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SUMMARY (150 words) 24 

 25 

The plant signaling molecule auxin controls growth and development through a simple 26 

nuclear pathway that regulates gene expresion. There are however several cellular and 27 

physiological responses to auxin that occur within seconds, far too rapid to be mediated by 28 

transcriptional changes, for which no molecular mechanism has yet been identified. Using a 29 

phosphoproteomic strategy in Arabidopsis thaliana roots, we identify an ultra-rapid auxin 30 

response system that targets over 1700 proteins, many within 30 seconds. Auxin response is 31 

chemically specific, requires known auxin-binding proteins, and targets various pathways. 32 

Through exploring its temporal dynamics, we infer auxin-triggered kinase-substrate networks 33 

and identify apoplastic pH changes as a target of signaling and as part of a relay mechanism. 34 

By generating a variety of phosphoproteomic datasets, integrated with structural information 35 

in a web-app, and by demonstrating analysis and inference strategies, we offer a resource to 36 

explore rapid and dynamic signaling in plants. 37 
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INTRODUCTION 46 

 47 

Since its discovery nearly a century ago1,2, the plant signaling molecule auxin has been the 48 

focus of intensive investigation3. The naturally occurring indole 3-acetic acid (IAA) is 49 

widespread in nature and found in essentially all plants studied to date4. Its biological activity 50 

as a signaling molecule, acting at nanomolar to micromolar concentrations, is extremely 51 

profound. When applied to plants or plant cells, auxin can trigger a wide range of 52 

physiological, cellular and molecular changes that likely underly the long-term effects on 53 

plant growth and development. Classical examples of auxin activity include mediating tropic 54 

growth (e.g. phototropism or gravitropism) 1,2,5,6, as well as the promotion of vascular cell 55 

differentiation7–9, and the induction of adventitious or lateral roots10,11. Molecular and cellular 56 

responses to auxin include rapid changes in membrane chemical potential, associated changes 57 

in ion transport12–15, changes in the velocity of cytoplasmic streaming16,17, changes in cellular 58 

growth rate and differentiation11,18–20, and importantly, reprogramming of transcription21. 59 

 To identify the mechanisms underlying the responses to auxin that control plant 60 

growth, genetic screens have led to the isolation of a range of Arabidopsis mutants that are 61 

insensitive to auxin’s growth-inhibiting action22–24. Cloning of the affected genes, followed 62 

by detailed molecular, biochemical and structural analysis have revealed a simple, yet 63 

powerful mechanism for auxin response24. In what is referred to as the Nuclear Auxin 64 

Pathway (NAP), auxin enables interaction of Aux/IAA transcriptional inhibitors with a 65 

ubiquitin ligase complex (SCFTIR1/AFB) to promote their degradation. This liberates DNA-66 

binding ARF transcription factors from Aux/IAA inhibition and allows transcriptional control 67 

of their many target genes (reviewed in 21). This NAP can account for many of the observed 68 

auxin activities across land plants and in many developmental contexts, including responses 69 

to environmental signals3. However, the time required to bring about changes in cellular 70 

physiology through transcriptional control is substantial, and limited by the velocity of 71 

transcription, translation, protein folding and targeting. Hence, even if the first IAA-induced 72 

transcripts are visible between 5-10 minutes after IAA treatment25, it is extremely unlikely 73 

that the NAP can account for the changes in e.g. ion fluxes, cellular growth and subcellular 74 

traffic that have been observed to occur within seconds to minutes12,14,16,17,26,27. It is therefore 75 

inevitable that there exists a second auxin response system that is kinetically suited to 76 

mediate such rapid responses. Indeed, several “non-canonical” auxin responses have been 77 

reported14,26,28 that do not rely on a (complete) NAP, but that may involve one of its 78 

components. For example, fast inhibition of Arabidopsis root growth and changes in 79 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517949
http://creativecommons.org/licenses/by-nc-nd/4.0/


membrane polarity involve the AFB1 receptor of the NAP14. Other rapid responses including 80 

the activation of H+-ATPases at the plasma membrane for growth regulation27,29 and 81 

cytoplasmic streaming, possibly related functions in endocytic trafficking 16,30 require a cell 82 

surface auxin signaling mediated by the ABP1 auxin receptor and its associated TMK 83 

receptor-like kinase3.  Thus, the existence of fast responses to auxin is evident, but it is 84 

unclear what mechanisms and response system(s) might underlie such fast responses. 85 

