including the pif4-2 pif5-3 double mutant and a PIF4::PIF4HA pif4-101 over-
287  compensating transgenic line’> >® in our assays. In 5-week-old Col-0 plants at 16°C, UNEI2
288  expression was low and increased 0.5-fold at 22°C (Fig. 6a). As expected, unel2-13 had no
289  detectable full-length transcript whereas the estradiol-untreated SE::UNE2 line expressed 2-
290 fold higher UNEI2 than Col-0 at both temperatures (Fig. 6a). PIF4 expression was
291  undetectable in pif4-2 pif5-3 and was elevated in the PIF4::PIF4HA pif4-101 line at 16°C
292 compared to Col-0, and further boosted in PIF4::PIF4HA pif4-101 leaves at 22°C (Fig. 6b).
293  Loss or gain of PIF4 expression, respectively in pif4-2 pif5-3 and PIF4::PIF4HA pif4-101,
294  did not alter UNE2 expression at either temperature (Fig. 6a). Reciprocally, PIF4 expression
295  which was higher than UNE12, did not change within the 6°C temperature range in Col-0 or
296  unel2-13 and PE::UNEI2 lines (Fig. 6b). Therefore, UNE12 and PIF4/PIF'5 do not influence
297  each other’s expression under the tested conditions.

298

299  UNEI2 has features of a temperature-responsive immunity regulator

300 We quantified total SA in the above lines at 16/14°C and 22/20°C. Col-0 SA levels decreased
301  with increased temperature (Fig. 6¢) as observed before (Fig. 3a). At 16°C, the unel2-13
302 mutant had similar total SA amounts as Col-0 but, unlike Col-0, maintained the same SA level
303 at 22°C (Fig. 6¢). Strikingly, 2-fold over-expression of UNE12 in the SE::UNEI2 line led to
304 low total SA accumulation at both temperatures (Fig. 6¢). Therefore, mis-regulation of

305 UNE]2 alters SA accumulation in response to temperature. We found that pif4-2 pif5-3 did
12
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306 not alter temperature modulation of total SA but that PIF4 over expression (in PIF4::PIF4HA
307  pif4-101) reduced total SA in plants grown at 16°C and further at 22°C (Fig. 6¢). These data
308  suggest that UNEI2 and PIF4 operate differently in transmitting temperature information to
309  SA accumulation.

310

311  Next we tested whether the temperature x SA profiles in the above lines tally with changes in
312 SA-based immunity by quantifying PRI expression and Pst DC3000 growth in 5-week-old
313  plants at 16°C and 22°C. PRI expression and resistance to Pst DC3000 correlated with SA
314  regulation by temperature in these lines with two exceptions (Fig. 6c-e). At 22°C, PRI
315  expression in unel2-13 was lower than expected based on its SA accumulation and resistance
316  to Pst DC3000 (Fig. 6¢-e). By contrast, the PIF4 overexpression line (PIF4.:PIF4HA pif4-
317  101) exhibited equivalent low SA and PRI expression but higher Pst DC3000 susceptibility
318  than Col-0 at 22°C (Fig. 6¢c-¢). At 3 hpi, Pst DC3000 bacterial entry was similar between
319 temperature regimes and lines (Fig. 6f), suggesting that the observed UNE2 and PIF4 effects
320 on bacterial resistance are mainly post-stomatal. Taken together, these data suggest that
321  UNEI2 participates in temperature regulation of SA immunity and do not support a
322 conjunction of UNE2 and PIF4 pathways in this temperature response.

323

324  UNEI2 mis-regulation does not alter A. thaliana development

325  A. thaliana PIF4 has an important role in thermomorphogenesis in which it negatively
326 regulates pathogen immunity to favour plant growth at increased temperature® '°. Mis-
327  regulation of PIF4 and its homologues alters hypocotyl and petiole elongation, growth and
328 onset of flowering. We therefore compared developmental phenotypes of the unel2-13,
329  PE::UNEI2, pif4-2 pif5-3, PIF4::PIF4HA pif4-101 lines and Col-0 after 5 weeks at 16/14°C
330 and 22/20°C and a 12 h light/dark cycle, as in the previous assays. The unel2-13 mutant and

