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Abstract

Salicylic acid (SA) is a central signaling molecule in development and defense, therefore
its levels are tightly controlled. One control mechanism is conjugation with sugar moieties
by UDP glucosyltransferases (UGTs). In Arabidopsis, UGT76B1, UGT74F1, and UGT74F2
are known to glucosylate SA. We show that these are the main SA UGTs in leaves, since
only marginal levels of SA glucosides were found in a triple loss-of-function mutant.
Analyzing transcriptomes, metabolite levels, and phenotypes of a full combinatorial set of
loss-of-function mutants, we resolved the mutual relationships and the individual roles of
these enzymes in SA homeostasis. The strongest gene expression changes were
observed for the ugt76b1 ugt74f1 double mutant, which downregulated developmental
genes and most pronouncedly upregulated cell death-related genes. Among the single
mutants, ugt76b1 specifically exhibited increased production of reactive oxygen species,
increased resistance to infection, and early senescence. Likewise, higher-order mutations
confirmed the dominant role of UGT76B1 in controlling SA levels and thereby the
expression of biotic stress response genes. Both UGT74F1 and UGT74F2 affected
UGT76B1 expression. However, while UGT76B1 and UGT74F1 produced SA-2-O-B-
glucoside, UGT74F2 did not contribute there substantially. Instead, UGT74F2 acted
independently of UGT74F1, decreasing steady-state SA levels by producing salicyloyl
glucose ester. Remarkably, this did not restrict defense responses. In contrast, UGT74F1
interacted with UGT76B1 in suppressing defense responses. Nevertheless, a
benzothiadiazole-triggered defense scenario induced only UGT76B1, whereas UGT74F1
was linked to controlling abiotic stress responses. All three enzymes form a network that,
in concert with other UGTs, regulates expression of developmental and stress-related
genes.

INTRODUCTION

Salicylic acid (SA; 2-hydroxybenzoic acid) is an important secondary phenolic compound
occurring in a broad range of prokaryotic and eukaryotic organisms. In plants, SA is
involved in a multitude of developmental processes and stress responses, playing an
essential role during the whole lifespan of the organism (Liu et al., 2015). Both at local and
systemic levels, plant resistance to biotrophic pathogens is mediated through SA, and SA
biosynthesis is enhanced during plant defense (Song, 2006; Song et al., 2008; Vlot et al.,
2009; Zhang et al., 2013; Lu et al., 2016; Dempsey and Klessig, 2017; Vlot et al., 2020).
However, high concentrations of endogenous SA have a negative impact on plant growth.
Plants with constitutively elevated SA levels exhibit both an enhanced disease resistance
and a reduced growth phenotype (Rivas-San Vicente and Plasencia, 2011; Chandran et
al., 2014). Therefore, controlling the endogenous free SA levels is crucial for maintaining a

tradeoff between growth and defense (Huot et al., 2014).
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SA glucosylation suppresses SA signaling and attenuates defense responses (Vlot et al.,
2009; Dempsey et al., 2011; Dempsey and Klessig, 2017). Increased SA glucoside levels
after pathogen infection might also be storage forms, but reuse has not been shown (Viot
et al., 2009; Vaca et al., 2017). The Arabidopsis glucosyltransferases UGT76B1
(AT3G11340), UGT74F1 (AT2G43840), and UGT74F2 (AT2G43820) can form SA
glucosides and thus are possible candidates to influence free SA levels after pathogen
infection (Dean et al., 2005; Dean and Delaney, 2008; Song et al., 2008; Noutoshi et al.,
2012; George Thompson et al., 2017). There are two types of SA glucosides:
Glucosylation at the phenolic group of SA leads to SA-2- O-3-D-glucoside (SAG), whereas
glucosylation at the carboxyl group leads to salicyloyl glucose ester (SGE), which in vitro
was only formed by UGT74F2 (Lim et al.,, 2002; Dean and Delaney, 2008; George
Thompson et al., 2017;).

UGT76B1 plays a central role in defense regulation of Arabidopsis. The ugt76b1 knockout
mutations of either Columbia (Col) and Wassilewskija (Ws) background led to a higher
resistance to pathogens (von Saint Paul et al., 2011; Noutoshi et al., 2012). In addition to
SA, UGT76B1 glucosylates isoleucic acid (ILA) and N-hydroxypipecolic acid (NHP), which
inhibit SA glucosylation and thereby enhance defense in a UGT76B1-dependent manner
(Maksym et al., 2018; Bauer et al., 2020a; Bauer et al., 2020b; Holmes et al., 2020;
Mohnike et al., 2020). This crucial role of UGT76B1 in balancing the plant defense status
raises the question about the roles of UGT74F1 and UGT74F2 in defense or other SA-
related processes. Regarding UGT74F1, discrepant resistance phenotypes of the Ws-
based ugt74f1-1 knockout mutant have been reported, ranging from stronger resistance to
stronger susceptibility to Pseudomonas syringae pv tomato DC3000 (Pst) (Noutoshi et al.,
2012; Boachon et al., 2014). A defense-regulating effect of UGT74F2 was suggested by a
more resistant Col-based ugt74f2 knockdown line and a UGT74F2 overexpression line
with increased susceptibility (Song et al., 2008; Boachon et al.,, 2014). UGT74F2
glucosylates not only SA but also anthranilate and nicotinate, which is involved in the NAD
salvage pathway (Quiel and Bender, 2003; Cartwright et al., 2008; Grubb et al., 2014; Li et
al., 2015).

Levels of SA and SA glucosides have previously been studied in single ugt mutants. Free
SA of ugt76b1 knockout plants was elevated, but SAG regulation diverged between Col
and Ws (von Saint Paul et al., 2011; Noutoshi et al., 2012). Like the resistance phenotype,
the reported SA metabolite levels of ugt74f1-1 knockout plants varied across different
studies (Noutoshi et al., 2012; Boachon et al., 2014). Also for the Col ugt74f2 knockdown
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90 mutant contrasting results on SA levels after infection were found (Boachon et al., 2014; Li
91 etal., 2015). Thus, although UGT76B1, UGT74F1, and UGT74F2 can form SA glucosides,
92 their individual roles and interaction in Arabidopsis SA homeostasis remain an open

93 question.

94 To elucidate functional relationships between the three UGTs in SA glucosylation, this work

95 analyzes a complete set of single, double, and ftriple loss-of-function mutations of

96 UGT76B1, UGT74F1, and UGT74F2 that were uniformly generated in the Arabidopsis Col

97 background. With the triple mutant containing only marginal levels of SAG and SGE, these

98 three UGTs largely cover the SA glucosylation activity of Arabidopsis Col leaves. We

99 characterize the mutants simultaneously with respect to gene expression profiles obtained
100 by RNA sequencing and with respect to SA metabolite levels measured by liquid
101 chromatography-mass spectrometry (LC-MS). Furthermore, benzothiadiazole (BTH)
102 treatment as well as phenotypic assays were performed to investigate the link to defense
103 reactions.

104
105 RESULTS

106 Generation of ugt knockout mutations in all combinations

107 We first generated a full combinatorial set of loss-of-function mutants with the same
108 genetic background, namely Arabidopsis Col. Applying a CRISPR/Cas9-based system for
109 genome editing in Arabidopsis, we generated a ugt74f1 allele (Clough and Bent, 1998;
110 Fauser et al., 2014). Wild type was transformed with a construct targeting the first exon of
111 UGT74F1 (Supplemental Methods). Deletion of the A at position 466 of the genomic
112 sequence relative to the ATG translation start resulted in a premature stop codon of the
113  ugt74f1-2 mutant. Beside the previously studied ugt74f2-i1a knockdown line, a ugt74f2-2
114 loss-of-function mutant was available (mutant Q153* with a premature stop codon; Quiel
115 and Bender, 2003), which we used after backcrossing and elimination of two additional
116 mutations (trp7 and g/7). Finally, we reused the ugt76b1-1 loss-of-function allele (von Saint
117 Paul et al., 2011).

118 Higher-order mutants were generated by genetic crossing if possible. Since UGT74F1 and
119 UGT74F2 are positioned in close proximity on chromosome 2, crossing is not feasible.
120 Therefore, the same CRISPR/Cas9 approach as for ugt74f1 was applied in the ugt74f2-2
121 mutant to generate a ugt74f1-3 ugt74f2-2 double mutant, which contains an insertion of an

122 A after position 466 relative to ATG, leading to another premature stop codon in the first
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123 exon of UGT74F1. The ugt74f1-3 ugt74f2-2 double mutant was crossed with ugt76b1-1 to
124 generate a triple ugt mutant. In total, we thus obtained single knockout mutants for
125 UGT74F1, UGT74F2, and UGT76B1 (from now on ugt74f1, ugt74f2, and ugt76b1) as well
126 as all combinations of knockouts in Col background (Fig. 1A, color key; Supplemental
127 Methods; Supplemental Table 2).

128 This mutant set enabled a direct comparison of the three UGTs with respect to their

129 Dbiological functions and an assessment of their interplay in SA glucosylation.
130 Gene expression profiles of ugt knockout mutants

131 The overall biological impact of ugt mutations was investigated at the gene expression
132 level. A leaf RNA-seq analysis yielded gene expression profiles of four biological replicates
133 for each single and combined mutant (Materials and Methods, Supplemental Methods). As
134 a reference, we measured wild-type samples, both under normal conditions and under
135 mimicked stress induced by the treatment with the SA analog BTH. Additionally, the triple
136 knockout mutant was analyzed under BTH stress.

137 Biological replicates appeared as clusters in the principal component visualization of all
138 gene expression profiles (Fig. 1A). The first component, explaining 34% of the variance,
139 separated BTH-treated plants, plants with the ugt76b1 mutation, and plants without the
140 ugt76b1 mutation. The top hundred genes correlating with the first component were
141 significantly enriched in protein glycosylation and transport functions (p.adj<5.8e-8). The
142 second largest variance component separated plants with the ugt74f1 mutation from plants
143 without the ugt74f1 mutation. The top hundred genes correlating with the second
144 component had a significant enrichment for response to abiotic stimulus and related
145 functions (p.adj<3.5e-8). Some pairs of mutants belonged to the same cluster in the two-
146 dimensional visualization. That was the case on the one hand for ugt76b1 and ugt76b1
147 ugt74f2, and on the other hand for ugt76b1 ugt74f1 and ugt76b1 ugt74f1 ugt74f2,

148 confirming the minor impact of the ugt74f2 mutation.

