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Abstract

Sugars are essential metabolites for energy and anabolism that can also act as signals to
regulate plant physiology and development. Experimental tools to disrupt major sugar
signalling pathways are limited. We have performed a chemical screen for modifiers of
activation of circadian gene expression by sugars to discover pharmacological tools to
investigate and manipulate plant sugar signalling. Using a library of commercially available
bioactive compounds, we identified 75 confident hits that modified the response of a
circadian luciferase reporter to sucrose in dark-adapted seedlings. We validated the
transcriptional effect on a subset of the hits and measured their effects on a range of sugar-
dependent phenotypes for 13 of these chemicals. Chemicals were identified that appear to
influence known and unknown sugar signalling pathways. Pentamidine isethionate (PI) was
identified as a modifier of a sugar-activated Ca?" signal that acts downstream of superoxide in
a metabolic signalling pathway affecting circadian rhythms, primary metabolism and plant
growth. Our data provide a resource of new experimental tools to manipulate plant sugar

signalling and identify novel components of these pathways.

Keywords: circadian clock, sugar signalling, calcium, reactive oxygen species, superoxide,

chemical screen, Arabidopsis thaliana, LOPAC
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Introduction

Cells depend on sugars to generate energy and to build the molecules required for cellular
form and function. Sugars can also act as signalling molecules with various roles in
regulating growth and development, physiological processes, metabolic feedback and
modulating abiotic or biotic stress responses (Rolland et al., 2006). Plants generate their own
sugars from photosynthesis. This dependence on light for energy supply creates specific
challenges for plant cells, which must maintain these processes under both predictable and
unpredictable fluctuations in the growth environment. This requires multiple sugar signalling

pathways to coordinate dynamic supply and demand throughout the plant.

There are four well-recognised sugar signalling pathways in plants. HEXOKINASE 1
(HXK1) is responsible for the first enzymatic step in glycolysis but has glucose signalling
functions independent of its enzymatic activity (Moore ef al., 2003). G-protein signalling
plays a role in extracellular glucose sensing and cell proliferation (Chen ef al., 2003; Urano et
al., 2012). TARGET OF RAPAMYCIN (TOR) kinase functions in numerous signalling
pathways and is activated under C-replete conditions (Xiong ef al., 2013). By contrast, Snfl
RELATED KINASE 1 (SnRK1) is active under C starvation (Baena-Gonzalez et al., 2007).
SnRK1 activity is inhibited by the signalling sugar trehalose-6-phosphate (T6P) (Zhang et al.,
2009), which is very tightly connected to sucrose levels (Figueroa & Lunn, 2016). SnRK1,
and perhaps also TOR, can directly affect activity of transcription factors (Xiong et al., 2013;
Mair et al., 2015). HXK1 can localise to the nucleus and associate with DNA-binding
complexes (Cho et al., 2006).

The critical importance of sugar signalling in plant cells makes genetic analysis of these
pathways challenging. Loss-of-function mutants in TOR or T6P SYNTHASE 1 (TPS1) are
embryo lethal (Eastmond et al., 2002; Menand et al., 2002) and a double mutant in both
catalytic subunits of SnRK1 is not viable (Ramon et al., 2019). Therefore, most studies on
these pathways have used hypomorphic mutants or inducible transgenic lines (Baena-
Gonzalez et al., 2007; Gémez et al., 2010; Xiong et al., 2013; Belda-Palazon ef al., 2020). By
contrast, growth effects in mutants in HXK7 or REGULATOR OF G-PROTEIN SIGNALLING
1 (RGS1) are relatively minor, but both mutants are hyposensitive to growth inhibition by

high exogenous sugar (Moore et al., 2003; Chen et al., 2006).
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72  Although there is significant overlap between the cellular processes controlled by these sugar
73 signalling pathways, particularly growth and energy metabolism, there are distinct features of
74 their signalling outputs. For example, genetic experiments indicate additive effects of hxk/-3
75 and rgsl-2 mutants (Huang et al., 2015), suggesting functionally distinct pathways. TOR

76  regulates proteostasis, autophagy and cell cycle control by sugars (Burkart & Brandizzi,

77  2021), whereas SnRK1 controls responses to energy deprivation and regulation of iron

78  homeostasis (Peixoto ef al., 2021).

79  The circadian clock is a gene regulatory network that integrates external and intrinsic signals
80 to coordinate biological rhythms according to daily and seasonal changes in the environment.
81  Photoautotrophic metabolism requires feedback between C availability and the circadian

82  oscillator to optimise plant growth and fitness. Sugars affect circadian rhythms in

83  Arabidopsis in several ways. C status contributes to entrainment, the process of setting the
84  circadian clock (Haydon ef al., 2013), and measurement of photoperiod (Liu ef al., 2021).

85  Reduced photosynthesis lengthens circadian period, which can be supressed by supplying

86  sugar (Haydon et al., 2013). Period adjustment by sugars requires T6P-SnRK1 signalling

87  affecting transcription of PSEUDO RESPONSE REGULATOR 7 (PRR7) (Frank et al., 2018).
88  Sugars can also affect amplitude of specific oscillator components. One mechanism occurs by
89  post-transcriptional control of GIGANTEA (GI) and requires F-box protein ZEITLUPE

90 (ZTL) (Haydon et al., 2017).

91  Circadian rhythms rapidly dampen in seedlings released into continuous darkness without

92  supplied sugar. Application of sucrose to dark-adapted seedlings can re-initiate circadian

93 rhythms and the phase is set according to the time of sugar application (Dalchau et al., 2011).

94  This transcriptional response to sugar does not require GI and the signalling processes are not

95  known. This simple assay provides a sensitive technique to define sugar responses in the

96  absence of light signals. Transcriptome analysis of this response revealed a role for

97  superoxide, a reactive oxygen species (ROS), in promoting circadian gene expression and

98  growth by sugar (Roman et al., 2021). To further understand this transcriptional response to

99  sugar, we screened the Library of Pharmacologically Active Compounds (LOPAC; Sigma)
100  for chemicals that modify the response of a circadian reporter to sucrose in dark-adapted
101 seedlings. From a list of 75 confident hit compounds, we selected 15 compounds to further
102  characterise their effects on sugar-dependent processes. We identified two compounds that

103  contribute to a sugar-activated ROS-Ca?" signalling pathway that affects circadian rhythms,
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104  primary metabolism and plant growth. Our data provide a resource of pharmacological tools
105 to manipulate sugar signalling in plants and has revealed opportunities to define new

106  components of metabolic signalling.
107  Materials and Methods
108  Plant materials and growth conditions

109  Transgenic reporter lines in Arabidopsis thaliana for COLD, CIRCADIAN RHYTHM AND
110  RNA BINDING 2 (CCR2) promoter:LUCIFERASE (LUC) (Doyle et al., 2002), DARK

111 INDUCIBLE 6 (DING)p:LUC (Frank et al., 2018), CaMV 35Sp:AEQUORIN (AEQ) (Dalchau
112 etal.,2010)CIRCADIAN CLOCK ASSOCIATED 1 (CCA1)p:LUC (CS9382), TIMING OF
113  CAB I (TOCI)p:LUC (Nakamichi et al., 2005) are in Col-0. 35Sp:LUC (CS9966) is in Ws-2.
114 The glucose insensitive 2 (gin2-1) abscisic acid 2 (aba2-1), constitutive triple response 1

115 (ctrl-12) with a CCAlp:LUC transgene have been described (Haydon ef al., 2013).