331  PE::UNEI2 over expression line resembled Col-0 in stature (Fig. 7a). By contrast, pif4-2 pif5-
13
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332 3 plants were stunted at 22°C and PIF4::PIF4HA pif4-101 had longer petioles (Fig. 7a), as
333 reported'™ > *’. Hypocotyl lengths were similar between UNEI2 lines and Col-0 at both
334  temperatures, but were shorter in pif4-2 pif5-3 and longer in PIF4::PIF4HA pif4-101 at 16°C
335  and 22°C (Fig. 7b)°. Deviations from Col-0 were also observed in above-ground FWs of the
336  PIF4 lines at 16°C and 22°C, but not in the UNEI2 lines (Fig. 7c). Flowering time was
337  similar in all lines at 16°C but delayed in the P/F'4 lines at 22°C (Fig. 7d). Delayed flowering
338 was reported for PIF-deficient lines grown at ~22°C, whereas PIF over-expressors
339 accelerated flowering'®>’. Why this latter trend is not observed under our growth conditions
340 remains unclear. Phenotypic analysis of an independent UNE[2 T-DNA insertion line
341  (SALK _010825C; unel2-01)** compared to wild-type Col-0 showed that it behaves similarly
342 to unel2-13 at 16°C and 22°C at the level of UNEI2 and PRI expression, total SA
343  accumulation and plant biomass (Fig. S7a-e). These data lead us to conclude that UNE[2
344  expression in A. thaliana Col-0 impacts temperature modulation of SA immunity without
345  markedly altering developmental traits and that UNEI2-related thermosensory processes
346  affecting SA accumulation and immunity to Pst DC3000 are distinct from those controlled by
347 PIF4.

348
349 Discussion

350 Here we explored A4. thaliana natural variation in response to temperature impacting SA
351  accumulation, growth and resistance to bacterial (Pst DC3000) infection. One aim was to
352  determine differential temperature effects on immunity within a non-stress range, taking SA
353  as an initial proxy for plant defence status. A second aim was to identify potential benefits and
354  costs of accumulating high or low SA at a particular temperature. By testing 105 genetically
355  diverse A. thaliana accessions, we uncover variation in total leaf SA accumulation between
356 the 16°C and 22°C temperature regimes. We establish that increased SA amounts do not

357 always correlate with reduced biomass, indicating a capacity of certain A. thaliana genotypes
14
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358  to mitigate negative effects of high SA levels on growth. Using a set of 15 selected accessions
359  covering the range of observed temperature-modulated SA and growth responses, we detect a
360 robust positive relationship between total SA in leaves prior to infection and post-stomatal
361  restriction of Pst DC3000 growth, representing a possible benefit of accumulating SA. From
362  an association study of temperature x SA in 99 of the 105 accessions, we identify UNE12 as a
363  strong candidate for thermoresponsive control of SA immunity to Pst DC3000. This analysis
364  uncovers diversity in plant responses to temperature and a way forward to understand the
365  genetic architecture of plant adaptation to changing environments.

366

367 We were able to group 4. thaliana accessions into three broad classes based on increased,
368  decreased or stable total SA contents associated with the 16°C - 22°C temperature difference
369 (Fig. lc, Fig. 3a). A. thaliana Col-0, the most studied accession for temperature effects on

1 1 13, 14,21, 22, 24
370  immunity and growth'> ' 21222438

, showed a comparatively weak negative SA accumulation
371  trend with increased temperature (Fig. 3a, Fig. 6¢). In a previous study, higher SA in Col-0
372 plants grown at 5°C compared to 23°C contributed to growth retardation at the chilling
373 temperature®, consistent with tradeoffs between induced plant defences and growth? .

374

375  A. thaliana autoimmunity phenotypes leading to growth inhibition and necrosis have been
376  linked to increased SA'"?>2%?7 Tt is therefore striking that ~ 33% of the 105 accessions with
377  >1ug/g FW total SA retained a biomass above the median of the tested genotypes (Fig. 2a-b).
378  That certain accessions with high SA exhibited increased resistance to Pst DC3000 or PRI
379  expression without a measurable biomass penalty (eg. Ven-1, Kas-2, PHW-13 in Fig. 2c-e and
380  Fig. 3a-b), points to genotypic variation in the threshold at which SA leads to autoimmunity™.
381  Presence of genetic modifiers of SA-related autoimmunity and stress sensitivity are evident

382 from studies of different 4. thaliana accessions™ >°. Alterations in the hormone network

383  controlling SA crosstalk with growth-promoting pathways might buffer against SA negative
15
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384  effects in some genotypes®’. Notably, SA signalling contributes positively to petiole
385  elongation in the A. thaliana Col-0 shade avoidance growth response °'. Also, defences and
386  growth were effectively uncoupled in A. thaliana Col-0 in a Jasmonate-Zim Domain (JAZ)
387  repressor X phyB sextuple mutant, indicating that perturbation of the hormone transcriptional
388  network can reduce defence - growth tradeoffs *’. A. thaliana accession C24 displays an
389  unusual broad-ranging tolerance to stress encounters with little negative impact on growth®.
390  For accessions with different SA - growth relationships identified in our analysis (Fig. 2¢-d),
391 it will be interesting in future studies to pinpoint underlying stress network properties and
392  whether the apparent benefit of high SA on bacterial resistance creates vulnerabilities to other
393  environmental stresses or conditions.