149 Differential analysis relative to the wild type revealed that the ugt76b1 ugt74f1 mutation led
150 to the largest numbers of up- and of downregulated genes among all mutants, whereas the
151 ugt74f2 mutation had by far the smallest effect (Fig. 1B). Interestingly, the strong effect of
152 the ugt76b1 ugt74f1 mutation was softened by an additional ugt74f2 mutation; in particular,
153 the number of downregulated genes was markedly reduced. The genes that were
154 downregulated by ugt76b1 ugt74f1 and not by ugt76b1 ugt74f1 ugt74f2 were enriched

155 regarding functions in extracellular region, tissue development, regulation of growth and
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156 transcription factor activity (p.adj<8.9e-8). This indicates that developmental processes
157 were suppressed more strongly in the double mutant than in the triple mutant, suggesting
158 that UGT74F2 inhibits developmental processes and behaves antagonistically to
159 UGT76B1 and UGT74F1.

160 In summary, the ugt76b1 and ugt74f1 mutations had the largest impact on the gene
161 expression profiles and showed distinct characteristics when occurring separately or

162 together. The effect of the ugt76b1 mutation resembled the effect of BTH treatment.
163 SA marker gene expression and defense response of single ugt mutants

164 To further study the biological functions of UGT76B1, UGT74F1, and UGT74F2, we first
165 investigated the single mutants regarding expression changes of SA marker genes (Blanco
166 et al., 2009), which supposedly reflect the levels of non-glucosylated SA. Here, ugt76b1
167 had the largest number of upregulated SA marker genes (Fig. 2A). The majority of them
168 were specific to ugt76b1, the others were shared between ugt76b1 and ugt74f1, which
169 itself had only very few specific genes. Finally, ugt74f2 showed upregulation of only four
170 marker genes, all of which were shared with ugt76b1 and ugt74f1 but have no immediate
171 role in SA metabolic reactions (AT1G49000, AT3G05660, AT3G48640, AT4G14365).

172 We then explored whether these differences between single mutants were also visible at
173 the phenotypic level. Indeed, ugt76b1 plants showed a significantly stronger resistance
174 against Pst than ugt74f1, ugt74f2, and wild-type plants, which behaved similarly to each
175 other (Fig. 2B). Furthermore, ugt76b1 exhibited an early senescence phenotype after eight
176 weeks that was not present in ugt74f1 and ugt74f2 (Fig. 2C).

177 Together, the phenotypic results revealed major discrepancies between ugt76b1 and the
178 other single mutants with respect to defense responses and leaf senescence. SA plays a
179 role in both of these processes (Vlot et al., 2009; Guo et al., 2017). The expression of SA
180 marker genes as well as the overall gene expression profiles substantially differed among

181 all three single mutant lines.
182 Spatial expression patterns and structural characteristics of SA UGTs

183 The observed phenotypic and transcriptomic differences between ugt76b1 and the other
184 single mutant lines indicate functional differences among the three UGT enzymes. We
185 therefore analyzed whether differences in structure or cellular localization of the enzymes

186 contribute to their specific biological functions.
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187 To complement the whole-leaf transcriptome measurements with information on tissue-
188 specific regulation, we used transgenic lines harboring promoter GFP-GUS reporter
189 fusions. UGT74F1 and UGT74F2 were expressed in the leaf vascular tissue. In contrast,
190 UGT76B1 expression was patchy and spread across the leaf (Supplemental Fig. 1).
191 UGT76B1 also showed a strong expression in the root tips, which was not detected for
192 UGT74F1 and UGT74F2. This is consistent with the spatial expression patterns reported
193 in the ePlant database (Waese et al., 2017), which additionally reports a strong induction
194 of UGT74F1 in young leaves. Importantly, the GUS expression patterns did not change
195 when the reporter lines were introgressed into the respective other single mutant

196 backgrounds (Supplemental Fig. 1).

197 Differences in the active site conformations between UGT74F1 and UGT74F2 are
198 responsible for preferential SAG or SGE formation of the two enzymes, which have an
199 amino acid sequence identity of 77% (George Thompson et al., 2017). A multiple amino
200 acid sequence alignment for UGT74F1, UGT74F2, and UGT76B1 indicated that UGT76B1
201 had only 27-29% sequence identity to the other two proteins but shared His 18 and Asp
202 111, which form the catalytic dyad of UGT74F proteins (Supplemental Fig. 2; Gouy et al.,
203 2010; George Thompson et al., 2017). Except for the catalytic dyad and the conserved
204 Asp 366/369, in silico structure homology modeling revealed substantial differences in the
205 binding pockets of UGT76B1 and the UGT74F proteins around the SA ligand
206 (Supplemental Fig. 3; Kelley et al.,, 2015). UGT76B1 has less bulky amino acids and
207 therefore more space at the active site, allowing it to glucosylate other substrates than SA,
208 namely ILA and NHP, which competitively affect UGT76B1’s activity (Maksym et al., 2018;
209 Bauer et al., 2020b; Mohnike et al., 2020).

210 To evaluate whether these structural and enzymatic differences contribute independently
211 from cellular expression differences to the discrepancy among mutant phenotypes, we
212 constructed a hybrid composed of the UGT74F1 coding sequence fused with UGT76B1 5'
213 and 3' regulatory regions and introgressed it in the ugt76b71 mutant (Supplemental
214 Methods). Two independent hybrid lines generated in this way still showed the same
215 defense and senescence phenotype as the ugt76b1 mutant, whereas complementation

216 with the complete UGT76B71 gene sequence restored the wild-type phenotype (Fig. 2D-E).

217 Thus, the specific structure and enzymatic properties of UGT76B1 play a crucial role in
218 regulating SA-related processes like defense and leaf senescence. This task cannot be
219 performed by the UGT74F1 protein.

220 Biological processes altered by single and combined ugt mutations

7 7
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221 To get insights into functional changes in single and combined ugt mutants, a
222 comprehensive Gene Ontology (GO) term enrichment analysis was performed for
223 differentially expressed genes (Supplemental Dataset 1). The GO slim selection of 46
224 representative biological process terms (Supplemental Methods) was used for an overall
225 visualization, showing that many processes were upregulated across almost all mutants in
226 comparison to the wild type (Fig. 3A). Cell death and the (partly overlapping but much
227 more comprehensive) term response to biotic stimulus had the largest enrichment for all
228 mutants except for ugt74f2, which in fact did not show enrichment with respect to any GO
229 term, underlining the minor impact of UGT74F2 loss on the leaf transcriptome. There was
230 a large overlap of significantly enriched processes between ugt76b1 and ugt74f1, but
231 ugt76b1 upregulated without any exception many more genes of these processes than
232 ugtr4f1. The number of upregulated response to biotic stimulus genes matches the
233 stronger pathogen resistance of ugt76b1 (Fig. 2B). Abscission was only enriched for
234 ugt76b1, including the upregulated gene SENESCENCE-RELATED GENE 1 (AT1G17020)
235 in consistency with the leaf senescence phenotype observed only for this single mutant
236 (Fig. 2C). Biosynthetic and metabolic process functions as well as circadian rhythm genes

237 were only significantly upregulated by ugt74f1, not by ugt76b1.

238 Among the ugt mutants, ugt76b1 ugt74f1 had the largest number of upregulations in all
239 enriched processes and went beyond the effects of the ugt76b1 and ugt74f1 single
240 mutants. This is also reflected in the strong significance of the adjusted enrichment p-
241 values for ugt76b1 ugt74f1, outperforming the other mutants (Fig. 3B). The ugt76b1
242 ugt74f1 mutant was enriched in all the processes that had shown up for either the ugt76b1
243 or the ugt74f1 mutant, with one interesting exception: Instead of biosynthetic processes,
244 catabolic processes were activated. In fact, biosynthesis was downregulated along with
245 growth and development (see below). The ugt74f1 ugt74f2 double mutant upregulated
246 only approximately half of the response to biotic stimulus or cell death genes that were
247 upregulated by the ugt74f1 single mutant, supporting a counteracting effect of the ugt74f2
248 mutation. Similarly, the ugt76b1 ugt74f1 ugt74f2 triple mutant had less upregulated genes
249 in these processes than the ugt76b1 ugt74f1 double mutant.

250 In total, four hundred GO terms were enriched among upregulated genes of the triple
251 mutant (Supplemental Dataset 1). We visualized the biological process terms according to
252 their overlap of upregulated genes and grouped them according to their broad theme (Fig.
253 3C). Clearly, the majority of terms and also the terms with the largest numbers of

254 upregulated genes were related to stress responses (Fig. 3D). The top most significantly
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255 enriched terms were defense response and systemic acquired resistance (SAR).
256 Furthermore, SA biosynthetic process, response to SA, and regulation of cell death were
257 at the top of the list (p.adj<2.0e-65), followed by several different localization and signaling
258 processes, and regulation of reactive oxygen species (ROS) metabolic process
259 (p.adj<3.0e-47). The term ranking was highly similar to ugt76b1, showing the dominance
260 of this mutation.

261 Responses to abiotic stimulus, temperature, and water deprivation also showed an
262 enrichment among upregulated genes of the triple mutant. In contrast, response to light
263 stimulus was enriched among downregulated genes, making up the main fraction of its
264 149 downregulated genes in response to abiotic stimulus. Indeed, upregulation of
265 response to light stimulus depended on the presence of UGT76B1 and UGT74F1 or
266 UGT74F2 (Fig. 3E and next subsection). The ugt76b1 ugt74f1 double mutant
267 downregulated even more light-responsive genes and — in contrast to the triple mutant —
268 many processes related to development and growth (Fig. 4A). The ugt74f1 single mutant
269 downregulated some developmental processes and secondary metabolism, but not
270 growth.