116  CCAlIp:LUC was introduced by crossing into g protein alpha subunit 1(gpal-4) (Jones et al.,
117 2003), gtp binding protein 1(agb1-4) (Ullah et al., 2003), and rgsI-2 (Chen et al., 2003). The
118  g-protein gamma subunit 1(aggl-1) agg?-1 agg3-3 triple mutant (Thung et al., 2012) and
119  casein kinase a 1 (ckal-1) cka2-1 cka3-1 triple mutant (Wang et al., 2014).

120  For sterile culture, seeds were surface sterilised (30% (v/v) bleach, 0.02% (v/v) Triton X-

121 100), washed three times in sterile water and sown on modified Hoagland media (HM)

122  (Haydon et al., 2012) or half-strength Murashige and Skoog media (2 MS) (Sigma),

123  solidified with 0.8% (w/v) agar Type M (Sigma). Seeds were chilled for 2 d at 4°C and grown
124 in 12 h light (80-100 umol m s!):12 h dark at constant 20°C (L:D).

125 Chemical screen

126  Seven d old CCR2p:LUC seedlings grown in L:D on HM were wrapped in aluminium foil at
127  dusk. Under dim green light, individual 10 d old seedlings were transferred in the afternoon
128  to 96 well white LUMITRAC plates (Greiner) containing 250 ul HM with 0.1% DMSO or 25
129  uM LOPAC chemical (Sigma) and dosed with 1 mM D-luciferin, K* salt (Cayman). Eighty
130 LOPAC chemicals were included in each plate, plus positive and negative controls. Each

131  plate was prepared in triplicate. After 84 h in darkness (subjective dawn), 25 ul of 10% (w/v)
132  sucrose or mannitol and luciferase was measured at 1 h intervals for 24 h in the dark using

133  orbital scan mode in a LUMIstar Omega plate reader fitted with a Microplate stacker (BMG
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134  Labtech). HiTSeekR (List ef al., 2016)was used to identify compounds that significantly

135  altered peak luminescence at 12 h after sucrose application after removing 47 data series from
136  the total 4,224 deemed as false negatives. The raw data was log> transformed and normalised
137  with robust z-score method for general signal difference correction and inter-plate

138  comparison before calculation of strictly standardised mean difference (SSMD) values.
139  Luciferase assays

140  For sugar response assays, 7 d old seedlings grown in L:D on 2 MS were wrapped in

141 aluminium foil at dusk. After 72 h, seedlings were transferred to /2 MS containing chemicals
142 in 96 well LUMITRAC plates under dim green light and sugars were added 12 h later at

143  subjective dawn. 1 mM D-luciferin was applied at least 12 h before commencing

144  luminescence measurements using orbital scan mode in a LUMIstar Omega plate reader with
145  Microplate stacker (BMG Labtech). Circadian rhythms were measured in 10 d old

146 CCAIp:LUC and TOCIp:LUC seedlings grown on %2 MS in L:D and transferred at Zeitgeber
147  Time 0 (ZTO0) to 25-well imaging plates (Ting et al., 2022) containing media with DMSO or
148  chemical before imaging luminescence with a Photon Counting System (HRPCSS5, Photek) in
149  continuous light (40 pmol m s™!) or continuous low light (<10 umol m s!) provided by red

150 (640 nm) and blue (470 nm) LED lights.
151 Quantitative RT-PCR

152  Total RNA was extracted from ~30 mg snap frozen tissue with ISOLATE II RNA Plant Kit
153  (Meridian Bioscience). cDNA was prepared from 0.5 pg DNase-treated RNA in 10 pl

154  reactions of Tetro cDNA synthesis kit (Meridian Bioscience) using oligo(d)T primer. 10 pl
155  PCR reactions were performed in technical duplicate with SensiFAST SYBR No-ROX

156  (Meridian Bioscience) with 4 ng cDNA and 300 nM primers (Table S1) on a CFX96 Real-
157  time PCR System (BioRad). Mean PCR reaction efficiencies were calculated for each primer
158  pair with LinRegPCR (Ruijter ef al., 2009) and used to calculate gene expression levels

159  (PCR_efficiency™).

160  Growth assays

161  Germination was measured in non-chilled, surface sterilised Col-0 seeds sown onto 2 MS
162  with DMSO or chemical and mannitol or sucrose at ZT0 and immediately placed in L:D.

163  Radicle emergence was scored at 2 or 3 timepoints per day for 4 d. For hypocotyl and root
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164  length measurements, Col-0 was grown in L:D on 72 MS for 2 d and transferred to media
165  containing DMSO or chemical with 30 mM mannitol or sucrose at ZT0, wrapped in
166  aluminium foil and grown on vertical plates for 5 d. Hypocotyl and root lengths were

167  measured from photographs with ImageJ (NIH).
168  Pigment quantification

169  Chlorophyll was extracted from 12 7 d old seedlings in 250 pl methanol and quantified by
170  absorbance spectrophotometry (Porra, 1989). Anthocyanin was extracted from 5 9 d old

171 seedlings in 250 pl methanol:1% (v/v) HCI and quantified by absorbance spectrophotometry
172  (Chen et al., 2019).

173  ROS measurements

174  L-012 luminescence and nitroblue tetrazolium (NBT) staining were performed in dark-

175  adapted seedlings in liquid /2 MS as described (Roman et al., 2021).
176  Aequorin experiments

177  For chemical response assays, ~10 8 d old 35Sp:AEQ seedlings grown in L:D on 2 MS were
178  transferred before dusk to 100 ul 5 uM coelenterazine h (Cayman) in 96 well LUMITRAC
179  plates (Greiner). Luminescence was measured at 1 s intervals in the dark from subjective

180  dawn using orbital scan mode in a LUMIstar Omega plate reader (BMG Labtech) and 50 pl
181  of DMSO or chemicals were applied with an injector at 30 s for final concentration of 10 uM
182  DPI or 25 uM PI. After 270 s, 150 ul discharge solution (1 M CaCly, 10 % (v/v) ethanol) was
183  injected and cytosolic Ca®* concentration was calculated (Fricker et al., 1999). For sugar

184  response assays, ~10 7 d old 355p:AEQ seedlings grown in L:D were transferred to 100 pl
185  liquid 2 MS with 20 uM coelenterazine at dusk in 96 well LUMITRAC plates (Greiner) and
186  wrapped in aluminium foil. After 84 h (subjective dawn), 50 ul 2 MS containing DMSO or
187  chemicals were added for a final concentration of 5 uM DPI or 25 uM PI and luminescence
188  was measured at 2 min intervals by orbital scan mode in a LUMIstar Omega plate reader

189  (BMG Labtech). After 1 h, 75 ul sucrose or mannitol was added for a final concentration of
190 30 mM with DMSO, 5 uM DPI or 25 uM PI and luminescence was measured at 2 min

191  intervals for 6 h.