394

395  Phenotypic characterization of 15 differential accessions revealed a positive relationship
396  between total SA accumulation in response to temperature and post-stomatal restriction of Pst
397  DC3000 growth in leaves, with plants being more resistant at the temperature the respective
398 unchallenged accession accumulated higher SA (Fig. 3). SA amounts in plants within the
399  studied 6°C temperature range might thus be a predictor of resistance capability. Some
400  accessions (eg. Ven-1, Nok-3, Ler-0, Fei-0) displayed more than 50-fold differences in Pst¢
401  DC3000 growth at 4 dpi between the two temperatures (Fig. 3b) which is similar to the
402  differential growth observed between virulent and avirulent Pst strains in leaves of A. thaliana
403 accessions Col-0 or Ws-2°*. Therefore, even a moderate temperature change can have a
404  similar impact on bacterial infection as effector-triggered immunity. Quantifying Pst DC3000
405  titres in the corresponding NahG-transgenic lines showed that SA depletion abolished the
406  temperature effect on Pst DC3000 growth in all of the tested accessions (Fig. 3). Hence, the
407  temperature effect on resistance to bacterial growth appears to be an SA-dependent trait in
408  these accessions. Huot et al (2017) established that SA signalling represents a major

409  temperature-sensitive resistance node in A. thaliana accession Col-0, assessed over a warmer
16
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410  temperature range of 23- 30°C, and that high temperature suppression of immunity to Pst
411 DC3000 was independent of PhyB and PIF4 . These and our data emphasize the importance
412  of temperature differences within the normal range experienced by 4. thaliana on
413  effectiveness of SA-based pathogen immunity.

414

415  The differences in Pst DC3000 titres remaining between NahG-expressing accessions (Fig.
416  3c), clearly expose a contribution of SA-independent processes to variation in resistance to
417  virulent bacteria, as also indicated by a screen of 1041 A4. thaliana accessions in response to
418  spray-inoculated Pst DC3000%. High humidity levels used in that screen affected plant
419  stomatal and post-stomatal immune responses * °* and might explain why Mz-0, the most
420  resistant accession in our hands (Fig. 3b), was not identified there. Mz-0 displays an
421  autoimmune phenotype at 22°C with chlorosis, stunting and high SA accumulation due to a
422 hyperactive allele at the ACD6 locus®. Nevertheless, the Mz-0 NahG line retained strong SA-
423  independent resistance to Pst DC3000 (Fig. 3c). In Col-0, post-stomatal basal and effector-
424 triggered immunity to Pst DC3000 strains can be divided into parallel SA-dependent and SA-
425  independent resistance branches*® ®>®. SA-independent resistance provides some protection
426  against pathogens that can disable SA pathways. Our and other analyses suggest that part of
427  that resilience might lie at the level of maintaining SA-independent immunity over a range of
428  temperatures " '°.

429

430  The differences in SA contents regulated by temperature between 4. thaliana accessions was
431  not clearly linked to a geographical distribution pattern (Fig. 5a) and therefore it is not known
432 whether this represents an adaptive trait to local climatic conditions®’. Loci strongly
433 associated with climate variables were enriched in amino acid-changing SNPs, indicating the
434 presence of adaptive alleles’. There is increasing evidence for microhabitat effects such as

435  edaphic conditions, intraspecific competition, herbivore distribution and altitude playing roles
17
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436 in local adaptation® °* ®. A study on the genetic basis to local adaptation of A. thaliana in
437  Europe revealed several associated loci related to immunity®’. Also, defence and cold
438  response processes were associated with adaptive climate variables®. Taken together, these
439  data suggest that temperature modulation of plant defences is likely to impact local
440  adaptation.

441

442 Association mapping allowed us to link variation in temperature-dependent total SA to three
443  loci on two chromosomes, with a strongly supported QTL on chromosome 4 (Fig. 5b). In 4.
444  thaliana Col-0, UNE12 has features of a thermoresponsive immunity component because loss
445  or mild over-expression of this gene disturbed temperature effects on SA accumulation and
446  basal resistance to Pst DC3000 bacteria (Fig. 6¢). Interestingly, UNE12 was identified as a
447  weak negative component of Col-0 immunity and, in yeast 2-hybrid assays, as a potential
448  defence hub connected to multiple NLRs*. Polymorphisms in the A. thaliana UNEI2 coding
449  sequence exist but only one synonymous mutation was significantly associated with
450  temperature-modulated SA homeostasis (Fig. 5c). Third base polymorphisms do not influence
451  protein sequence but can affect translation efficiency’’. The positions of other significantly
452  associated SNPs in UNE!2 intronic and promoter regions (Fig. 5c¢), together with phenotypes
453  of Col-0 misexpressed UNEI2 lines uncovered here (Fig. 6), point to UNEI2 expression
454  influencing temperature modulation of SA-based immunity. Our comparative physiology and
455  immunity phenotyping of PIF4/5 and UNE 2 mis-expressed lines (Fig. 6 and Fig. 7) suggests
456  that these factors act independently in transmitting or processing temperature stimuli to
457 immune and growth responses. Also, UNEI2 was not identified as a PIF4 transcriptional
458  target ''. Therefore, in line with Huot et al (2017) findings, we think it unlikely that
459  temperature modulation of A. thaliana SA defences involves PIF4/5 signalling. Loss-of-
460  function UNE2 mutations in accession Col-0 enhanced resistance to Pst DC3000 without an