271 In summary, ugt76b1 ugt74f1 was the most affected mutant in our combinatorial set,
272 showing tremendous expression upregulation in biotic stress response and cell death
273 genes and severe downregulation of development and growth processes compared with
274 the wild type.

275 Functional interactions of UGT enzymes

276 The comprehensive set of mutants for the three enzymes UGT76B1, UGT74F1, and
277 UGT74F2 allowed us to study their functional interaction effects on the expression of other
278 genes. The ugt76b1 ugt74f1 ugt74r2 triple mutant forms the reference based on which the

279 effect of adding one or several functional proteins will be evaluated.

280 The presence of UGT76B1 alone (i.e. ugt74f1 ugt74f2) led to an upregulation of
281 transcription factor activity, response to JA, JA metabolism, and response to water
282 deprivation or ABA, and to a downregulation of defense response, SAR and SA
283 biosynthesis. UGT74F1 induced an upregulation of light-related responses and a
284 downregulation of circadian rhythm and temperature and drought responses. Co-
285 occurrence of both enzymes had positive interaction effects on light-related and general
286 abiotic responses as well as glucosyltransferase activity (Supplemental Dataset 2, Fig.

287 3E), whereas it negatively affected defense and responses to both JA and SA (Fig. 4B).
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288 Upregulation effects were dominated by UGT74F1, downregulation effects were
289 dominated by UGT76B1.

290 UGT74F2 presence was characterized by a repression of several transport-related
291 processes (Supplemental Dataset 2). Interestingly, UGT74F1 and UGT74F2 showed
292 almost no interaction (Figs. 3E and 4B), suggesting independent modes of action. In
293 contrast, when UGT74F2 co-occurred with UGT76B1, approx. 250 genes displayed a
294 positive interaction effect and approx. 300 genes displayed a negative interaction effect.
295 The former gene set was enriched in mostly light-related abiotic stress responses, the
296 latter in circadian rhythm and heat- and drought-related abiotic stress responses. Positive
297 interaction effects were very similar when either UGT74F2 or UGT74F1 joined UGT76B1.
298 With the interaction of all three enzymes growth and development processes were
299 promoted and responses to both biotic and abiotic stresses were downregulated (Figs. 3E
300 and 4B).

301 In summary, UGT76B1 showed strong interaction effects with both other enzymes.
302 SA metabolite levels of ugt mutants

303 To further elucidate the functional interactions between the UGT enzymes, we were
304 interested how their combinatorial presence or absence influences global levels of their
305 common substrate SA and their glucosylation products SAG and SGE. For that purpose,
306 metabolite levels were determined by LC-MS. Under control conditions, the ugt74f1,
307 ugt74f2, and ugt74f1 ugt74f2 mutants showed SA levels similar to the wild type, whereas
308 all mutants containing the ugt76b1 mutation showed significantly enhanced SA levels (Fig.
309 5A), suggesting that UGT76B1 controls SA levels. A significant increase of SAG levels
310 relative to the wild type was only observed for ugt76b1 ugt74f2. SGE was significantly
311  enhanced in ugt76b1 and ugt76b1 ugt74fi1. Clearly, enhanced production of SAG and SGE
312 occurred only in the absence of UGT76B1 and depended on UGT74F1 and UGT74F2,
313 respectively.

314  After treatment with BTH, wild-type levels of all three compounds went up compared with
315 control conditions (Fig. 5A). Remarkably, production of SAG was reduced to marginal
316 levels in the triple mutant, significantly below the wild type, suggesting that no other
317 enzymes take over this function. SGE levels of ugt74f1 ugt74f2 dropped significantly below
318 the wild-type concentration and became undetectable, showing that UGT76B1 cannot
319 produce it. SA levels of ugt74f2 were significantly above those of the wild type and
320 ugt76b1 ugt74f1, indicating that UGT74F2 restricts the free SA level under BTH treatment.
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321 Taken together, while all three SA-related compounds are induced by BTH, each of them is
322 regulated in a distinct manner by a combination of functional UGTs. UGT74F1 and UGTF2
323 promote the production of SAG and SGE, respectively, whereas UGT76B1 has a main role

324 in keeping free SA levels down.
325 Gene expression changes associated with SA homeostasis

326 Given the complex response of SA-related compounds to ugt mutations and BTH
327 treatment, we were interested whether their levels could be predicted from gene
328 expression profiles, thus revealing the most relevant associated biological processes. For
329 that purpose we applied two methods that performed best in prediction of several
330 quantitative response variables (Costello et al., 2014): Bayesian Multiple Kernel Learning
331 (BMKL) and Random Forests (RF). The measurements of SA, SAG, and SGE from the
332 samples used for the RNA-seq analysis showed the same trends as discussed in the
333 previous section for the full LC-MS dataset, and biological replicates co-occurred in
334 clusters (Fig. 5B).

335 The samples of the dataset were divided into ten groups to perform cross-validation, each
336 time keeping one group as a test set and taking the remaining samples for training. In
337 addition to the standard cross-validation based on random splitting, we considered the
338 more challenging task of testing predictions for each biological group, i.e. genotype-
339 treatment combination, when training was performed only with the other biological groups.
340 For a fair performance evaluation in spite of the changing output value range of training
341 data across the cross-validation folds, we took the correlation between true and predicted

342 differences of the test samples to the training samples as a quality assessment criterion.

343 Both methods performed well, achieving a correlation of more than 0.8 in almost all cases
344 and median values greater than 0.94 across the cross-validation folds for all SA-related
345 compounds and prediction tasks (Fig. 5C). This indicates that reliable relationships
346 between gene expression and compound levels were detected. For the more difficult task
347 of predicting a new biological group, the performance showed larger variance and range of
348 extreme values than for predicting unseen samples of known biological groups. Overall,
349 the predictions of BMKL tended to be more robust, with greater or comparable median
350 values relative to RF. Therefore, we analyzed the BMKL models in more detail to get
351 insights into potential biological relationships. For each cross-validation fold, BMKL learned
352 a single model for all three compounds. In contrast to RF, BMKL does not yield importance
353 weights for single genes but for predefined groups of genes, limiting the number of

354 parameters to learn. We used the 46 GO slim biological process terms as gene groups.
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355 Remarkably, the top ten highest-ranking GO slim groups were identical for both cross-
356 validation tasks (Fig. 5D). Both times the most predictive group was cell death
357 (GO:0008219). It received the top weight in each random cross-validation fold and seven

358 times in the group cross-validation.

359 Among the cell death genes, the top candidates at the individual gene level were
360 investigated for both methods. The BMKL analysis was repeated defining each cell death
361 gene as its own group. This yielded as top genes MPK3 (MITOGEN-ACTIVATED
362 PROTEIN KINASE 3; AT3G45640) and SOT12 (SULFOTRANSFERASE 12; AT2G03760).
363 MPK3 was significantly upregulated by ugt76b1, ugt76b1 ugt74f1, ugt76b1 ugt74f2, and
364 BTH-treated wild type compared with wild-type control, matching the regulation pattern of
365 SGE and SAG. SOT172 is known to respond to SA and to form SA sulfonate. For RF, the
366 top-ranked cell death genes were RIN4 (RPM1 INTERACTING PROTEIN 4; AT3G25070),
367 associated to bacterial defense, and the ozone-responsive ARM repeat superfamily protein
368 AT3G02840 (Berardini et al., 2015). MPK3 also appeared among the top 15 genes.
369 However, for both methods the prediction capacity dropped when focusing on cell death

370 genes, demonstrating the benefit of wider gene profiles for robust predictions.

371 In summary, it was possible to relate UGT-dependent changes in levels of SA-related
372 compounds to gene expression profiles, and the most predictive gene groups were cell

373 death and, partly overlapping but much broader, response to biotic stimulus.
374 ROS formation related to SA homeostasis

375 The prediction analysis revealed cell death as the top gene group whose expression levels
376 were associated with the levels of SA, SAG, and SGE in Arabidopsis leaves. In addition to
377 the common prediction factors for all three compounds identified in the previous section,
378 we extracted for each individual compound the single differentially expressed gene from
379 the cell death category that correlates best with the compound level changes across

380 samples from all UGT genotype combinations and treatments (Fig. 6A).

381 For SA, we obtained RDR1 (RNA-DEPENDENT RNA POLYMERASE 1; AT1G14790) as
382 the top associated gene. RDR1 expression matched well the pattern of measured SA
383 levels: it was upregulated in all four mutants with the ugt76b7 mutation and for all BTH-
384 treated groups compared with the wild-type control and had the largest fold changes for
385 BTH-treated groups and ugt76b1 ugt74f2 (Fig. 5A-B). RDR1 is involved in response to
386 virus infection and induced by SA (Campos et al., 2014; Cao et al., 2014). The top gene
387 associated with SAG was MC8 (METACASPASE 8; AT1G16420), which has been linked to
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388 programmed cell death induced by ROS (He et al., 2008). In consistency with the SAG
389 measurements, ugt76b1 ugt74f2, ugt76b1, and BTH-treated wild type showed the
390 strongest significant upregulations. The top gene for SGE was AT3G02840, sharing the
391 strong upregulation in ugt76b1 ugt74f1, BTH-treated wild type, and ugt76b1. This gene is
392 most strongly expressed in senescent leaves (Berardini et al.,, 2015; Klepikova et al.,
393 2016) and is also induced by ROS (Inzé et al., 2012).

394 Both MC8 and AT3G02840 point towards a close relationship between SA-related
395 compounds and ROS, suggesting that ROS levels vary among the ugt mutants. In general,
396 ROS signaling, including mitogen-activated protein kinases such as MPK3, plays an
397 important role in cell death (Van Breusegem and Dat, 2006), which we identified as the
398 most relevant gene functional category for SA metabolites. To investigate ROS levels in
399 our mutant collection, we directly tested O, radical formation of the ugt mutants by
400 nitroblue tetrazolium (NBT) staining (Fig. 6B-C). Here, ugt76b1, ugt76b1 ugt74f1, ugt74f1

401 ugt74f2, and the triple mutant showed enhanced signals relative to the wild type.