192
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193 RNA-Seq

194  Fourteen d old Col-0 seedlings grown on %2 MS in L:D were transferred to media containing
195 DMSO, 10 uM DPI, 25 uM PI, 12.5 uM AEG3482 or 2 uM Tyrphostin AG879 at ZT24,
196  before lights on. Untreated control seedlings were collected at time of transfer and treated
197  seedlings were collected at ZT2 and snap frozen in liquid N. Total RNA was extracted from
198  biological triplicates with ISOLATE II RNA Plant kit (Meridian Bioscience). and quantified
199  and qualified by Agilent 2100 Bioanalyzer, NanoDrop (ThermoFisher) and 1% agarose gel. 1
200 pgtotal RNA with RIN value above 7 was used for library preparation by Genewiz using
201 NEBNext® UltraTM RNA Library Prep Kit for [llumina® and NEBNext Poly(A) mRNA
202  Magnetic Isolation Module (NEB). Size selection of Adaptor-ligated DNA was then

203  performed using AxyPrep Mag PCR Clean-up (Axygen), and fragments of ~360 bp (with the
204  approximate insert size of 300 bp) were recovered. Each sample was then amplified by PCR
205 for 11 cycles using P5 and P7 primers. The PCR products were cleaned up using AxyPrep
206  Mag PCR Clean-up (Axygen), validated using an Agilent 2100 Bioanalyzer, and quantified
207 by Qubit 2.0 Fluorometer (Invitrogen). Libraries with different indices were multiplexed and
208 loaded on an Illumina HiSeq instrument and sequenced using a 2x150bp paired-end (PE)
209 configuration; image analysis and base calling were conducted by the HiSeq Control

210  Software (HCS) + OLB + GAPipeline-1.6 (Illumina) on the HiSeq instrument. All libraries
211 >20 M raw reads with Q30 and Q20 >95% and >98%, respectively.

212  SOAPnuke v2.1.0 (Chen et al., 2018) was used to remove adapter sequences and low-quality
213  reads from the sequencing data. To identify all the transcripts, we used HiSAT2 v2.2.1 (Kim
214 et al., 2015) to align the sequencing reads to the Arabidopsis thaliana Col-0 genome

215 (TAIR10) and RSEM v1.2.22 (Li & Dewey, 2011) to quantify the gene expression level of
216  each replicate. The differential expression analysis was performed by NOIseq v2.37.0

217  (Tarazona et al., 2015). DEGs were defined as log> change > 0.6 and DE probability > 80%.

218  Metabolomics

219  Fourteen d old Col-0 seedlings grown hydroponically were transferred to liquid 2 MS

220  containing DMSO, 10 uM DPI, 25 uM PI, 12.5 uM AEG3482 or 2 uM Tyrphostin AG879 at
221 ZT23. Tissue was collected for five biological replicates for untreated seedlings at ZT23 and
222 treated seedlings at ZT24 (lights off), ZT1.5, ZT4, ZT8, ZT10.5, ZT12 (lights on), ZT22.5
223  and ZT24 (lights off) and snap frozen in liquid N. Fifty mg of ground tissue was used for
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224  MTBE:methanol:water 3:1:1 (v/v/v) extraction (Giavalisco et al., 2011). The 150 ul of the
225  organic phase was dried and derivatized (Roessner et al., 2001). One pl of the derivatized
226  samples were analyzed on a Combi-PAL autosampler (Agilent Technologies) coupled to an
227  Agilent 7890 gas chromatograph coupled to a Leco Pegasus 2 time-of-flight mass

228  spectrometer (LECO) (Weckwerth ef al., 2004). Chromatograms were exported from Leco
229  ChromaTOF software (version 3.25) to R software. Peak detection, retention time alignment,
230 and library matching were performed using Target Search R-package (Cuadros-Inostroza et

231 al., 2009).

232  Metabolites were quantified by the peak intensity of a selective mass. Metabolite intensities
233  were normalized by dividing the fresh-weight, followed by the sum of total ion count as

234  described previously (Huege ef al., 2011; Giavalisco ef al., 2011). Principal component

235  analysis was performed using pcaMethods bioconductor package (Stacklies et al., 2007). The

236  significances of metabolites were tested by #-test.

237 Results

238  We exploited the re-initiation of circadian gene expression by sugar in dark-adapted seedlings
239  to evaluate transcriptional sugar responses in Arabidopsis. Using a luciferase reporter system,
240  this provides a sensitive, high-throughput assay to measure plant sugar responses in the

241  absence of light. Topical application of 30 mM sucrose to dark-adapted seedlings is sufficient
242  for a robust response of a circadian luciferase reporter CCR2p:LUC (Fig. 1a) and generates
243  similar sugar concentrations to seedlings grown in the light (Fig. 1b). Sucrose is the most
244  abundant and mobile soluble sugar in plant tissues, although similar reporter activity is also

245  elicited by glucose, fructose and maltose (Fig. 1c).

246  Numerous sugar-insensitive mutants have been identified in Arabidopsis that are resistant to
247  growth inhibition by high concentrations of sugars in the media. We tested the transcriptional
248  responses to sucrose in a collection of these mutants using our assay and observed similar
249  responses to wild-type seedlings (Fig. 1d-f). Notably, these included mutants in HXK/ and G-
250 protein signalling, suggesting these sugar signalling pathways are not required for sugars to

251  reinitiate circadian rhythms in dark-adapted seedlings.

252  To discover new components involved in plant sugar signalling, we performed a high-
253  throughput screen for chemicals that modify the transcriptional response to sucrose. Dark-

254  adapted CCR2p:LUC transgenic seedlings were treated with sucrose in the presence of 25

9
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255  uM of each of 1280 chemicals from LOPAC (Sigma). This collection of commercially

256  available chemicals have defined targets in mammalian cells, and mostly target signalling
257  proteins such as receptors, kinases and ion channels. We used HiTSeekR (List et al., 2016)
258  to calculate strictly standardised mean difference (SSMD) values. A cut-off of £1 identified
259 146 chemicals that significantly modified the peak reporter activity (Table S2). To generate a
260  higher confidence list of candidates, we used a stricter SSMD cut-off of £1.28 which

261  provided a list of 65 inhibitors and 10 enhancers of the reporter response to sucrose (Table 1).

262  Greater than 10% of compounds present in chemical libraries are reported to exhibit

263 inhibition of luciferase activity (Thorne ef al., 2012). We re-screened 104 chemicals from
264  LOPAC for their effect on luciferase activity at 25 uM using 355p:LUC seedlings (Fig. S1).
265 We identified two compounds that significantly enhanced luciferase luminescence and 11
266  compounds that significantly inhibited luminescence, indicating these might be false-

267  positives identified in the primary screen.