461  obvious physiological or developmental cost at 22°C (Fig. 6e and Fig. 7). It will be interesting
18
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462  to test whether manipulating control of UNE2 expression is a way to optimize plant survival

463  against pathogen infection over a range of temperatures.

464

465 Methods

466  Materials

467  For the temperature screen we used a sub-collection of 105 A. thaliana accessions from the
468  Hapmap population (http://bergelson.uchicago.edu/wp-content/uploads/2015/04/Justins-360-
469  lines.xls), provided by Maarten Koornneef (MPI for Plant Breeding Research, Cologne). This
470  population was developed from a global collection of 5810 accessions in order to reduce
471 redundancy and relatedness, which is a problem in GWA studies’ . Accessions were chosen
472  based on geographic distance and seed availability (Table S1). None of the lines required
473  vernalization to flower. A. thaliana transgenic lines used were: sid2-1 20, Col-0 NahG™, Ler-0
474 NahG®, Est-1 NahG and plasmid MT363 with the NahG construct® were provided by Detlef
475  Weigel (MPI for Developmental Biology, Tiibingen). Fei-0, Ei-2, Bay-0, Ven-1, Mz-0 and
476  Nok-3 accessions were transformed with pMT363 via floral dipping as described”. UNEI2 T-
477  DNA insertion lines SALK 010825C (unel2-01) and SALK 13303 (unel2-13), and a B-
478  estradiol-inducible line®* were obtained from Nottingham Arabidopsis Stock Centre

479  (http://nasc.nott.ac.uk) and UNE2 expression checked via RT-qPCR (Table S3). Lines pif4-2

480  pif5-3> and PIF4::PIF4HA pif4-101°° were provided by Christian Fankhauser (University of
481  Lausanne).

482  Plant growth conditions

483  A.thaliana plants were grown under controlled conditions at 16+1°C (day) and 14+1°C
484  (night) or 22+1°C (day) and 20+1°C (night), 60+10% relative humidity, 200uE m”s™ light
485 intensity and 12h day/night cycle. Seeds were first stratified in soil at 4°C for 3 d. Plants were

486  grown in individual 0.81 pots with commercial potting soil pretreated with entomopathogenic
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487  nematodes. Pots were distributed into trays in a fully randomized design for temperature x SA
488  screening. One plant per accession was grown in each replicate. Data from three independent
489  experiments (biological replicates) at 22°C and four at 16°C were used for analysis. Plants
490  were grown in parallel in two growth chambers after ensuring replicability of results between
491  chambers.

492  Bacterial infection and A. thaliana physiology assays

493  For Pst DC3000 infection assays and UNE12/PIF4 mutant characterization, plants were
494  distributed in trays in a randomized design by genotype row. SA and gene expression assays
495  were performed on three plants for each genotype in three independent experiments.
496  Bacterial entry into leaves through stomata was determined by measuring in planta bacterial
497  titers at 3 hpi in a total of nine plants (with three individual plants per independent
498  experiment). At 4 dpi, bacterial growth was determined in a total of 18 plants (derived from
499  three independent experiments). Random groups of six genotypes were tested in parallel at
500 each temperature with at least one wild type in each group. Trays were distributed randomly
501 in a phytotron growth chamber and moved once a week to a new position. For spray-
502 inoculation of 5-week-old plants with Pst DC3000, bacterial suspensions at 0.15 ODggp in 10
503 mM MgCl, were used, as described””.

504  Bacterial growth in culture

505  Growth of Pst DC3000 (empty vector pVSP61, used for all in planta experiments) was
506 assessed in 20 ml M9 minimal salt medium (per L: 100ml 10 x M9 salts, 100 ul 1 M CaCL2,
507 1000 ul 1M MgSO04, 25 g Sorbitol, 5g Sucrose pH 7.2 (NaOH) ) with Rifampicin 40 pg/ ml,
508 Kanamycin 25 pg/ ml, after transferring 200ul of a 20 ml overnight culture in 5 ml
509 LB medium (Rif 40 pg/ml, Kan 25 pg/ml). Bacteria were then grown in the dark with shaking
510 at 200 rpm for 56 h at 16°C or 22°C and ODgp was measured with a photometer.