402 Thus, we conclude that ROS formation is affected by all three UGT enzymes but is not
403 directly associated with levels of SA, SAG, or SGE.

404 Relationship of UGT76B1, UGT74F1, and UGT74F2 to other UGTs

405 Finally, we investigated more closely the relationship of UGT76B1, UGT74F1, and
406 UFT74F2 to the other UGTs (Paquette et al., 2003), to be aware of any compensatory or
407 co-regulatory effects among related enzymes. Many UGTs were not only differentially
408 expressed in at least one mutant or treatment condition but also individually separated
409 specific mutant or treatment groups from all the other groups via a specific expression
410 threshold (Fig. 7A, Supplemental Methods). Expression of these genes was either
411 positively or negatively associated with specific mutation or treatment conditions. Together,

412 they form a network, revealing also relationships between conditions (Fig. 7A).

413 The most obvious finding is that the effect of BTH presence resembles the effect of
414 UGT76B1 loss, irrespective of further losses. Already observed from the PCA of whole
415 gene expression profiles (Fig. 1A), the relationship is here established solely via UGT
416 expression. BTH presence and UGT76B1 loss shared for instance a distinct increase of
417 UGT76D1 and a distinct decrease of UGT76C2 and UGT76C5. UGT76D1 is known to
418 glucosylate catabolic products of SA (Huang et al., 2018). UGT85A1 expression was also
419 tightly co-regulated with UGT76B1 loss and the corresponding increases in SA levels
420 (Supplemental Dataset 3, Fig. 5A). Upregulation of UGT87A2 indicated the loss of
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421 UGT76B1, whereas its downregulation was related to the sole presence of UGT76B1 (i.e.
422 loss of UGT74F1 and UGT74F2). Similarly, UGT71C2 revealed BTH treatment by lower
423 expression and loss of only UGT74F1 by enhanced expression. Some UGTs were
424 specifically associated with one mutant, for instance UGT84A3 expression was

425 downregulated by the ugt76b1 ugt74f2 mutant, where only UGT74F1 was present.

426 In total, the gene expression profiles imply a sophisticated, fine-tuned interplay of UGT
427 genes. Specific groups of UGT genes were transcriptionally activated or deactivated in

428 response to combinatorial mutations or stress treatment.
429
430 DISCUSSION

431 The comprehensive set of loss-of-function mutants of Arabidopsis SA glucosyltransferases
432 revealed interesting combinatorial effects of the presence or absence of UGT76B1,
433 UGT74F1, and UGT74F2 (Fig. 7B). First of all, our mutant analyses consistently confirm
434 the pivotal function of these enzymes in the formation of SA glucosides. Since the triple
435 mutant had the lowest level of SAG among all genotypes, both under control conditions
436 and BTH treatment (Fig. 5A), all three UGT enzymes contribute to SAG formation in vivo.
437 Furthermore, our data support the major role of UGT74F2 in SGE formation (Lim et al.,
438 2002; Noutoshi et al.,, 2012; George Thompson et al.,, 2017): All mutants that lost
439 UGT74F2 did not show the BTH-induced increase of SGE that was observed for the wild
440 type and the remaining ugt mutants (Fig. 5A). Thus, significant SGE formation was only
441 possible when UGT74F2 was present (Fig. 7B).

442 Beyond that, specific functions of UGT76B1 and UGT74F1 in SA homeostasis were
443 revealed. UGT76B1 was essential to restrict the levels of free SA under normal conditions;
444 whenever UGT76B1 was missing, SA levels increased (Figs. 5A and 7B). The metabolite
445 data suggest that this control does not happen via SAG formation. Under normal
446 conditions, SAG levels could only rise substantially when UGT74F1 was present and
447 UGT76B1 was absent (Figs. 5A and 7B), whereas both UGT74F1 and UGT76B1
448 contributed to increased SAG production under BTH treatment (Fig. 5A). Indeed, the
449 structure analysis (Supplemental Fig. 3) and previous studies (Bauer et al., 2020a; Bauer
450 et al.,, 2020b; Mohnike et al., 2020) propose a unique role of UGT76B1 in integrating
451 additional immune-modulatory molecules that influence SA homeostasis. Thereby,
452 UGT76B1 regulates the plant defense status. Accordingly, the expression of the SA
453 synthesis gene ICS1 (ISOCHORISMATE SYNTHASE 1; AT1G74710) was upregulated by
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454  all mutants lacking UGT76B1, independently of the presence or absence of the other two
455 SA glucosyltrasferases (Supplemental Table 3, Supplemental Dataset 3). Neither
456 UGT74F1 nor UGT74F2 could replace UGT76B1 in the function of controlling SA levels
457 (Fig. 5A), even if UGT74F1 was expressed under the control of the regulatory sequences
458 of UGT76B1 (Fig. 2D-E). Thus, the unique properties of the UGT76B1 enzyme rather than
459 its expression pattern are responsible for its distinct function. Accordingly, UGT74F1 was
460 not upregulated at the loss of UGT76B1.

461 Remarkably, UGT76B1 was immensely upregulated upon BTH treatment of the wild type,
462 whereas UGT74F1 remained unchanged (Supplemental Dataset 3). This is in agreement
463 with the role of UGT76B1 as the primary SA signaling attenuator during pathogen stress
464 (Bauer et al., 2020b; Holmes et al., 2020; Mohnike et al., 2020). In contrast, combined
465 drought-heat stress led to an upregulation of UGT74F1 and no change in the expression of
466 UGT76B1 (Georgii et al., 2017). Since SA signaling also plays a role in mediating abiotic
467 stress responses (Rivas-San Vicente and Plasencia, 2011), UGT74F1 may be the specific
468 attenuator under these conditions. Consistently, loss of UGT74F1 led to an enriched
469 upregulation of drought- and heat-responsive genes (Supplemental Dataset 1), and
470 addition of UGT74F1 to the triple mutant downregulated these as the top enriched groups
471 (Supplemental Dataset 2).

472 Apart from these unique functions, UGT76B1 and UGT74F1 share several commonalities.
473 Although ugt74f1 showed a smaller number of induced SA marker genes than ugt76b1 (73
474 vs. 172), 89% of the genes were the same as for ugt76b1 (Fig. 2A), suggesting that
475 UGT76B1 and UGT74F1 have several common downstream processes. These mainly
476 include the control of biotic stress responses and cell death, with cell death showing the
477 highest fold enrichment after loss of UGT74F1 (Fig. 3A). Moreover, the expression data
478 even indicate a functional interaction of UGT76B1 and UGT74F1 in the control of defense
479 response including responses to JA and SA (Fig. 4B) but also in the control of abiotic
480 stress responses (Supplemental Dataset 2), putatively to promote growth and
481 development processes under non-stress conditions. Consistently, gene expression
482 related to growth, light response, biosynthesis, and plant development significantly
483 decreased in the double mutant where both UGT76B1 and UGT74F1 were lost, whereas
484 expression related to response to stress, response to biotic stimulus, and cell death
485 increased, with the largest number of affected genes among all the mutants (Figs. 3A, 4A,
486 and 7B).
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487 The largest number of transcriptionally upregulated transport genes was also found in
488 ugt76b1 ugt74f1, reflecting the importance of transport in defense processes, including the
489 transport of defense signals to promote systemic defense reactions (Park et al., 2007;
490 Waszczak et al.,, 2018; Maruri-Lopez et al.,, 2019). Systemic acquired resistance was
491 among the top ten enriched GO terms for the genes that were upregulated in ugt76b1
492 ugt74f1 (Supplemental Dataset 1). UGT74F1 was most strongly expressed in the leaf
493 vascular tissue (Supplemental Fig. 1). UGT76B1 was also expressed in the leaf vascular
494 tissue and overall upregulated after the loss of UGT74F1 (Supplemental Table 1).
495 Therefore, the leaf vascular tissue as transportation hub could be important for the
496 suppression of defense responses by the interaction of UGT76B1 and UGT74F1 under
497 non-stress conditions (Fig. 4B). When SA was enhanced under stress treatment, both
498 enzymes contributed to converting SA to SAG and largely compensated for the loss of
499 each other (Fig. 5A). However, UGT74F2 did not take over this function to a significant
500 degree.

501 Instead, UGT74F2 was clearly responsible for SGE formation (Figs. 5A-B and 7B). Thus,
502 UGT74F1 and UGT74F2 focus on different reactions that do not interfere with each other.
503 Accordingly, gene expression profiles revealed almost no functional interaction between
504 UGT74F1 and UGT74F2 (Figs. 3E, 4B, and 7B). However, both UGT74F1 and UGT74F2
505 interacted with UGT76B1. In fact, UGT76B1 levels significantly increased more than
506 twofold when UGT74F1 or UGT74F2 was lost (Supplemental Table 1, Supplemental
507 Dataset 3), whereas this was not the case the other way round. This suggests that
508 UGT74F1 and UGT74F2 independently restrict UGT76B1 expression via their enzymatic
509 activity (Fig. 7C). In contrast, processes related to the other substrates of UGT74F2,
510 nicotinate and anthranilate (Quiel and Bender, 2003; Li et al., 2015), were not changed
511 (Supplemental Dataset 3), suggesting that these play a minor role in vegetative leaf tissue.
512 The SA increase in the absence of UGT76B1 was weaker when UGT74F2 was present
513 (i.e. for the ugt76b1 and ugt76b1 ugt74f1 mutants) than when UGT74F2 was absent (i.e.
514 for the ugt76b1 ugt74f2 and ugt76b1 ugt74f1 ugt74f2 mutants). Since the upregulation of
515 SA synthesis genes was not affected by the presence of UGT74F2 (Supplemental Table
516 3A, Supplemental Dataset 3), the increased SGE production likely contributes to the
517 relative drop in SA levels, which remarkably does not affect defense responses (Figs. 3A
518 and 5A). Thus, SGE itself may have a relevant role in defense (Fig. 7C).