268 We selected 15 chemicals (Fig. S2) for further analyses including diphenyleneiodinium

269  (DPI), which we previously showed inhibits the transcriptional sugar response (Romaén et al.,
270  2021), 6-methyl-2-(phenylethynyl)pyridine (MPEP), which strongly inhibited 355p:LUC
271 luciferase (Fig. S1), and AZD805S5, a specific inhibitor of TOR (Montané & Menand, 2013),
272  which is not in LOPAC but has been reported to affect circadian sugar responses in

273  Arabidopsis (Zhang et al., 2019). We generated dose response curves for these 15 chemicals
274  based on inhibition of CCR2p:LUC luminescence in dark-adapted seedlings treated with
275  sucrose to determine a minimum effective concentration at which >80% inhibition is

276  achieved (Fig. 2, Fig. S3). Although the primary screen being performed with 25 uM,

277  effective concentrations ranged from 2-50 uM for these chemicals. By contrast, the

278  maximum inhibition of the luciferase reporter achieved for the TOR inhibitor AZD8055 was
279  only ~50%.

280  To validate the efficacy of these compounds on the transcriptional response to sugar, we

281  again measured luciferase luminescence in 35Sp.LUC seedlings at the minimum effective
282  concentration determined from the dose curves (Fig. 3a) and measured CCR?2 transcript in
283  dark-adapted seedlings treated with sucrose using qRT-PCR (Fig. 3b). This confirmed that all
284  chemicals inhibited the upregulation of CCR2 transcript by sucrose to some extent, except for
285  two metabotropic glutamate receptor (mGluRS5) inhibitors MPEP and SIB1893, which also

286  significantly reduced luciferase luminescence in 35Sp:LUC seedlings. We therefore excluded

10
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287  these two chemicals from further experiments. We also observed that 50 uM roscovitine
288  increased 35Sp:LUC luminescence, despite inhibiting response of CCR2p:LUC and CCR2

289 transcript to sucrose.

290  One of the validated chemicals, tetrabromobenzotriazole (TBB), is a mammalian casein

291  kinase 2 inhibitor. CK2 is a regulator of the circadian clock and another CK2 inhibitor,

292  dichlorobenzimidazole ribofuranoside (DRB), has been shown to lengthen circadian period in
293  Arabidopsis (Portolés & Mas, 2010). We tested whether DRB inhibits the response of

294  CCR2p:LUC to sucrose in dark adapted seedlings and found no effect at the concentrations
295  tested (Fig. S4a). Similarly, we could not detect a difference in CCR2 transcript in a ckal-1
296  cka2-1 cka3-1 mutants compared to wild type using qRT-PCR in the same assay (Fig. S4b).
297  These data suggest that it is unlikely that TBB inhibits the transcriptional response to sucrose
298 by targeting CK2 in Arabidopsis seedlings.

299  To build a picture of the broader influence of these selected chemicals on sugar-related

300 processes, we tested their effects on a range of easily measurable phenotypes. Using the pre-
301 determined minimum effective concentration for each chemical, we tested effects in the

302 presence or absence of sucrose on germination of dormant seeds (Fig. S5), seedling biomass,
303  chlorophyll content, hypocotyl length, root growth and anthocyanin content (Fig. S6). We
304  observed a range of effects of each chemical on these phenotypes but detected similar

305  patterns for multiple chemicals that might indicate common signalling pathways. To

306  summarise these patterns, we plotted normalised effects of phenotypes on radar charts and
307  ranked the chemicals by the sum of effects (Fig. 4a). Based on these radar charts, we noticed
308  similar phenotypic patterns for DPI and pentamidine isethionate (PI), emodin and SP600125,
309 and Tyrphostin AG879, DMH4 and ZM39923, which might indicate these chemicals affect

310  proteins or signalling pathways with closely related functions.

311 We next tested phenotypic interactions between a selected number of chemicals. We

312  hypothesised that chemicals that affect the same signalling pathway should be non-additive,
313  whereas chemicals that affect distinct pathway might show a phenotypic interaction in

314  combination. We germinated seeds on media containing chemicals alone or in combination at
315  a 50% inhibitory concentration (Fig. 2) and measured biomass of 7 d old seedlings (Fig. 4b).
316  DPI and PI in combination did not inhibit seedling growth compared to DPI alone, suggesting

317  they affect the same pathway, consistent with the similar pattern for these chemicals in the
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318  radar charts. By contrast, Tyrphostin AG879 significantly suppressed the growth inhibition
319 by DPI, indicating these chemicals might act on distinct pathways.

320 To measure the broader effects of these four chemicals on gene expression, we treated

321  seedlings with each chemical at dawn and performed RNA-seq in seedlings after 2 h to

322  capture short-term transcriptional effects at the beginning of the photoperiod. We identified
323 1899 differentially expressed genes (DEGs) between ZT0 and ZT2 (DMSO), but we detected
324  between one and 16 DEGs between DMSO and any chemical (Table S2, Fig. S7a,b). This
325 might be because the effect of inhibiting sugar signalling at dawn is diminished in the

326  presence of abrupt light signalling. It’s also possible that since superoxide regulated genes are
327  biased towards dusk (Roman et al., 2021), the short-term effect of DPI is minimal around
328  dawn. Nevertheless, more than two thirds of DEGs in chemical-treated seedlings verusus
329  controls have been previously reported as sugar-regulated genes (Fig. S7b) (Xiong et al.,

330  2013; Ganpudi et al., 2019; Roman et al., 2021; Peixoto et al., 2021). PATHOGEN AND

331  CIRCADIAN CONTROLLED 1 (PCC1), which is upregulated after dawn, was identified as a
332  DEG for DPI, PI and AEG3482, but not Tyrphostin AG879, providing further support that
333  Tyrphostin AG879 acts on a distinct signalling pathway.

334  Half of the DEGs identified in Tyrphostin AG879-treated seedlings have been reported as
335 DEGs in a sesqia?2 SnRK1 hypomorphic mutant (Peixoto et al., 2021). We therefore tested
336  whether Tyrphostin AG879 affects expression of a SnRK1 transcriptional marker, DARK
337  INDUCIBLE 6 (DING6). Treatment of DIN6p.:LUC seedlings at dusk with DPI, PI or

338  AEG3482 either had no effect, or slightly inhibited luciferase luminescence, whereas

339  Tyrphostin AG879 increased reporter activity (Fig. S7c). This suggests that Tyrphostin

340  AGS879 can activate SnRK1 activity, either directly or indirectly, which is consistent with the
341  increased expression of SnRK 1-regulated markers in Tyrphostin AG879-treated seedlings
342  (Fig. S7b). An activation of the starvation response triggered by SnRK1 could explain how
343  Tyrphostin AG879 counteracted the inhibition of seedlings growth by DPI (Fig. 4b).

344  To explore the effect of these four chemicals on primary metabolism, we performed

345  metabolite profiling over a 24-h time-course following treatment with each chemical (Table
346  S4). Principal component (PC) analysis of 63 metabolites over eight time-points revealed a
347  similar trend for all four chemicals in the direction of change compared to DMSO-treated
348  samples for PC1 and PC2, which together explained between 63-70% of variance (Fig. S8).
349  The PC plot for Tyrphostin AG879 suggested a more pronounced effect on the primary
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350 metabolome around dusk, compared to the other three chemicals, and the effect of DPI

351  appeared more pronounced than PI and AEG3482.