511  Salicylic acid measurements

20
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512  Luminescence produced by induction of an SA degradation operon coupled to a LUX cassette
513  was used to measure SA in leaves using the biosensor-based method, as described*" **. Total
514  and free SA was quantified by GC-MS as described””. For both methods, 100-200 mg leaf
515  samples were frozen in liquid nitrogen and disrupted by a tissue lyzer (Retsch). Material was
516  suspended in 250ul NaOAc 0.1M pH5.5 and mixed. Samples were centrifuged in a microfuge
517  for 15 min, 200ul supernatants transferred to a 96 well PCR plate and treated with 4U of
518 almond beta-glucosidase (Sigma) at 37°C for 1.5 h. For bio-sensor measurements, 30ul
519 sample was transferred to a 96 well black optiplate (Perkin Elmer) containing 60ul LB
520 medium. A standard curve for SA (Sigma) was used in a volume of 10ul complemented with
521  20pl B-glucosidase-treated leaf extract of Col-0 NahG leaves to mimic leaf samples. The
522  standard curve was designed and tested to measure SA concentrations from 0 to 20 ug total
523  SA/g leaf fresh weight. The transgenic Acinetobacter luminescent strain was grown as
524  described’® and 50 pl bacterial suspensions (ODggo 0.4) were added to each optiplate sample
525  before incubating at 37°C for 1h. The optiplate was then read by a luminometer (Berthold
526  technologies) measuring luminescence emitted by each sample in 1/3s. Mean luminescence
527 taken from three plate readings was used to calculate total SA concentrations. Because
528 luminescence increase in the standard curve was non-linear we interpolated the data points
529  using the approxfun() function in R (Cran 3.2.2.).

530 Genome wide association study (GWAS)

531  Broad sense heritability of total SA contents in both temperature environments was estimated
532 as H’= o’accession/ o”accession+ o’residuals based on a linear model using log'*~transformed
533  total SA data for normalization. Variation in temperature-dependent total SA was expressed
534  using the coefficients of the glm model: Total SA~accession*temperature+replicate fitted
535  with a gamma distribution to account for variation due to temperature as well as between
536  biological replicates. Association mapping was performed on 99 accessions using the

537  GWAPP online application https:/gwas.gmi.oeaw.ac.at/*’. We chose to further normalize the
21


https://doi.org/10.1101/768911
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768911; this version posted September 14, 2019. The copyright holder for this preprint (which

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

glm coefficients with a box cox power transformation and used the accelerated mixed model
(AMM) to account for population structure’’. SNPs were considered as significantly-
associated with phenotype when they withstood Bonferroni multiple-testing correction.
Quantitative RT-qPCR

RNA was extracted from liquid Nitrogen-frozen plant material using a my-budget Plant RNA
kit (Bio Budget technologies Gmbh) according to manufacturer’s instructions. cDNA was
synthesized from 1pg plant RNA using M-MLV reverse transcriptase (Promega) following
the manufacturer’s protocol. RT-qPCR was performed with IQ SYBR Green supermix (Bio
Rad) on a CFX Connect Real time system (Bio Rad). RT-qPCR primer sequences are listed in
Table S3. Relative expression of test genes was measured against SAND (At2g28390) as a
stable reference gene’’. Relative expression of genes was assessed in three plants per
genotype, each from an independent experiment.

Statistical Analysis

We performed statistical analyses on at least three samples from three biological replicates
using R package version 3.3.1. Comparison between two groups was done using a two-tailed
Student t-test or non-parametric Kruskal Wallis test. Multiple comparisons were performed by
one-way ANOVA and Tukey’s multiple testing correction applied, except for data in Fig. 2c-e
where false discovery rate was used. Raw data for Fig. 1, Fig. 2 a-d, Fig. 3a and Fig. 5a are
provided in Table S1. Correlations were assessed using Pearson’s product moment

correlation coefficient.
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840

841  Fig. 1: Analysis of biomass and total SA levels in 105 4. thaliana accessions grown for 5

842  weeks at two temperature regimes (22°C and 16°C) reveals natural variation in SA

843  homeostasis in response to temperature. Data are represented as boxplots. a) Aboveground
844  fresh weight (FW) of plants grown at 16°C (n=420, four biological replicates) and 22°C

845  (n=315, three biological replicates). Statistical difference according to kruskal-wallis non