519 Other UGTs were also influenced by mutations of SA glucosyltransferases (Fig. 7A). One
520 of them, UGT75B1, can also form SGE in vitro (Lim et al., 2002). However, it did not
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521 compensate for the loss of UGT74F2 (Fig. 5A) and overall had a minor impact; in fact, it
522 was downregulated in mutants with increased SA biosynthesis (Supplemental Dataset 3).
523 In contrast, these mutants showed an increased expression of UGT85A1, which
524 glucosylates the cytokinin trans-zeatin (Hou et al., 2004; Jin et al., 2013; Smehilova et al.,
525 2016). This putative inactivation of cytokinins is consistent with a general growth-defense
526 tradeoff in the plant (Huot et al., 2014) and fits to the downregulation of growth processes
527 most prominently observed in ugt76b1 ugt74f1 (Fig. 4A). Likewise, UGT87A2 expression
528 was inversely correlated with UGT76B1 presence. Expression of this gene has been
529 associated with adaptation to abiotic stresses and reduced ROS levels (Li et al., 2017),
530 which matches our ROS measurements (Figs. 6C and 7B). Although ROS signaling plays
531 a maijor role in defense processes (Waszczak et al., 2018), variation in ROS production
532 across the mutants did not only depend on SA. UGT87A2 was induced most strongly by
533 ugt76b1 ugt74f2 (Supplemental Dataset 3), where ROS levels did not differ from the wild
534 type in spite of highly elevated SA. The downregulation of UGT87A2 by ugt74f1 ugt74f2

535 potentially favors ROS induction in spite of missing SA induction.

536 Mutations of SA glucosyltransferases had profound impacts on the plant phenotype. The
537 SAincrease due to loss of UGT76B1 provoked increased resistance to bacterial infection
538 and early senescence of the plants (Figs. 2B-C and 7B; Vlot et al., 2009; Guo et al., 2017).
539 Expression of defense genes across all the mutants was consistent with these phenotypes
540 and the measured SA levels (Figs. 3A and 7C). Remarkably, the loss of almost the whole
541 SA glucosylation capacity did not affect the viability of ugt76b1 ugt74f1 ugt74f2. This is due
542 to other mechanisms regulating SA homeostasis by conjugation or degradation that were
543 transcriptionally upregulated upon loss of SA glucosyltransferases, in particular upon the
544 loss of UGT76B1. These transcriptional changes include a slight but significant
545 upregulation of the gene encoding SOT12, which sulfonates SA (Baek et al., 2010), and,
546 more importantly, a substantial enhancement of the SA hydroxylation pathway involving
547 S3H (SA 3-HYDROXYLASE), S5H (SA 5-HYDROXYLASE), and UGT76D1 (Supplemental
548 Table 3B, Supplemental Dataset 3, Fig. 7C), leading to 2,3- and 2,5-dihydroxybenzoic acid
549 and their glucosides (Zhang et al.,, 2017; Huang et al., 2018). In contrast, the SA
550 methylation pathway remained unaffected (BSMT1; Supplemental Table 3B; Chen et al.,
551 2003).

552
553

554
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555 CONCLUSIONS

556 This study disentangled individual roles and relationships of the three main Arabidopsis
557 thaliana SA glucosyltransferases, UGT76B1, UGT74F1, and UGT74F2, in SA homeostasis
558 and demonstrated their combinatorial effects on development and defense processes.
559 According to our comprehensive mutant comparisons, UGT76B1 is essential for restricting
560 SA levels and is influenced both by UGT74F1 and UGT74F2. UGT74F2 is crucial for
561 producing SGE but does not contribute substantially to SAG production. Steady state
562 increase of SGE and decrease of SA does not decrease transcriptional defense
563 responses, suggesting a defense-supportive role of SGE. Both UGT76B1 and UGT74F1
564 control defense processes and functionally interact in suppression, but UGT76B1 holds
565 the central and unique role as a defense regulator, tightly coupled with restriction of SA
566 biosynthesis and SA catabolism, whereas UGT74F1 has a subordinate role. Moreover, the
567 two enzymes have different specificities when the plant faces stress. UGT76B1 is the
568 primary SA signaling attenuator during biotic stress, whereas UGT74F1 attenuates SA
569 signaling during abiotic stress. The positive and negative associations between UGTs, SA
570 or SA glucoside levels, and gene expression changes uncovered in this work will direct

571 future studies on spatiotemporal regulation of salicylic acid glucosylation and resistance.
572
573 MATERIAL AND METHODS

574 Cultivation and sample collection

575 Plants were grown in a growth chamber (light/dark cycle 10/14 h at 20/16 °C, 80/65%
576 relative humidity, light at 130 umol m# s) on a peatmoss base (Floragard Multiplication
577 substrate, Germany) and quartz sand substrate mixture (8:1). Three-week-old plants were
578 sprayed with water or BTH (BION™, Ciba-Geigy, Germany) containing 0.01% Silwet L-77
579 (Lehle Seeds, USA) to support wetting of the leaves. After 1 h, plants were covered with a
580 plastic dome. Leaves were harvested after 48 hours. For one biological replicate, leaves of
581 25 plants were pooled and immediately frozen in liquid N.. The homogenized plant

582 material was split into two parts for metabolite and RNA-seq analysis.
583 Infections

584 Leaves of four-week-old plants were inoculated with Pst from their abaxial side using a 1
585 ml needle-less syringe and 5 x 10° colony-forming units (CFU) ml”" in 10 mM MgCl..
586 Inoculated plants were covered to maintain high humidity. Leaves were harvested 48 h

587 after inoculation. For one replicate, bacteria from three leaf discs from three plants were

18 18


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

588 extracted in 500 pyl 10 mM MgCl, + 0.01% Silwet L-77 (Lehle Seeds, USA) for 1h and
589 plated for colony counting. Statistical analyses were performed in R 3.6.3 using Im and
590 anova (R Core Team, 2020) and the multcomp package for posthoc testing (Hothorn et al.,
591 2008). Plots were created with gplots (Warnes et al., 2020).

592 Staining

593 GUS histochemical staining performed according to Lagarde et al. (1996). For superoxide
594 analysis, two-week-old plantlets from liquid culture were vacuum-infiltrated with 0.1% (w/v)
595 nitroblue tetrazolium (NBT, Sigma-Aldrich, Germany). Relative saturation was quantified
596 on images of single leaves and compared between groups by nonparametric testing
597 (Supplemental Methods; R Core Team, 2020).

598 Metabolic analysis

599 SA, SAG and SGE levels were extracted from negative mode LC-MS analysis performed
600 on an Ultimate 3000RS (ThermoFisher, Germany) coupled to Impact Il with Apollo Il ESI

601 source (Bruker Daltonic, Germany; Supplemental Methods).
602 RNA-seq analysis

603 RNA extraction was carried out with the innuPREP RNA Kit (Analytik Jena, Germany). All
604 samples had RQN values larger than 8.5 and 260/280 nm absorption between 2.0 and 2.2.
605 Sequencing was performed by BGI Tech Solutions Co., Ltd. (Hongkong) using the
606 BGISEQ-500 platform. After alignments against the genome (Berardini et al., 2015) using
607 hisat2-2.1.0 (Li et al., 2009; Kim et al., 2015) and gene expression quantification via
608 stringtie-1.3.4 (Pertea et al., 2015), differential expression analysis was conducted with
609 DESeq2 (Love et al., 2014), followed by GO enrichment analysis and modeling
610 (Supplemental Methods).

611 Accession numbers

612 The RNA-seq data have been deposited in the ArrayExpress database at EMBL-EBI
613 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9300).

614 Acknowlegements

615 We thank Wei Zhang for preliminary work on CRISPR/Cas9 editing. We are very grateful
616 to Burkhard Messner for providing the UGT74F1::GFP-GUS and UGT74F2::GFP-GUS
617 lines.

618

19 19


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

619 Supplemental Material

620 Supplemental Data. Supplemental Figures 1-3, Supplemental Tables 1-3, and
621 Supplemental Methods.

622 Supplemental Dataset 1. GO enrichment analysis for mutant versus wild type

623 comparisons.

624 Supplemental Dataset 2. GO enrichment analysis for functional interactions between
625 UGT enzymes.

626 Supplemental Dataset 3. Significant up- or downregulation of genes for mutants and
627 BTH-treated plants.

628
629 Figure legends

630 Figure 1. Gene expression profiling of ugt mutants. A, Principal component analysis-de-
631 rived visualization of RNA-seq leaf samples based on gene level read counts normalized
632 as transcripts per million (TPM). Four biological replicates were analyzed for Arabidopsis
633 Col-0 wild-type (WT) plants and a complete set of single, double, and triple knockout mu-
634 tants for UGT76B1, UGT74F1, and UGT74F2 in Col background. In the color key, the mu-
635 tated alleles are abbreviated to b1, f1, and f2, respectively, and the wild-type enzymes to
636 B1, F1, and F2, respectively. WT and b1 f1 f2 triple knockout plants were additionally
637 treated by the SA analog benzothiadiazole (BTH). The first component separates BTH-
638 treated plants, plants with the b7 mutation (b1, b1 f1, b1 2, b1 f1 f2) and plants without the
639 b1 mutation (solid gray lines in the plot). The second component separates plants with the
640 1 mutation from plants without the f7 mutation. B, Total number of up- or downregulated
641 genes (adjusted p-value < 0.05 and absolute log. fold change > 1) in mutants compared to
642 WT.