352  All four chemicals caused a significant increase in the levels of sucrose, fructose and glucose
353  at more than one time-point. Sucrose was elevated around dawn and glucose and fructose
354  elevated during the day (Fig 5a). The glycolysis intermediate glucose-6-phosphate was

355  significantly lower in Tyrphostin AG879-treated seedlings at ZT10 and ZT12 and also

356  reduced at ZT24 in seedlings treated with DPI and PI (Fig 5b). We observed significant

357  increases in tricarboxylic acid (TCA) cycle intermediates, particularly citrate and malate,
358  with the magnitude of the effect increasing with time for all four chemicals (Fig 5c).

359  Branched-chain amino acids valine, leucine and isoleucine have been associated with HXK1
360 (Ganpudi et al., 2019) and TOR signalling (Cao ef al., 2019) but we did not detect notable
361  changes for any chemical (Fig. 5d). The difference between Tyrphostin AG879 and the other
362  three chemicals detected around dusk in the PC analysis is likely explained by significantly
363  reduced levels of amino acids at ZT10.5, particularly methionine, threonine and lysine (Fig.

364  5e), which are all synthesised from oxaloacetate in the TCA cycle.

365  We have previously shown that DPI inhibits accumulation of superoxide in dark-adapted
366  seedlings treated with sucrose and affects expression of circadian gene expression (Romén et
367  al 2021). The similar phenotypic patterns between DPI and PI, suggest they might affect the
368  same sugar signalling pathway. We measured the effect of DPI and PI on circadian rhythms
369  using luciferase reporters and observed lengthening of circadian period by both chemicals
370  (Fig. 6a). This effect is consistent with expectations for inhibition of sugar signalling into the
371 clock, similar to effects of inhibiting sugar production from photosynthesis (Haydon et al.,
372  2013). However, neither chemical inhibited the shortening of circadian period by sucrose

373  (Fig. 6b), which operates by a SnRK 1-dependent mechanism (Frank et al., 2018).

374 Pl is an antagonist of N-methyl-D-aspartate (NMDA) glutamate receptors in mammalian

375  cells, so we wondered if PI similarly inhibits Ca®" signalling in Arabidopsis. We measured
376  the effect of PI on 35Sp:AEQ, a luminescent reporter for cytosolic Ca>* concentration and
377  observed a rapid shift in internal Ca®" in Arabidopsis seedlings (Fig. 7a). By contrast, DPI did
378 not affect 35Sp:AEQ in these experiments suggesting it does not have an immediate

379 influence on cytosolic Ca®* in these conditions.
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380  Since PI strongly affects cytosolic Ca?>* concentration and inhibits transcriptional response to
381  sucrose, we tested whether sucrose could induce a change in cytosolic Ca?* concentration in
382  dark-adapted seedlings. Application of sucrose to dark-adapted seedlings elevated 35Sp:AEQ
383  luminescence compared to mannitol (Fig. 7b). This response was slower than elevation of
384  superoxide observed in sucrose-treated seedlings (Roman et al., 2021). Elevation of cytosolic
385  (Ca’' concentration by sucrose was attenutated in DPI-treated seedlings. Similarly, although
386  35Sp:LUC luminescence was higher in Pl-treated seedlings, there was no difference between
387  sucrose and mannitol (Fig. 7b). This is consistent with the targets of these chemicals acting in
388  the same sugar-activated Ca?*-dependent signalling pathway and suggests that the target of
389  DPI acts upstream of the target of PI.

390 To test whether PI inhibits elevation of superoxide by sucrose, we measured L-012

391  luminescence and performed nitroblue tetrazolium (NBT) stains in dark-adapted seedlings.
392  DPI strongly inhibited L-012 luminescence in sucrose-treated seedlings, but PI did not (Fig.
393  7c¢). Similarly, NBT stains indicated that, unlike DPI, PI did not prevent sucrose-activated
394  superoxide accumulation (Fig. 7d). These data indicate that the target of PI acts downstream
395  of the target of DPI. This supports the results of the 35Sp: AEQ experiments and suggests that
396 Pl inhibits a ROS-activated Ca?*-channel acting downstream of NADPH oxidases in sugar

397  signalling pathway that regulates circadian gene expression.
398  Discussion

399  We have used a chemical screen for modifiers of an effect of sucrose on the circadian clock
400 to identify novel experimental tools to manipulate sugar signalling in Arabidopsis. From 75
401  hit molecules, we confirmed the effect of 13 chemicals and completed broad characterisation
402  of'the effects of these chemicals on key sugar-regulated processes including germination,

403 growth and pigmentation. These experiments captured a broad picture of the patterns of

404  phenotypic effects of these chemicals to identify potential shared relationships between them.
405 We selected four chemicals for metabolite and transcriptome profiling, which suggested they
406  affect at least two distinct pathways. Two compounds, DPI and PI, appear to act on a sucrose-
407  activated ROS-Ca?" signalling pathway, which might represent a novel metabolic signalling
408 pathway in Arabidopsis affecting circadian gene expression and growth. Furthermore, this list
409 of commercially available sugar signalling modifiers provides a resource that could be used

410 to fill gaps in known and unknown metabolic signalling processes in plants.
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411 The effect of Tyrphostin AG879 on the transcriptome suggested that it might be a modifier of
412  SnRK1 or a SnRK1-related pathway, and we confirmed that this chemical could activate

413  DIN6p:LUC, a reporter of SnRK1 activity. Although the number of DEGs was small in

414  Tyrphostin AG879-treated seedlings around dawn, this is consistent with the small effect of
415  SnRKIa -overexpression on the transcriptome and the apparently higher activity of SnRK1 at
416  this time of day (Peixoto ef al., 2021). A SnRK1 activator could be expected to inhibit the
417  transcriptional response of CCR2p:LUC to sucrose in C-starved seedlings. Two other

418  chemicals, DMH4 and ZM39923, had similar patterns of effects to Tyrphostin AG879, so it
419 s possible that these also influence SnRK1-related signalling. Interestingly, all three

420  chemicals are tyrosine kinase inhibitors.

421  The TOR kinase inhibitor, AZD8055, is not represented in LOPAC but we included it in our
422  experiments because it was able to inhibit the transcriptional response to sucrose. Although
423 the effect on the luciferase reporter was relatively weak, the effect on the transcript was

424  strong. TOR is activated by sugar availability and influences circadian rhythms in

425  Arabidopsis (Zhang et al., 2019), so it is possible other modifiers of plant TOR signalling
426  could have been identified in our screen. Based on phenotypic effects, the most similar

427  chemicals were roscovitine, a cyclin-dependent kinase inhibitor and TBB. Although TBB is a
428  CK2 inhibitor, it appears this is not the mechanism by which is affects expression of CCR2 in

429  our experiments.