 Here, we explore the role that reversible protein phosphorylation may play in fast 86 

responses to auxin. Protein phosphorylation is a widespread mechanism for enzymatically 87 

modifying the structure and function of pre-existing proteins31, thus eliminating the need for 88 

de novo protein synthesis. Given that phosphorylation depends only on the (allosteric) 89 

activation of a protein kinase, the reaction is intrinsically rapid. Several well-known examples 90 

of phosphorylation-based signaling exist across the kingdoms of life32–35. Among these, some 91 

are particularly rapid, with Insulin and EGF ligands triggering initial phosphorylation 92 

changes by receptor kinases within seconds34,35, followed by relays and amplification steps 93 

with additional protein kinases35. Phosphorylation-based signaling is also widespread in 94 

plants, and mediates responses to peptide ligands in development and immunity33, as well as 95 

to Brassinosteroids36–38. Whether phosphorylation-based signaling is a meaningful 96 

component in auxin response is an open question. There is ample evidence for 97 

phosphorylation-based events in the control of activity and localization of PIN auxin 98 

transporters39. Whether however, these events are part of a rapid signaling system is an open 99 

question. The TMK1 receptor-like kinase mediates IAA-triggered phosphorylation changes, 100 

even within two minutes16,27, but the scope or dynamics of this response is unclear, given that 101 

the number of targets reported is limited.  102 

 Here, we used a phosphoproteomics strategy to address if a fast response system to 103 

IAA built on protein phosphorylation, exists. Prior phosphoproteomic analysis of auxin 104 

response has been reported in both Arabidopsis27,40,41 and rice42. In rice, a 3-hour treatment 105 

was reported 42, while in Arabidopsis, treatments used the synthetic auxin analogue 1-NAA 106 

for either 2 hours 40 or 11 days41, leaving the question of whether naturally occurring auxin 107 

can trigger phosphorylation changes at the same scale. We recently reported that IAA can 108 

trigger changes in protein phosphorylation in Arabidopsis roots within 2 minutes and that this 109 

response requires ABP1 and TMK127.  However, it is entirely unclear what the specificity, 110 

kinetics, scope and targets of this response are.  111 

Here, we show that auxin triggers changes in the phosphorylation of hundreds of 112 

proteins in Arabidopsis roots well within 30 seconds. An extended time series showed that 113 
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over two thousand proteins are differentially phosphorylated within 10 minutes, with a range 114 

of temporal dynamics. Analysis of mutants suggests these responses to involve both 115 

intracellular and extracellular auxin perception. We leveraged the rich datasets to identify 116 

pathways and functions that are triggered by rapid auxin signaling, predict signaling hub 117 

kinases and demonstrate a very rapid effect on apoplastic pH. Lastly, we compiled the 118 

datasets in a searchable web tool, integrated with protein structural information. We thus 119 

identified a novel layer in auxin response with profound impact on many cellular pathways 120 

and functions, and created a resource that will form the starting point for renewed 121 

mechanistic investigation in the underexplored area of fast auxin response. 122 

  123 
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RESULTS 124 

 125 

Identification of a specific, rapid, phosphorylation-based auxin response 126 

 127 

To explore the ability of Arabidopsis roots to respond to auxin by changing protein 128 

phosphorylation levels, we initially treated roots with a concentration (100 nM) of the 129 

naturally occurring auxin Indole 3-Acetic Acid (IAA) that is sub-maximal with regards to 130 

physiological responses. The earliest recorded transcriptional responses to auxin treatment 131 

occur after 5-10 minutes25,43. Also given theoretical considerations related to gene expression 132 

and protein synthesis, we chose a 2 minute treatment time for mapping phosphorylation 133 

changes, assuming that any changes seen at that time are not influenced by changes in 134 

transcription. Using statistical analysis across 4 biological replicates, we next identified 135 

differential phosphosites (note that these are mapped to protein groups – not necessarily 136 

individual proteins, if there are multiple close homologs). We optimized the treatment and 137 

sample preparation procedure and measured samples on multiple mass spectrometers, and 138 

found the results to be very robust. Two minutes IAA treatment on Arabidopsis roots 139 

changed the abundance of 1048 phosphosites (FDR ≤ 0.01), where 666 were more and 382 140 

were less abundant after IAA treatment (Figure 1A). We performed shotgun proteomic MS 141 

measurement on equivalent samples (Figure 1B), which suggest that observed changes in 142 

phosphosite abundance are not generally caused by altered protein levels. Likewise, the 143 

differentially phosphorylated proteins showed little overlap with transcriptionally regulated 144 

genes (Figure S1A). We therefore regard these changes as hyper-/hypo-phosphorylation 145 

events. 146 

 The vast effect of a 2-minute IAA treatment on the phosphoproteome to this low IAA 147 

concentration  is striking, and suggest this to be a hormonal response. However, auxin is a 148 

weak organic acid derived from Tryptophan, and it is possible that (part of) the response 149 

observed is an unspecific response to weak organic acids or auxin-like molecules. To test 150 

chemical specificity, we therefore used a panel of related chemicals (all at 100 nM) in the 151 

same set-up, and measured phosphoproteomes after 2 minutes treatment. None of the 152 

synthetic auxin analogs 2,4-Dichlorophenoxy-acetic acid (2,4D), 1-Naphtaleneacetic Acid (1-153 