643

644 Figure 2. Effects of single ugt mutations on SA-related processes. A, Number of SA
645 marker genes other than UGT76B1 that are commonly or specifically upregulated in single
646 mutants relative to the wild type. Abbreviations are the same as in Figure 1. B, Bacterial
647 counts in single mutants and wild type two days after infection with Pseudomonas syringae
648 pv tomato DC3000. The graphs shows means + SE from four biological replicates. Distinct
649 letters indicate significant differences between groups according to one-way ANOVA with
650 Tukey posthoc tests (p<0.05). C, Representative images of eight-week-old plants showing
651 early senescence phenotype of ugt76b1 compared to ugt74f1 and ugt74f2. D, Bacterial
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652 counts of different complementation lines for the ugt76b1 mutant, using UGT76B1 5 and
653 3’ regulatory sequences and either the UGT74F1 coding sequence (compl. F1) or the
654 UGT76B1 coding sequence (compl. B1), in comparison with ugt76b1 and wild type. See B
655 for details on the statistical test. E, Eight-week-old rosettes of ugt76b1, complementation
656 lines, and wild type.

657

658 Figure 3. Functional enrichment among genes upregulated by ugt mutants. A, Overview of
659 Dbiologically processes upregulated in mutants relative to the WT. The heatmap shows sig-
660 nificantly enriched biological process terms that belong to the GO slim selection. B, Ad-
661 justed p-value for functional enrichment of the GO terms (A) in each mutant. The mutant
662 colors are taken from the scheme in Fig. 1A. C, Multi-dimensional scaling visualization of
663 all significantly enriched biological process terms of GO (Supplemental Methods). Circle
664 size is proportional to the number of upregulated genes annotated with the term. Circles
665 with larger distance to each other have a smaller number of upregulated genes in com-
666 mon. The color piechart indicates membership of the term in top level categories of differ-
667 ent general themes (D). D, Total distribution of themes across all significantly enriched bio-
668 logical process terms. E, Functional interactions among UGT enzymes when functional
669 proteins are present (B1: UGT76B1, F1: UGT74F1, F2: UGT74F2). The bar chart indicates
670 the number of genes showing a significant positive interaction beyond the individual effects
671 of the respective enzymes. The text boxes summarize significantly enriched functions for
672 these gene groups.

673

674 Figure 4. Functional enrichment among genes downregulated by ugt mutants. A, Heatmap
675 of significantly enriched GO slim terms. B, Negative functional interactions among UGT
676 enzymes. The bar chart indicates the number of genes showing a significant negative in-
677 teraction of the respective enzymes. The text boxes summarize significantly enriched func-
678 tions for these gene groups.

679

680 Figure 5. Changes in SA metabolite levels and associated gene expression changes of
681 ugt mutants. A, Violin plots for levels of three SA metabolites measured by LC-MS for ugt
682 mutants and BTH treatment. Groups marked by distinct letters are significantly different
683 (Kruskal-Wallis test with Dunn’s posthoc test p<0.05). B, SA metabolite levels of the bio-
684 logical samples that were used for RNA-seq analysis. Color scheme is identical to that of
685 Fig. 1A. C, Performance of predicting SA metabolite levels from gene expression data.

686 Two modeling approaches were performed, Random Forests (RF) and Bayesian Multiple
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687 Kernel Learning (BMKL). Both approaches were applied on the same training and test
688 data sets. For the training data, gene expression variables were standardized and SA me-
689 tabolite data were centered. The respective mean and standard deviation values derived
690 from the training data were used to normalize the test data. Two types of tenfold cross-val-
691 idation (CV) were performed, where the test set consisted either of a previously unseen
692 random subset of samples (Random) or an entirely new biological group (New Group).
693 The y axis indicates the correlation between true and predicted differences of the test sam-
694 ples to the training samples. Boxes show 25% and 75% quantiles, the white line repre-
695 sents the median and the whiskers indicate the extreme values across the ten folds. D, Im-
696 portance ranking of GO slim terms obtained by BMKL. Both CV runs yielded the same top
697 ten GO slim terms, here sorted by average rank of the New Group CV.

698

699 Figure 6. Relationship of SA metabolism to ROS. A, Top cell death genes positively asso-
700 ciated with levels of each SA metabolite, obtained from correlation analysis with expres-
701 sion data of all differentially expressed genes in the top category from Fig. 5D. Genes are
702 connected to the three conditions (composed of genotype and treatment) where they
703 showed the largest significant fold change compared to WT water. These are consistent
704 with significant increases observed in metabolite levels (Fig. 5A). B, Images of wild-type
705 and ugt mutant leaves after infiltrating two-week-old A. thaliana plantlets from liquid culture
706 with nitroblue tetrazolium (NBT). C, Violin plot of NBT staining relative to leaf area, with
707 white horizontal lines for 25, 50, and 75 % quantiles. Groups marked by distinct letters are
708 significantly different (Kruskal-Wallis test with Dunn’s posthoc test p<0.05).

709

710 Figure 7. Biological functions and relationships of UGT enzymes. A, Effects of presence or
711 absence of UGT76B1, UGT74F1, and UGT74F2 as well as BTH on the expression of
712 other UGT genes. The graph shows differentially expressed genes that completely sepa-
713 rate the given groups from the other samples (Methods). Positive associations are marked
714 as solid lines and indicate that expression exceeds a threshold, negative associations are
715 marked as dashed lines and indicate that expression falls below a threshold under the
716 given conditions. B, Summary of main findings for different presence/absence constella-
717 tions of UGT76B1, UGT74F1, and UGT74F2. Individual mutants are marked in the same
718 colors as in Fig. 1A, with the triple mutant at the center and double and single mutants in
719 the periphery. Groups of mutants are represented by colored shapes that include all mu-
720 tants whose borders are touched. Round rectangles represent major characteristics of

721 each group. A downward arrow represents a downregulation and an upward arrow an up-
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722 regulation; a double arrow indicates the strongest effect among all noted cases. For in-
723 stance, the largest fold enrichment value for cell death genes was found in the f1 mutant
724 (Only UGT76B1 and UGT74F2). C, Model of activating and inhibitory relationships among
725 UGT enzymes, SA metabolites, and biological processes. The main metabolic reactions
726 discussed here are depicted in orange: SA synthesis and formation of the glucosides SAG
727 and SGE.

728
729 Literature Cited

730 Baek D, Pathange P, Chung J-S, Jiang J, Gao, L, Oikawa A, Hirai MY, Saito K, Pare PW,

731 Shi H (2010) A stress-inducible sulphotransferase sulphonates salicylic acid and
732 confers pathogen resistance in Arabidopsis. Plant Cell Environ 33:1383-1392

733 Bauer S, Mekonnen DW, Geist B, Lange B, Ghirardo A, Zhang W, Schaffner AR (2020)
734 The isoleucic acid triad: distinct impacts on plant defense, root growth, and
735 formation of reactive oxygen species. J Exp Bot 71:4258-4270

736 Bauer S, Mekonnen DW, Hartmann M, Janowski R, Lange B, Geist B, Zeier J, Schaffner
737 AR (2020) UGT76B1, a promiscuous hub of small molecule-based immune
738 signaling, glucosylates N-hydroxypipecolic acid and controls basal pathogen
739 defense. https://www.biorxiv.org/content/10.1101/2020.07.12.199356v1

740 Berardini TZ, Reiser L, Li D, Mezheritsky Y, Muller R, Strait E, Huala, E (2015) The
741 Arabidopsis information resource: Making and mining the "gold standard" annotated
742 reference plant genome. Genesis 53:474-485

743 Blanco, F, Salinas P, Cecchini NM, Jordana X, Van Hummelen P, Alvarez ME, Holuigue, L
744 (2009) Early genomic responses to salicylic acid in Arabidopsis. Plant Mol Biol
745 70:79-102

746 Boachon B, Gamir J, Pastor V, Erb M, Dean JV, Flors V, Mauch-Mani B (2014) Role of two
747 UDP-Glycosyltransferases from the L group of Arabidopsis in resistance against
748 pseudomonas syringae. Eur J Plant Pathol 139:707-720

749 Campos L, Granell P, Tarraga S, Lopez-Gresa P, Conejero V, Belles JM, Rodrigo |, Lison
750 P (2014) Salicylic acid and gentisic acid induce RNA silencing-related genes and
751 plant resistance to RNA pathogens. Plant Physiol Biochem 77:35-43

752 Cao M, Du P, Wang X, Yu YQ, Qiu YH, Li W, Gal-On A, Zhou C, Li Y, Ding SW (2014)
753 Virus infection triggers widespread silencing of host genes by a distinct class of
754 endogenous siRNAs in Arabidopsis. Proc Natl Acad Sci USA 111:14613-14618

755 Cartwright AM, Lim E-K, Kleanthous C, Bowles DJ (2008) A Kinetic Analysis of
756 Regiospecific Glucosylation by Two Glycosyltransferases of Arabidopsis thaliana
757 DOMAIN SWAPPING TO INTRODUCE NEW ACTIVITIES. J Biol Chem
758 283:15724-15731

759 Chandran D, Rickert J, Huang Y, Steinwand MA, Marr SK, Wildermuth MC (2014) Atypical
760 E2F Transcriptional Repressor DEL1 Acts at the Intersection of Plant Growth and
761 Immunity by Controlling the Hormone Salicylic Acid. Cell Host Microbe 15:506-513
762 Chen F, D'Auria JC, Tholl D, Ross JR, Gershenzon J, Noel JP, Pichersky E (2003) An
763 Arabidopsis thaliana gene for methylsalicylate biosynthesis, identified by a
764 biochemical genomics approach, has a role in defense. Plant J 36:577-588

765 Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium -mediated
766 transformation of Arabidopsis thaliana. Plant J 16:735-743

23 23


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

767 Costello JC, Heiser LM, Georgii E, Génen M, Menden MP, Wang NJ, Bansal M, Hintsanen

768 P, Khan SA, Mpindi J-P, et al (2014) A community effort to assess and improve
769 drug sensitivity prediction algorithms. Nat Biotech 32:1202

770 Dean JV, Delaney SP (2008) Metabolism of salicylic acid in wild-type, ugt74f1 and ugt74f2
771 glucosyltransferase mutants of Arabidopsis thaliana. Physiol Plant 132:417-425