430 DPI and PI have very similar effects on the phenotypes we measured and their inhibition of
431  growth is not additive, suggesting they act on the same pathway. DPI inhibits accumulation
432  of superoxide in sucrose-treated seedlings, most likely by inhibiting NADPH oxidases at the
433 plasma membrane (Romén et al., 2021). PI is a NMDA receptor antagonist and therefore
434  might target a Ca>* channel in plant cells. Consistent with this, we found that PI induces a
435  rapid change in cytosolic Ca®" concentration. Application of sucrose to dark-adapted

436  seedlings elevated cytosolic Ca®*, with a slightly slower response than the accumulation of
437  superoxide. Since PI did not inhibit sucrose activated superoxide accumulation, these results
438  suggest that the Ca®* signal acts downstream of the superoxide signal and that PI targets a
439  ROS-activated Ca**channel. CYCLIC NUCLEOTIDE GATED Ca?*" CHANNELs (CNGCs)
440 and ANNEXINs have been proposed to fulfil this role in plants (Demidchik, 2018).

441  GLUTAMATE LIKE RECEPTORSs (GLRs) have been shown to act upstream of NADPH
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442  oxidases (Kong et al., 2016). All these channels are members of large protein families, so

443  genetic verification of any of these as the targets of PI will be challenging.

444  If our results suggest a novel sugar signalling pathway, a critical question is how the sugar is
445  sensed. Since NADPH oxidases are present on the plasma membrane, this could be an

446  extracellular sugar sensing mechanism. A role for RGS1 seems unlikely, since G-protein
447  mutants are not affected in the sucrose response assay. Receptor-like kinases have been

448  implicated in numerous extracellular signalling pathways, upstream of NADPH oxidases.
449  This is a very large protein family, but many of these contain sugar-binding lectin domains
450 (Sunetal., 2020). However, NADPH oxidases can be triggered by intracellular domains, so
451  it’s also possible that sugars are sensed within cells. Alternatively, DPI might be inhibiting
452  superoxide accumulation in a different location. It will be important to determine the cellular

453  location of both the superoxide accumulation and Ca®* signal in the future.

454  Confirming the direct targets of these chemicals will be important to define these signalling
455  pathways. A forward genetic approach lacks sufficient specificity and the likelihood of

456  isolating loss-of-function mutations in essential sugar signalling proteins will be small, since
457  these are expected to be lethal. Reverse genetics is limited when there is functional

458  redundancy within protein families. Therefore, chemical proteomics has the most promise
459  (Hicks & Raikhel, 2014), although these techniques can be particularly challenging for

460 membrane proteins. Nevertheless, this chemical screen has successfully identified a new set
461  of potential tools to manipulate sugar signalling in plant cells. This provides opportunity to
462  discover new signalling pathways in Arabidopsis and it will be informative to test the

463 efficacy of these chemicals in other plant species.
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645

646  Figure 1. A sugar response assay in Arabidopsis seedlings. (a) Luciferase luminescence in
647  dark-adapted CCR2p.:LUC seedlings treated with indicated concentration of sucrose or

648 mannitol (means = SEM, n = 6). (b) Sugar content in dark-adapted seedlings treated with 30
649 mM sucrose or transferred into the light with or without DCMU (means + SD, n = 4). (c)

650  Luciferase luminescence in dark-adapted CCR2p:LUC seedlings treated with 30 mM sugars
651  (means = SEM, n = 8). (d) and (e) Fold change in luciferase reporter luminescence in dark-
652  adapted wild-type (Col-0) or mutant seedlings treated with mannitol (blue) or sucrose (red)
653 (means = SD, n =4). (f) CCR2 transcript level, normalised to UBQ10, in dark-adapted wild-
654  type (Col-0) or aggl agg? agg3 mutant seedlings 12 h after treatment with mannitol (blue) or

655  sucrose (red) (means = SD, n = 3).
656
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662  Figure 2. Dose response of transcriptional response to sucrose for 15 chemicals. Inhibition of
663  peak luciferase luminescence in dark-adapted CCR2p:LUC seedlings after treatment with 30
664 mM sucrose in the presence of the indicated concentration of chemical (means + SD, n = 6-

665 12).
666
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Figure 3. Validation of transcriptional effect of LOPAC chemicals. (a) Luciferase
luminescence in 35Sp:LUC seedlings, 16 h after transfer to media containing the minimum
effective concentration of each chemical (means + SD, n = 8; * p > 0.05, Bonferroni-
corrected #-test) (b) CCR2 transcript level, relative to UBQ10, in dark-adapted Col-0
seedlings 12 h after treatment with 30 mM mannitol (blue), 30 mM sucrose (red) or 30 mM
sucrose in the presence of the minimum effective concentration of chemical (white) (means +

SD, n=4; * p > 0.05, Bonferroni-corrected ¢-test).
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688  Figure 4. Summary of effects of LOPAC chemicals on sugar-related growth phenotypes. (a)
689  Normalised effects of minimum effective concentration of 13 LOPAC chemicals on

690 germination of dormant seeds on 30 mM mannitol (1) or sucrose (6), biomass of 7 d old

691  seedlings on Y2 MS (2), hypocotyl and root length of 7 d old dark-grown seedlings on 30 mM
692 mannitol (3,4) or sucrose (7,8) and anthocyanin content in 9 d old seedlings grown for 2 d on
693 90 mM mannitol (5) or sucrose (9). Complete data are shown in Fig S4 and Fig S5. (b)

694  Seedling biomass of 7 d old seedlings sown on 2 MS containing DMSO, 2 uM DPI, 5 uM
695 PI, 2.5 uM AEG3482 or 0.5 uM Tyrphostin AG879 alone or in combination (n =4 of 12
696  seedlings; * p <0.05 compared to DPI, Bonferroni-corrected #-test).

697

698

26


https://doi.org/10.1101/2021.11.20.469363
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.20.469363; this version posted November 20, 2021. 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) Sucrose Glucose Fructose Maltose (b) Glc6P/Gal6P
DMSO
DPI * | % * [ K| K| K| K[k % [% Fo[ k| K| K| k| K[k * *
P| * * % % |k |k (% *| % * [ %[k | *
AEG3482 * * % | % | k| *[k * k| kx| *
Tyr AG879 | |+ *| % *i * Kk kk ||k *|% %
ZT(h) o0 4 1224 0 4 1224 0 4 1224 0 4 12 24 0 4 12 24
(c) Citrate 2-oxoglutarate Succinate Fumarate Malate
DMSO
DPI %% | K|k | K * * |k * * * k| %
p1[*[* * [*]* *| [* * l x| [* *[ %
AEG3482| |** *|* * *
TyrAG879 * | Kk [k K| k[k |k * * (% * |k (% | %
ZT(h) 0 4 12 24 0 4 12 24 0 4 1224 0 4 12 24 0 4 12 24
(d) Valine Leucine Isoleucine
DMSO ‘m
DPI l * 2
PI 0
AEG3482 [# -2
TyrAGe79 | | [+ |« « -4 8
ZT(h) 0 4 12 24 0 4 1224 0 4 12 24
e
( :)3 m DMSO
T r DPI
2 | PI *
g 9 AEG3482 *
g i Tyrphostin AG879 | |
e | 7
5 1 +| " ¢ |, * . o | | + |
2 BE |+ ) S II'*II'* vod o e '|:|
= 09 I 7e 1 1
© - ' I |
2
0 L L L L L L L L ),
Asparagine Aspartate Methionine Threonine Lysine Glutamate Glutamine Proline  Arginine
700
701
702