846  parametric test are indicated above the plot. b) Leaf total SA contents of plants grown at 16°C
847  (n=420) and 22°C (n=315). Statistical difference according to kruskal-wallis non parametric
848 test is indicated above the plot. ¢) Distribution of mean leaf total SA differences in accessions
849  between temperature regimes (n=105). Accessions with higher SA contents at 16°C than 22°
850 are at the positive side and accessions with higher SA contents at 22°C than at 16°C on the
851  negative side of the plot. Accessions with little or no change in SA contents in response to
852  temperature score around 0.
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Fig. 2: Natural variation in growth - defense tradeoffs in A. thaliana. a) Scatterplot of mean
above-ground fresh weight (FW) according to mean leaf total SA contents of 105 A. thaliana
accessions grown for 5 weeks at 16°C. R= Pearson’s correlation index. Data are from four
biological replicates (t = -1.9184, df = 103, p-value = 0.05783). b) Scatterplot of mean above-
ground FW according to mean leaf total SA contents of 105 A. thaliana accessions grown for
5 weeks at 22°C. R= Pearson’s correlation index. Data are from three biological replicates (t =
-4.0581, df = 103, p-value = 9.651e-05). ¢) Above-ground FW in 5-week-old plants of nine 4.
thaliana accessions grown at 22°C (n=3 biological replicates). Letters indicate significant
differences after FDR multiple testing correction in one-way ANOVA. d) Leaf total SA
contents in 5-week-old plants of nine A. thaliana accessions grown at 22°C (n=3 biological
replicates). Letters indicate significant differences after FDR multiple testing correction in
one-way ANOVA. Data was log(10) transformed for statistical analysis . €) Expression of
PRI relative to SAND reference gene in 5-week-old plants of 9 A. thaliana accessions grown
at 22°C (n=3 biological replicates). Letters indicate significant differences after FDR multiple
testing correction in one-way ANOVA. Data was log(10) transformed for statistical analysis.
f) Visual growth phenotypes of 5-week old A. thaliana accessions examined in c) to e).
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870

871  Fig. 3: Temperature-modulated SA accumulation impacts resistance to Pst DC3000. a) Leaf
872  total SA content in 5-week-old plants of 11 A. thaliana accessions grown at 16°C (n=4

873  biological replicates) or 22°C (n=3 biological replicates). Significant differences between
874  temperature regimes after kruskal-wallis non parametric test with p-values <0.05 are indicated
875  with a star. Error bars represent standard error. b) Bacterial titres in leaves of 5-week-old

876  plants of 11 A4. thaliana accessions grown at 16°C or 22°C at 4 dafter spray-inoculation with
877  Pst DC3000 (n=18, three biological replicates). Significant differences between temperatures
878 after Student t-test with p-values < 0.05 are indicated on plot with a star. Error bars represent
879  standard error. Day 0 sample measurements are shown in Fig. S5. ¢) Bacterial counts in

880 leaves of 5-week-old plants of 11 SA-deficient (NahG transgenic) A. thaliana accessions

881  grown at 16°C or 22°C, at 4 d after infection with Pst DC3000 (n=18 except for Ven-1 NahG
882  where n=12, three biological replicates). Significant differences between temperatures after
883  Student t-test with p-values < 0.05 are indicated with a star. Error bars represent standard

884  error. Day 0 sample measurements are shown in Fig. S5.
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885

886  Fig. 4: Inducibility of total SA by Pst DC3000 of leaves at 16°C and at 22°C. Leaf total SA
887  contents in 5-week old 4. thaliana accessions with different temperature-modulated SA

888  contents were assessed at 24 h after spray-treatment with 10mM MgCl, (mock) or Pst¢

889  DC3000 (ODgpo=0.15). Three individual plants per experiment were assessed per experiment
890 and three independent experiments performed (n=9). Significant differences between

891  temperatures after Student t-test with p-values <0.05 are marked with a star.
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893

894  Fig. 5: Distribution and genetic architecture of SA regulation by temperature in A. thaliana.
895  a) Geographical distribution of 78 4. thaliana accessions from Europe, representing 75% of
896  phenotyped accessions. Dot colours indicate phenotypes of SA regulation by temperature
897  according to coefficients of our glm model. Colour scale represents accessions displaying
898  higher SA contents at 22°C than at 16°C in red, equal SA contents in yellow and higher SA
899  contents at 16°C than at 22°C in blue. b) Manhatten plot of association mapping with 99 4.
900 thaliana accessions for SA regulation by temperature according to GWAPP using the

901  coefficients of our glm model. Each dot represents a single nucleotide polymorphism and the
902  dashed horizontal line indicates significant linkage disequilibrium threshold after Bonferroni
903  multiple testing correction. ¢) UNE2 haplotypes according to Tairl0 genome browser of
904  accessions with extreme and intermediate total SA x T°C phenotypes. Colour blocks indicate
905 phenogroups as displayed in phenotype distribution map in Fig 5a. Arrows indicate significant
906  SNPs associated with total SA x T°C phenotype considered by GWAPP.
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908