772 Dean JV, Mohammed LA, Fitzpatrick T (2005) The formation, vacuolar localization, and
773 tonoplast transport of salicylic acid glucose conjugates in tobacco cell suspension
774 cultures. Planta 221:287-296

775 Dempsey DMA, Klessig DF (2017) How does the multifaceted plant hormone salicylic acid
776 combat disease in plants and are similar mechanisms utilized in humans? BMC
777 Biology 15:23

778 Dempsey DMA, Viot AC, Wildermuth MC, Klessig DF (2011) Salicylic Acid Biosynthesis
779 and Metabolism. The Arabidopsis Book 2011:e0156

780 Fauser, F, Schiml S, Puchta H (2014) Both CRISPR/Cas-based nucleases and nickases
781 can be used efficiently for genome engineering in Arabidopsis thaliana. Plant J
782 79:348-359

783 George Thompson AM, lancu CV, Neet KE, Dean JV, Choe J-y (2017) Differences in
784 salicylic acid glucose conjugations by UGT74F1 and UGT74F2 from Arabidopsis
785 thaliana. Sci Rep 7:46629

786 Georgii E, Jin M, Zhao J, Kanawati B, Schmitt-Kopplin P, Albert A, Winkler JB, Schaffner
787 AR (2017) Relationships between drought, heat and air humidity responses
788 revealed by transcriptome-metabolome co-analysis. BMC Plant Biol 17:120

789 Gouy M, Guindon S, Gascuel O (2010) SeaView version 4: A multiplatform graphical user
790 interface for sequence alignment and phylogenetic tree building. Mol Biol Evol
791 27:221-224

792 Grubb CD, Zipp BJ, Kopycki J, Schubert M, Quint M, Lim E-K, Bowles DJ, Pedras MSC,
793 Abel S (2014) Comparative analysis of Arabidopsis UGT74 glucosyltransferases
794 reveals a special role of UGT74C1 in glucosinolate biosynthesis. Plant J 79:92-105

795 Guo P, Li Z, Huang P, Li B, Fang S, Chu J, Guo H (2017) A Tripartite Amplification Loop
796 Involving the Transcription Factor WRKY75, Salicylic Acid, and Reactive Oxygen
797 Species Accelerates Leaf Senescence. Plant Cell 29:2854-2870

798 He R, Drury GE, Rotari VI, Gordon A, Willer M, Farzaneh T, Woltering EJ, Gallois P (2008)
799 Metacaspase-8 modulates programmed cell death induced by ultraviolet light and
800 H202 in Arabidopsis. J Biol Chem 283:774-783

801 Holmes EC, Chen Y-C, Mudgett MB, Sattely ES (2020) Arabidopsis UGT76B1
802 glycosylates N-hydroxy-pipecolic acid and inactivates systemic acquired resistance
803 in tomato. https://www.biorxiv.org/content/10.1101/2020.07.06.189894v1

804 Hothorn T, Bretz F, Westfall P (2008) Simultaneous Inference in General Parametric
805 Models. Biom J 50:346-363
806 Hou B, Lim E-K, Higgins GS, Bowles DJ (2004) N-Glucosylation of Cytokinins by

807 Glycosyltransferases of Arabidopsis thaliana. J Biol Chem 279:47822-47832

808 Huang X-x, Zhu G-q, Liu Q, Chen L, Li Y-j, Hou B-k (2018) Modulation of Plant Salicylic
809 Acid-Associated Immune Responses via Glycosylation of Dihydroxybenzoic Acids.
810 Plant Physiol 176:3103-3119

811 Huot B, Yao J, Montgomery BL, He SY (2014) Growth-Defense Tradeoffs in Plants: A
812 Balancing Act to Optimize Fitness. Mol Plant 7:1267-1287

813 Inzé A, Vanderauwera S, Hoeberichts FA, Vandorpe M, Van Gaever T, Van Breusegem, F
814 (2012) A subcellular localization compendium of hydrogen peroxide-induced
815 proteins. Plant Cell Environ 35:308-320

816 Jin SH, Ma XM, Kojima M, Sakakibara H, Wang YW, Hou BK (2013) Overexpression of
817 glucosyltransferase UGT85A1 influences trans-zeatin homeostasis and trans-zeatin
818 responses likely through O-glucosylation. Planta 237:991-999

24 24


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

819 Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ (2015) The Phyre2 web portal

820 for protein modeling, prediction and analysis. Nat Protoc 10:845-858

821 Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner with low memory
822 requirements. Nat Methods 12:357-360

823 Klepikova AV, Kasianov AS, Gerasimov ES, Logacheva MD, Penin AA (2016) A high
824 resolution map of the Arabidopsis thaliana developmental transcriptome based on
825 RNA-seq profiling. Plant J 88: 1058-1070

826 Lagarde D, Basset M, Lepetit M, Conejero G, Gaymard F, Astruc S, Grignon, C (1996).
827 Tissue-specific expression of Arabidopsis AKT1 gene is consistent with a role in K+
828 nutrition. Plant J 9:195-203

829 LiH, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin
830 R, 1000 Genome Project Data Processing Subgroup (2009). The Sequence
831 Alignment/Map format and SAMtools. Bioinformatics 25:2078-2079

832 Li P, LiYJ, Wang B, Yu HM, Li Q, Hou BK (2017) The Arabidopsis UGT87A2, a stress-
833 inducible family 1 glycosyltransferase, is involved in the plant adaptation to abiotic
834 stresses. Physiol Plant 159:416-432

835 LiW, Zhang F, Chang Y, Zhao T, Schranz ME, Wang G (2015) Nicotinate O-Glucosylation
836 Is an Evolutionarily Metabolic Trait Important for Seed Germination under Stress
837 Conditions in Arabidopsis thaliana. Plant Cell 27:1907-1924

838 Lim E-K, Doucet CJ, Li Y, Elias L, Worrall D, Spencer SP, Ross J, Bowles DJ (2002) The
839 Activity of Arabidopsis Glycosyltransferases toward Salicylic Acid, 4-
840 Hydroxybenzoic Acid, and Other Benzoates. J Biol Chem 277:586-592

841 Liu X, Rockett KS, Karner CJ, Pajerowska-Mukhtar, KM (2015) Salicylic acid signalling:
842 new insights and prospects at a quarter-century milestone. Essays Biochem
843 58:101-113

844 Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion
845 for RNA-seq data with DESeq2. Genome Biol 15:550

846 Lu H, Greenberg JT, Holuigue L (2016). Editorial: Salicylic Acid Signaling Networks. Front.
847 Plant Sci. 7:238.
848 Maksym RP, Ghirardo A, Zhang W, von Saint Paul V, Lange B, Geist B, Hajirezaei M-R,

849 Schnitzler J-P, Schaffner AR (2018) The defense-related isoleucic acid differentially
850 accumulates in Arabidopsis among branched-chain amino acid-related 2-hydroxy
851 carboxylic acids. Front Plant Sci 9:766

852 Maruri-Lépez |, Aviles-Baltazar NY, Buchala A, Serrano M (2019) Intra and Extracellular
853 Journey of the Phytohormone Salicylic Acid. Front Plant Sci 10:423

854 Mohnike L, Rekhter D, Huang W, Feussner K, Tian H, Herrfurth C, Zhang Y, Feussner |
855 (2020) The glycosyltransferase UGT76B1 is critical for plant immunity as it governs
856 the homeostasis of N-hydroxy-pipecolic acid.
857 https://www.biorxiv.org/content/10.1101/2020.06.30.179960v1

858 Noutoshi Y, Okazaki M, Kida T, Nishina Y, Morishita Y, Ogawa T, Suzuki H, Shibata D,
859 Jikumaru Y, Hanada A, et al (2012) Novel Plant Immune-Priming Compounds
860 Identified via High-Throughput Chemical Screening Target Salicylic Acid
861 Glucosyltransferases in Arabidopsis. Plant Cell 24:3795-3804

862 Paquette S, Moller BL, Bak S (2003) On the origin of family 1 plant glycosyltransferases.
863 Phytochemistry 62:399-413

864 Park S-W, Kaimoyo E, Kumar D, Mosher S, Klessig DF (2007) Methyl Salicylate Is a
865 Critical Mobile Signal for Plant Systemic Acquired Resistance. Science 318:113-116
866 Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT, Salzberg SL (2015)
867 StringTie enables improved reconstruction of a transcriptome from RNA-seq reads.
868 Nat Biotechnol 33:290-295

25 25


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

869 Quiel JA, Bender J (2003) Glucose Conjugation of Anthranilate by the Arabidopsis

870 UGT74F2 Glucosyltransferase Is Required for Tryptophan Mutant Blue
871 Fluorescence. J Biol Chem 278:6275-6281

872 R Core Team (2020) R: A Language and Environment for Statistical Computing
873 Vienna, Austria: R Foundation for Statistical Computing

874 Rivas-San Vicente M, Plasencia J (2011) Salicylic acid beyond defence: its role in plant
875 growth and development. J Exp Bot 62:3321-3338

876 Smehilova M, Dobruskova J, Novak O, Takac T, Galuszka P (2016) Cytokinin-Specific
877 Glycosyltransferases Possess Different Roles in Cytokinin Homeostasis
878 Maintenance. Front Plant Sci 7:1264

879 Song JT (2006) Induction of a salicylic acid glucosyltransferase, AtSGT1, is an early
880 disease response in Arabidopsis thaliana. Mol Cells 22:233-238

881 Song JT, Koo YJ, Seo HS, Kim MC, Choi YD, Kim JH (2008) Overexpression of AtSGT1,
882 an Arabidopsis salicylic acid glucosyltransferase, leads to increased susceptibility to
883 Pseudomonas syringae. Phytochemistry 69:1128-1134

884 Vaca E, Behrens C, Theccanat T, Choe J-Y, Dean JV (2017) Mechanistic differences in
885 the uptake of salicylic acid glucose conjugates by vacuolar membrane-enriched
886 vesicles isolated from Arabidopsis thaliana. Physiol Plant 161:322-338