703  Figure 5. Primary metabolite levels in chemical-treated seedlings. (a-d) Heatmaps of relative
704  metabolite levels in seedlings treated with DMSO or chemicals at ZT23 and sampled at ZTO,
705  ZT1.5,7Z7T4,7T8, ZT10.5, ZT12, ZT22.5 and ZT24 (n=5; * p < 0.05 compared to DMSO, -
706  test). (e) Relative amino acid levels in DMSO- or chemical-treated seedlings at ZT10.5 (mean
707  +=SD,n=35; *p<0.01 compared to DMSO, t-test).
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713 Figure 6. Effect of PI and DPI on circadian period. Normalised luciferase luminescence and
714  circadian period estimates in (a) TOClIp:LUC (n =4) or (b) CCAlp:LUC seedlings (n = 16)
715  treated with DMSO, 10 uM DPI or 25 uM PI before transfer to continuous light (n=4; * p <
716 0.05, Student’s #-test). (¢) Circadian period estimates of CCA Ip:LUC seedlings treated with
717  DMSO, 10 uM DPI or 25 uM PI with 30 mM mannitol or sucrose before transfer into
718  continuous low light (n =4; * p <0.05 compared to mannitol, Bonferroni-corrected #-test).
719

28


https://doi.org/10.1101/2021.11.20.469363
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.20.469363; this version posted November 20, 2021. 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) DPI - Pl . DMSO (b) * Mannitol * Sucrose
jo]
3 600 + % 900
= o
—_— @
4 € 600
© =
e 5
§ g 300
3 g
e L L . A )
0 60 120 180 240 300 0o 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (s) Time since sugar (h)
(c) ] Mannitol
*Mannitol *Sucrose (d) Mannitol Sucrose [J Sucrose
o 60 251 %
< DMSO s DPI Pl 2 *
5 IR DMSO . %20 %
g 40 il JasSe 2 15
£ iy l 2 op <
3 2 .1’ Mk . § 105 é
LSRR hap, R L .
5 W#rb'--,- e L .flprw AT K Pl - 8 5 5 ?I
I T et N . z,
-1 o 1 2 3 4 -1 0o 1 2 3 441 0o 1 2 3 4 DMSO DPI PI

Time since sugar (h)

720

721

722  Figure 7. Effect of PI on elevation of cytosolic Ca* by sucrose. (a) Cytosolic Ca®*

723  concentration in 358p:AEQ seedlings treated (arrow) with DMSO (control), 10 uM DPI or 25
724  uM PI (means + SD, n = 6). (b) Aequorin luminescence in dark-adapted 35Sp:AEQ seedlings
725  treated with 30 mM sucrose or mannitol in the presence of DMSO, 5 uM DPI or 25 uM PI
726  (mean + SD, n=6). (c) L-012 luminescence in dark-adapted Col-0 seedlings treated with 30
727  mM mannitol or sucrose in the presence of DMSO, 10 uM DPI or 25 uM PI (means + SEM,
728 n=6). (d) Images and quantification of nitroblue tetrazolium (NBT) stain for superoxide in
729  dark-adapted Col-0 seedlings 4 h after treatment with 30 mM mannitol or sucrose in the

730  presence of DMSO, 5 uM DPI or 25 uM PI (n = 8; * p < 0.05 compared to mannitol,

731  Bonferroni-corrected #-test).
732
733
734
735
736

737

29


https://doi.org/10.1101/2021.11.20.469363
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.20.469363; this version posted November 20, 2021. 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.

738  Table 1. Chemical modifiers of CCR2p:LUC response to sucrose

Chemical Name PubChem_CID rzscore SSMD  Primary mammalian target

Tyrphostin AG 879 135419190 -13.88 -5.87 TrkA, tyrosine kinase
3.,3’-Difluorobenzaldazine (DFB) 006604893 -3.99 -5.13 mGluRS, metabotropic glutamate receptor
6-Methyl-2-(phenylethynyl) 009794588 -6.58 -4.88 mGluRS, metabotropic glutamate receptor

pyridine hydrochloride (MPEP) *

5-Nitro-2-(3-phenylpropylamino) 000004549 -1.80 -4.84 CI' channel

benzoic acid (NPPB)

1,9-Pyrazalolanthrone (SP600125) 000008515 -3.81 -4.83 c-Jun N-terminal kinase (c-JNK), MAP kinase
2-methyl-6-(2- 005311432 -6.32 -4.60 mGluRS, metabotropic glutamate receptor

Phenylethenyl)Pyridine (SIB 1893)

MTEP hydrochloride 045073467 -5.07 -3.78 mGluRS, metabotropic glutamate receptor
L2-b 039247144 -5.59 -3.74 Amyloid-8

Riluzole 000005070 -4.10 -3.56 Na* channel

AEG 3482 000698112 -4.86 -3.39 Heat shock protein 90 (HSP90)
Niclosamide 000004477 -2.70 -3.30 Oxidative phosphorylation

CGP-7930 005024764 -4.03 -3.26 GABA-B receptor, GPCR

Tyrphostin 51 005328807 -2.26 -3.22 EGF receptor, tyrosine kinase
4,5,6,7-Tetrabromobenzotriazole 000001694 -9.98 -3.19 Casein kinase 2 (CK2)

(TBB)

Fenobam 000162834 -1.32 -3.12 mGluRS, metabotropic glutamate receptor
DMH4 005329447 -3.69 -3.00 VEGF receptor, tyrosine kinase

Bay 11-7082 005353431 -2.07 -2.81 Nuclear factor-kappa B (NF-kB), transcription factor
1-Phenyl-3-(2-thiazolyl)-2-thiourea 000719408 -5.59 -2.81 Dopamine beta-hydroxylase

i

BF-170 hydrochloride * 000297284 -4.93 -2.78 Tau

30
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Diphenyleneiodonium chloride 002733504 -11.81 -2.65 Nitric oxide synthase (NOS)

(DPI)

CBIQ 011401613 -2.18 -2.65 CFTR CI channel

PD 98,059 * 000004713 -4.29 -2.58 MAP kinase kinase (MAPKK)

Oltipraz metabolite M2 000128585 -4.38 -2.57 Liver X receptor alpha (LXR-alpha)
Nocodazole * 000004122 -2.06 -2.52 Beta-tubulin

L-165,041 006603901 -3.39 -2.44 Peroxisome proliferator-activated receptor (PPAR)
Amlexanox * 000002161 -5.63 -2.37 TANK-binding kinase 1, Ser/Thr kinase
2,3-Dimethoxy-1,4- 000003136 -6.91 -2.32 Redox cycling agent

naphthoquinone (DMNQ)

Rhodblock 6 006466029 -3.49 -2.21 Rho Kinase, Ser/Thr kinase

DCEBIO 000656765 -1.48 -2.20 K" and CI channel
3.4,-Methylenedioxy-83- 000672296 -6.11 -2.18 Src and Syk tyrosine kinase

Nitrostyrene (MNS)

U0126 003006531 -2.01 -2.17 MAP kinase kinase (MAPKK)

Gossypol 000003503 -0.76 -2.13 Platelet activating factor (PAF)
SB-366791 000667594 -2.73 -2.12 TRPV1 cation channel
L-alpha-Methyldopa 000038853 -0.55 -2.02 L-aromatic amino acid decarboxylase inhibitor
SMER28 001560402 -1.66 -1.97 Autophagy