909  Fig. 6: Comparison of defence-related phenotypes in 5-week old Col-0, UNE12 or PIF4
910 mutants and transgenic lines, as indicated, grown at 16°C or 22°C. Data are represented as
911  boxplots. Letters represent significant differences between genotypes after Tukey’s multiple
912  testing correction in one way ANOVA. Blue = 16°C, red = 22°C. a) UNE2 expression

913  relative to SAND reference gene in mature leaves of 5-week-old plants (n=3 biological

914  replicates). b) PIF4 expression relative to SAND mature leaves of 5-week-old plants (n=3
915  biological replicates). ¢) Total SA contents in mature leaves of 5-week-old plants (n=3

916  biological replicates). d) PRI expression relative to SAND in mature leaves of 5-week-old
917  plants (n=3 biological replicates). e) Pst DC3000 growth in leaves at 4 d after spray

918 inoculation (n=18 from 3 biological replicates). f) Pst DC3000 initial titres in leaves 4 h after
919  spray inoculation (n=9 from 3 biological replicates).
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Fig. 7: Comparing developmental phenotypes of Col-0, UNE2 and PIF4 lines, as indicated,
grown at 16°C or 22°C. Letters represent significant differences between genotypes after
Tukey’s multiple testing correction in one-way ANOVA. a) Visual phenotypes of 5-week-old
plants. b) Hypocotyl lengths of seedlings 10 d after germination (n=15 from three biological
replicates). ¢) Above-ground fresh weights of 5-week-old plants (n=14 from three biological
replicates). d) Days to flowering (n=9 from three biological replicates).
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Supplementary material

Table S1: Phenotypic data from 105 A. thaliana accessions used to assess natural variation of
biomass and total SA levels in response to temperature
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932

933  Table S2: Correlation between above ground fresh weight and dry weight in 5-week-old A.
934  thaliana accessions grown at 22°C under controlled conditions

replicate a replicate b replicate c
accession R p-value R p-value R p-value
Bor-4 0,99 1,00E-07 0,99 6,20E-06 0,96 1,00E-04
C24 0,99 2,90E-07 0,99 9,30E-07 0,97 4,75E-05
Col-0 0,99 1,00E-09 0,99 2,70E-06 0,98 3,09E-02
Est-1 0,99 3,80E-06 0,98 1,90E-05 0,83 1,00E-02
Sha 0,99 2,80E-05 0,99 4,90E-08 0,92 1,00E-03
Ws-0 0,99 8,90E-08 0,99 4,90E-06 0,95 3,85E-08

Data collected from 6 A. thaliana accessions in 5 week-old plants (DF = 7). R= Pearson’s
correlation index.
935

936
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937
938 Table S3: Genes in vicinity of SNPs highly associated with T°C-dependent total SA
939  homeostasis
chromoso neighbourin
me position -log (P) AGI gene name g genes
tRNA, regulator of
1 18311139 6.88 At19g49470 unknown transcription
luminidependens gene,
4 1129443 6.5 At4g02570 CUL1 NADH oxidored.
NADH-ubiquinone
oxidoreductase
4 1134041 6.5 At49g02580 24kD subunit CUL1, UNE12
NADH-ubiquinone
oxidoreductase
4 1135657 6.5 At49g02580 24kD subunit CUL1, UNE12
4 1146995 6.5 At4g02600 MLO1 UNE12, Trp synthase
4 10461125 6.44 At4g19120 ERD3 prot. kinase, unknown
NADH-uboquinone
oxidoreductase 24kD
4 1138019 6.29 At4g02590 UNE12 subunit, MLO1
NADH-uboquinone
oxidoreductase 24kD
4 1138410 6.29 At4g02590 UNE12 subunit, MLO1
1 16967192 6.05 At19g42525 unknown ransposable element (TE), TE
1 28283354 5.59 At1g75380 AtBBD1 Sec14p-like prot., unknown
bHLH transcription factor,
2 19096217 5.81 At2g46520 unknown ARF11
At phosphate transporter 2,
2 16261705 5.77 At2g38950 transcription factor ERO2
2 4482275 5.56 At2g11240 TE TE, transferase
oxidoreductase, ubiquitin-prot.
3 11227279 6.05 At3g29265 TE ligase
3 9398878 6.01 At3g25740 MAP1B EDF3, Fbox prot.
3 20168050 5.81 At3g54470 unknown Fbox prot., SKIP5
3 20176964 5.81 At3g54500 unknown RNAPol Il E, ERD4
4 11156823 5.84 At4902540 unknown thylakoid prot., unknown
4 1115996 5.84 At4902540 unknown thylakoid prot., unknown
4 1117210 5.84 At4902540 unknown thylakoid prot., unknown
4 1119896 5.84 At4902541  unknown unknown, unknown
aldose 1-
epimerase,
5 4913335 5.82 Atbg15150 homeobox 3 gene bHLH prot.
Table S2: Loci significantly associated with T°C-dependent total SA homeostasis after Bonferroni
correction are represented in bold
940
941
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Table S4: Primer list for RT-qPCR