887 Van Breusegem F, Dat, JF (2006) Reactive oxygen species in plant cell death. Plant
888 Physiol 141:384-390

889 Vot AC, Dempsey DMA, Klessig DF (2009) Salicylic Acid, a Multifaceted Hormone to
890 Combat Disease. Annual Review of Phytopathology 47:177-206

891 Vot AC, Sales JH, Lenk M, Bauer K, Brambilla A, Sommer A, Chen Y, Wenig M, Nayem,
892 S (2020) Systemic propagation of immunity in plants. New Phytologist. Accepted.
893 doi:10.1111/nph.16953

894 von Saint Paul V, Zhang W, Kanawati B, Geist B, Faus-Keldler T, Schmitt-Kopplin P,
895 Schaffner AR (2011) The Arabidopsis Glucosyltransferase UGT76B1 Conjugates
896 Isoleucic Acid and Modulates Plant Defense and Senescence. Plant Cell 23:4124-
897 4145

898 Waese J, Fan J, Pasha A, Yu H, Fucile G, Shi R, Cumming M, Kelley LA, Sternberg MJ,
899 Krishnakumar V, et al (2017) ePlant: Visualizing and Exploring Multiple Levels of
900 Data for Hypothesis Generation in Plant Biology. Plant Cell 29:1806-1821

901 Warnes GR, Bolker B, Bonebakker L, Gentleman R, Huber W, Liaw A, Lumley T, Maechler
902 M, Magnusson A, Moeller S, et al (2020) gplots: Various R Programming Tools for
903 Plotting Data

904 Waszczak C, Carmody M, Kangasjarvi J (2018) Reactive Oxygen Species in Plant
905 Signaling. Annu Rev Plant Biol 69:209-236

906 Zhang K, Halitschke R, Yin C, Liu C-J, Gan S-S (2013) Salicylic acid 3-hydroxylase

907 regulates Arabidopsis leaf longevity by mediating salicylic acid catabolism. Proc

908 Natl Acad Sci USA 110:14807-14812

909 Zhang Y, Zhao L, Zhao J, Li Y, Wang J, Guo R, Gan S, Liu CJ, Zhang K (2017)

910 S5H/DMR6 Encodes a Salicylic Acid 5-Hydroxylase That Fine-Tunes Salicylic Acid

911 Homeostasis. Plant Physiol 175:1082-1093

26 26


https://doi.org/10.1101/2020.11.02.365221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.365221; this version posted November 3, 2020. The copyright holder for this
preprint (which 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.

A ) ) Genotype Treatment
°
o ®
N @ @ [ ]
© © * o® - O water
(@]
3 e " O BTH
S ®
S
5 O - e
2 ° :
<) ° 0
I\ © g O
€ o0 Present enzymes
o
T 09
S o
S
o)
©)
8l 2
T e
T T T T I
-150 -50 O 50 100 150
Component 1 (34% of variance) @ B1F1F2
2500 ] ]
o ] § 1500
; 3
& 2000 + S
ge @
2 ©
© = -
S 1500 - 2 1000
o) @
2 T
I c
o3 =
2 1000 - — S -
o “—
5 © 500
€ 3
S 500 =
Z S
- [
. m B . ol .
ST N T NN P S B AAY
™ A ™ ™ A A ™ ™
Q Q = % Q Q9 - -
™ A
Q Q

Figure 1. Gene expression profiling of ugt mutants. A, Principal component analysis-derived
visualization of RNA-seq leaf samples based on gene level read counts normalized as
transcripts per million (TPM). Four biological replicates were analyzed for Arabidopsis Col-0
wild-type (WT) plants and a complete set of single, double, and triple knockout mutants for
UGT76B1, UGT74F1, and UGT74F2 in Col background. In the color key, the mutated alleles
are abbreviated to b1, 1, and f2, respectively, and the wild-type enzymes to B1, F1, and F2,
respectively. WT and b1 f1 2 triple knockout plants were additionally treated by the SA analog
benzothiadiazole (BTH). The first component separates BTH-treated plants, plants with the b1
mutation (b7, b1 f1, b1 f2, b1 f1 f2) and plants without the b7 mutation (solid gray lines in the
plot). The second component separates plants with the f7 mutation from plants without the f1
mutation. B, Total number of up- or downregulated genes (adjusted p-value < 0.05 and
absolute log, fold change > 1) in mutants compared to WT.
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Figure 2. Effects of single ugt mutations on SA-related processes. A, Number of SA marker
genes other than UGT76B1 that are commonly or specifically upregulated in single mutants
relative to the wild type. Abbreviations are the same as in Figure 1. B, Bacterial counts in
single mutants and wild type two days after infection with Pseudomonas syringae pv tomato
DC3000. The graphs shows means + SE from four biological replicates. Distinct letters indicate
significant differences between groups according to one-way ANOVA with Tukey posthoc tests
(p<0.05). C, Representative images of eight-week-old plants showing early senescence
phenotype of ugt76b1 compared to ugt74f1 and ugt74f2. D, Bacterial counts of different
complementation lines for the ugt76b1 mutant, using UGT76B1 5 and 3’ regulatory sequences
and either the UGT74F1 coding sequence (compl. F1) or the UGT76B1 coding sequence
(compl. B1), in comparison with ugt76b1 and wild type. See B for details on the statistical test.
E, Eight-week-old rosettes of ugt76b1, complementation lines, and wild type.
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Figure 3. Functional enrichment among genes upregulated by ugt mutants. A, Overview of
biologically processes upregulated in mutants relative to the WT. The heatmap shows
significantly enriched biological process terms that belong to the GO slim selection. B,
Adjusted p-value for functional enrichment of the GO terms (A) in each mutant. The mutant
colors are taken from the scheme in Fig. 1A. C, Multi-dimensional scaling visualization of all
significantly enriched biological process terms of GO (Supplemental Methods). Circle size is
proportional to the number of upregulated genes annotated with the term. Circles with larger
distance to each other have a smaller number of upregulated genes in common. The color
piechart indicates membership of the term in top level categories of different general themes
(D). D, Total distribution of themes across all significantly enriched biological process terms. E,
Functional interactions among UGT enzymes when functional proteins are present (B1:
UGT76B1, F1: UGT74F1, F2: UGT74F2). The bar chart indicates the number of genes
showing a significant positive interaction beyond the individual effects of the respective
enzymes. The text boxes summarize significantly enriched functions for these gene groups.
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Figure 4. Functional enrichment among genes downregulated by ugt mutants. A, Heatmap of
significantly enriched GO slim terms. B, Negative functional interactions among UGT enzymes.
The bar chart indicates the number of genes showing a significant negative interaction of the
respective enzymes. The text boxes summarize significantly enriched functions for these gene
groups.
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Figure 5. Changes in SA metabolite levels and associated gene expression changes of ugt
mutants. A, Violin plots for levels of three SA metabolites measured by LC-MS for ugt mutants
and BTH treatment. Groups marked by distinct letters are significantly different (Kruskal-Wallis
test with Dunn’s posthoc test p<0.05). B, SA metabolite levels of the biological samples that
were used for RNA-seq analysis. Color scheme is identical to that of Fig. 1A. C, Performance
of predicting SA metabolite levels from gene expression data. Two modeling approaches were
performed, Random Forests (RF) and Bayesian Multiple Kernel Learning (BMKL). Both
approaches were applied on the same training and test data sets. For the training data, gene
expression variables were standardized and SA metabolite data were centered. The respective
mean and standard deviation values derived from the training data were used to normalize the
test data. Two types of tenfold cross-validation (CV) were performed, where the test set
consisted either of a previously unseen random subset of samples (Random) or an entirely
new biological group (New Group). The y axis indicates the correlation between true and
predicted differences of the test samples to the training samples. Boxes show 25% and 75%
quantiles, the white line represents the median and the whiskers indicate the extreme values
across the ten folds. D, Importance ranking of GO slim terms obtained by BMKL. Both CV runs
yielded the same top ten GO slim terms, here sorted by average rank of the New Group CV.
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Figure 6. Relationship of SA metabolism to ROS. A, Top cell death genes positively associated
with levels of each SA metabolite, obtained from correlation analysis with expression data of all
differentially expressed genes in the top category from Fig. 5D. Genes are connected to the
three conditions (composed of genotype and treatment) where they showed the largest
significant fold change compared to WT water. These are consistent with significant increases
observed in metabolite levels (Fig. 5A). B, Images of wild-type and ugt mutant leaves after
infiltrating two-week-old A. thaliana plantlets from liquid culture with nitroblue tetrazolium
(NBT). C, Violin plot of NBT staining relative to leaf area, with white horizontal lines for 25, 50,
and 75 % quantiles. Groups marked by distinct letters are significantly different (Kruskal-Wallis
test with Dunn’s posthoc test p<0.05).
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Figure 7. Biological functions and relationships of UGT enzymes. A, Effects of presence or
absence of UGT76B1, UGT74F1, and UGT74F2 as well as BTH on the expression of other
UGT genes. The graph shows differentially expressed genes that completely separate the
given groups from the other samples (Methods). Positive associations are marked as solid
lines and indicate that expression exceeds a threshold, negative associations are marked as
dashed lines and indicate that expression falls below a threshold under the given conditions. B,
Summary of main findings for different presence/absence constellations of UGT76B1,
UGT74F1, and UGT74F2. Individual mutants are marked in the same colors as in Fig. 1A, with
the triple mutant at the center and double and single mutants in the periphery. Groups of
mutants are represented by colored shapes that include all mutants whose borders are
touched. Round rectangles represent major characteristics of each group. A downward arrow
represents a downregulation and an upward arrow an upregulation; a double arrow indicates
the strongest effect among all noted cases. For instance, the largest fold enrichment value for
cell death genes was found in the f1 mutant (Only UGT76B1 and UGT74F2). C, Model of
activating and inhibitory relationships among UGT enzymes, SA metabolites, and biological
processes. The main metabolic reactions discussed here are depicted in orange.
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