SIB 1757 006849066 -3.69 -1.92 mGluRS5, metabotropic glutamate receptor
Sanguinarine chloride 000068635 -3.94 -1.87 Protein phosphatase 2C (PP2C)
Nimesulide 000004495 -3.16 -1.81 Cyclooxygenase-2 (COX-2)

Rabeprazole sodium 014720269 -1.62 -1.75 H'/K* ATPase

ONO-RS-082 * 006438389 -0.90 -1.61 Phospholipase A2

SU 4312 006450842 -3.30 -1.56 VEGF receptor, tyrosine kinase
Diethylenetriaminepentaacetic acid 000003053 -1.02 -1.55 Metal chelator

(DTPA)
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GBR-12909 dihydrochloride

AC-93253 iodide *
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Flunarizine dihydrochloride

BIO

Pentamidine isethionate

ZM 39923 hydrochloride

Diclofenac sodium

Phosphonoacetic acid

Emodin

PF 3845 hydrate

Naltrindole hydrochloride

Tranylcypromine hydrochloride

KRM-III
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Reactive Blue 2
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Kynurenine 3 monooxygenase (KMO)

Ca”>*/Na* channel

Glycogen synthase kinase 3 (GSK-3)

NMDA glutamate receptor, Ca®* channel

Janus kinase 3 (JNK-3), tyrosine kinase

Cyclooxygenase (COX)

DNA polymerase

Casein kinase 2 (CK2)

Fatty acid amide hydrolase (FAAH)

Delta opioid receptor, GPCR

Monoamine oxidase

T cell antigen receptor (TCR)

Serine protease

P2Y, purigenic GPCR

Casein kinase 2 (CK2)

L-type Ca" channel

Androgen receptor, transcription factor

4-Hydroxyphenylpyruvate dioxygenase (HPPD)

Dihydroorotate dehydrogenase

Poly (ADP-ribose) polymerase (PARP)

GABA-A receptor, ion channel
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A3 hydrochloride

Candesartan cilexetil

S-Methyl-L-thiocitrulline acetate

Methoxamine hydrochloride

Piribedil maleate

Phentolamine mesylate

1-Methylhistamine dihydrochloride

Isonipecotic acid

GANT61
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1.39

1.41
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1.48

1.62

1.64

1.73

1.75

Casein kinase (CK)

Angiotensin II receptor (ATR), GPCR

Nitric oxide synthase (NOS)

Alphal adrenergic receptor, GPCR

Dopamine receptor, GPCR

Alpha adrenergic receptor, GPCR

Histamine metabolite

GABA-A receptor, ion channel

Zinc finger protein GLI, transcription factor

* Inhibited 35Sp:LUC

I luciferase inhibitor from Thorne et al 2012
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753  Figure S1. Inhibition of luciferase luminescence by LOPAC chemicals. Luciferase

754 luminescence in 35Sp:LUC seedlings, 6 h after transfer to media with 25 uM chemical
755  (means = SD, n = 3).
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757  Figure S2. Structures of 15 chemicals chosen for validation. Chemical structures were

758  obtained from Pubchem (https://pubchem.ncbi.nlm.nih.gov) and scaled to equivalent size.
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Figure S3. Inhibition of transcriptional response to sucrose. Luciferase luminescence in dark-
adapted CCR2p:LUC seedlings following treatment with 30 mM mannitol (blue), 30 mM
sucrose (red) or 30 mM sucrose and the indicated concentration of chemical (pink) (means +

SEM, n = 6-12).
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Figure S4. CK2 is not required for CCR2 response to sucrose. (a) Inhibition of peak
luciferase luminescence in dark-adapted CCR2p:LUC seedlings after treatment with 30 mM
sucrose in the presence of the indicated concentration of DRB (means + SD, n = 8). (b)
Luciferase luminescence in dark-adapted CCR2p.:LUC seedlings after treatment with 30 mM
sucrose in the presence of 150 uM DRB (means + SD, n = 8). (¢) CCR2 transcript level,
relative to UBQ10, in dark-adapted wild-type (Col-0) and ckal-1 cka2-1 cka3-1 seedlings
before (Control) or 12 h after treatment with 30 mM mannitol or 30 mM sucrose (means +

SD, n = 3).
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775  Figure S5. Effect of chemicals on germination of dormant seeds. Imbibed Col-0 seeds were
776 sown on 2> MS containing 30 mM mannitol or 30 mM sucrose containing DMSO or indicated

777  concentration of chemical (means + SD of four replicate each of 20-25 seeds).
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Figure S6. Effects of chemicals on growth and pigments. (a) Images, (b) fresh weight and (c)

total chlorophyll of 7 d old seedlings grown on 2 MS containing DMSO or minimum

effective concentration of each chemical (n=4). (d) Hypocotyl length and (e) root length of 7

d old seedlings grown in the dark for 5 d on 30 mM mannitol (blue) or sucrose (red)

containing DMSO or chemical (n=10). (f) Anthocyanin content of 9 d old seedlings grown
for 2 d on 90 mM mannitol (blue) or sucrose (red) with DMSO or chemical (n=4). * Different

from control (DMSO) by Bonferroni-corrected #-test, p < 0.05.
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787  Figure S7. Effect of selected chemicals on transcriptome at dawn. (a) Comparison of gene
788  expression in untreated seedlings at ZTO (0 h) or after 2 h treatment with DMSO, DPI, PI,
789  AEG3482 or Tyrphostin AG879. (b) List of differentially expressed genes between DMSO or
790  chemical-treated seedlings. Genes previously identified as differentially expressed in dark-
791  adapted seedlings treated with sucrose (Sugar; Roman et al 2021) or in mutants of SnRK 1
792  (sesqui, Peixoto et al 2021), TOR (for; Xiong et al 2013) or HXK1 (gin2,; Ganpudi et al

793  2019) are indicated by yellow (down-regulated) or blue (up-regulated). (c) Luciferase

794 luminescence in DIN6p:LUC seedlings treated with DMSO or chemical before dusk (ZT11)
795  (means £ SEM, n=6).
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Figure S8. Principle component analysis of effects of chemicals on primary metabolites.
Principle component 1 (PC1) versus PC2 plots for 63 metabolites measured in untreated
seedlings at ZTO or seedlings treated with DMSO, DPI, PI, AEG3482 (AEG) or Tyrphostin
AG879 (TYR) and sampled at ZT0, ZT1.5, ZT4, ZT8, ZT10.5, ZT12, ZT22.5 and ZT24.

Each point represents one of five biological replicates.

Table S1. Primers used in this study.

Table S2. LOPAC chemicals that modify CCR2p:LUC reporter response to sucrose, SSMD

+1.

Table S3. DEGs identified by RNA-seq in untreated seedlings or seedlings treated with
DMSO, DPI, PI, AEG3482 or Tyrphostin AG879.

Table S4. Metabolite profiling in untreated seedlings or seedlings treated with DM SO, DPI,
PI, AEG3482 or Tyrphostin AG879.
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