AGI sense gene sequence

AT2G28390 Fw SAND AACTCTATGCAGCATTTGATCCACT
AT2G28390 Rv SAND TGATTGCATATCTTTATCGCCATC
AT2G14610 Fw PR1 TTCTTCCCTCGAAAGCTCAA
AT2G14610 Rv PR1 AAGGCCCACCAGAGTGTATG
AT4G02590 Fw 3' UNE12 TCTAACGATGGGACTGAACG
AT4G02590 Rv 3' UNE12 CTACTGTGGAGGATTGTTCTC
AT4G02590 Fw &' UNE12 TGGCTAGTAACAACCCTCAC
AT4G02590 Rv &' UNE12 AATCCTCCGTCAACTCCAGA
AT2G43010 Fw PIF4 CGGAGTTCAACCTCAGCAGT
AT2G43010 Rv PIF4 ACCGGGATTGTTCTGAATTG
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Fig. S1: Comparing Acinetobacter biosensor-based method and GC-MS analysis for
measuring total and free SA contents in A. thaliana leaves of 7-week-old plants. a) Total SA
in four A. thaliana accessions with contrasting SA contents grown at 22°C (n=5). Significant
differences between methods after Student t-test are indicated with a star on plot. b) Free SA
in four A4. thaliana accessions with contrasting SA contents grown at 22°C (n=5). Significant
differences between methods after Student t-test are indicated on plot.
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955  Fig. S2: Correlation of total SA and free SA contents measured by GC-MS in 15 4. thaliana
956  accessions in three biological replicates. Plants were 5-week-old when sampled and grown at
957  22°C. R= Pearson’s correlation index (t = 14.365, df = 43, p-value < 2.2¢-16).
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961  Fig. S3: Total SA contents measured over developmental time in five A. thaliana accessions
962  or mutants with contrasting SA contents (n=12 from three biological replicates except for 15 d
963  time point where n=2). Letters indicate significant differences after Tukey’s multiple testing
964  correction in one-way ANOVA. Circles indicate time point at which 100% plants were
965 flowering. Grey shadows indicate standard error.
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968

969  Fig. S4: Bacterial titres in leaves of 4. thaliana accessions 4 h after spray inoculation with Pst
970  DC3000. a) Bacteria-inoculated 5-week-old plants of 11 A. thaliana accessions, as indicated,
971  grown at 16°C or 22°C (n=9, three biological replicates). Significant differences between
972  temperatures after Student t-test with p-values < 0.05 are indicated on plot with a star. Error
973  bars represent standard error. b) Bacteria-inoculated 5-week-old plants of 10 SA-deficient A.
974  thaliana accessions grown at 16°C or 22°C (n=9 from 3 biological replicates except for Ven-1
975  where n=6). Significant differences between temperatures after Student t-test with p-values <
976  0.05 are indicated on plot with a star. Error bars represent standard error.
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Fig. S5: Pst DC3000 growth time course on minimal liquid medium. Bacteria were measured
by optical density (ODggo) increase over 56 h in M9 minimal salt medium with sorbitol at
16°C (black) and 22°C (white) (n=3 from three biological replicates). Significant differences
after Student t-test are represented with stars.
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Fig. S6: Leaf total SA contents in 5-week-old A. thaliana accessions (black) and transgenic 4.
thaliana accessions transformed with a bacterial NahG gene (white). Lines were phenotyped
in the environment in which the parental line displayed highest SA accumulation to ensure
full SA depletion (n=3 from 3 biological replicates). Error bars represent standard error.
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Fig. S7: Comparison of phenotypes between Col-0 and unel2-01 T-DNA insertion line in 5-
week-old plants grown at 16°C and 22°C. Data are represented as boxplots. a) UNE2
expression relative to SAND reference gene in mature leaves (n=3 from biological replicates).
Significant differences between temperatures after Student t-test with p-values < 0.05 are
indicated on plot with a star. b) Total SA contents in mature leaves (n=3 from biological
replicates). Significant differences between temperatures after Student t-test with p-values <
0.05 are indicated on plot with a star. ¢) PRI expression levels relative to SAND in mature
leaves (n=3 from biological replicates). Significant differences between temperatures after
Student t-test with p-values < 0.05 are indicated on plot with a star. d) Above-ground fresh
weight (n=3 from 3 biological replicates). Significant differences between temperature
regimes after Student t-test with p-values < 0.05 are indicated on plot with a star. e) Visual
phenotypes of lines at 16°C and 22°C.
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