NAA) or 2-Naphtaleneacetic Acid (2-NAA) trigger phosphorylation changes that showed any 154 

correlation to those induced by IAA (Figure 1C; Spearman’s rank correlation [R]: 0.12 for 155 

2,4-D; 0.07 for 1-NAA and 0.01 for 2-NAA). Likewise, neither Benzoic Acid (BA; R=0.25) 156 

nor Formic Acid (FA; R=0.20) induced IAA-like phosphorylation changes (Figure 1C). As a 157 
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control, two entirely independent IAA treatments and measurements (Figure 1D) showed 158 

strong correlation (R=0.77). Thus, IAA response is chemically specific. Synthetic auxins 159 

have auxinic activity in several physiological assays, and it is therefore striking that 2,4-D, 1-160 

NAA and 2-NAA failed to trigger IAA-like phosphorylation changes. To test if these can act 161 

like IAA in this response, albeit less efficiently, we measured phosphoproteomes at a 10-fold 162 

higher concentration (1 µM). Indeed, at this concentration, 1-NAA (R=0.90) and 2-NAA 163 

(R=0.88) could induce IAA-like phosphorylation changes, but BA could not (R=0.12; Figure 164 

S1B). Thus, IAA induces a rapid, chemically specific, hormonal phosphorylation response in 165 

Arabidopsis roots. 166 

 167 

Auxin phospho-response is ultra-rapid and dynamic 168 

 169 

To explore the temporal dynamics of the newly identified phosphorylation response, we 170 

generated a time series of IAA treatments on Arabidopsis roots, ranging from 30 seconds to 171 

10 minutes. To ensure that this time series was not confounded by auxin-independent effects 172 

of submerging roots in growth medium, we also sampled solvent mock controls for each time 173 

point, and subtracted the phosphosite abundance in the mock treatment from each IAA 174 

treatment (Figure 2A). This led to a set of unique phosphoproteomes that could be clearly 175 

resolved by Principal Component Analysis (PCA; Figure 2B). Strikingly, even at 30 seconds, 176 

IAA triggered changes in abundance of hundreds of phosphosites (Figure 2D), underlining 177 

the rapid nature of the response. Compiling all differentially phosphorylated sites across the 178 

entire time series, a total of 2962 phosphosites is regulated by IAA (Figure 2D), 179 

corresponding to 1770 proteins, representing ~5% of the proteins encoded by the Arabidopsis 180 

genome.  181 

We next used the Minardo-Model44 to order groups of phosphopeptides that show 182 

similar trends of phosphorylation (Figure 2D). In each cluster, generalized linear models are 183 

derived from individual profiles which, together with Z-scores and post hoc Tukey test, infers 184 

event windows at which the majority of profiles show half-maximal amplitude response. 185 

From this analysis, the earliest events likely occur well within 30 seconds after treatment 186 

(Figure 2D; Clusters 1-9). This analysis clearly identified a range of temporal patterns in 187 

IAA-dependent phosphorylation. These ranged from transient, early or late hyper- or hypo-188 

phosphorylation to gradual hyper- or hypo-phosphorylation, and oscillatory hyper- and hypo-189 

phosphorylation (Figure 2D).  190 
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Phosphorylation events are often counteracted by regulatory dephosphorylation in 191 

enzymatic feedback loops. Given the highly dynamic phosphorylation patterns upon IAA 192 

treatment, it is possible that such feedbacks are operating here. To test the reversibility of the 193 

widespread IAA-induced differential phosphorylation, we performed a 2-minute IAA 194 

treatment, followed by 5-minute washout treatment with IAA-less medium. If the response 195 

were reversible, the profile after washout should resemble that after 2 minutes, or even before 196 

IAA treatment. Instead, PCA analysis of the washout treatment, along with the time series, 197 

grouped the washout treatment with the 10-minute treatment (Figure 2B). This suggests that 198 

the IAA response is not globally reversible and persists for minutes even after removal of the 199 

signal. 200 

 201 

Genetic requirements of rapid auxin response 202 

 203 

The widespread phosphorylation response to IAA treatment is novel, and a key question 204 

therefore is what mechanism mediates it. We initially explored the likely location of the 205 

receptor or binding site for IAA. As a weak acid, IAA tends to be protonated in the apoplast, 206 

and can enter the cell to some degree. Import into the cytosol is however facilitated by the 207 

AUX1 permease45. To ask if the binding site for IAA is intracellular or apoplastic, we 208 

measured a time series phosphoproteome in the aux1-100 mutant (Figure 2C). In case auxin 209 

is perceived intracellularly, one would expect a delay in the response. The aux1 mutant did 210 

show a substantially different phosphorylation pattern, and PCA analysis showed clear 211 

separation of wild-type and mutant, irrespective of IAA treatment (Figure 2C). Importantly 212 

however, the aux1 mutant showed a profound response to IAA, even at 30 seconds, which 213 

suggests that facilitated IAA influx is not strictly required for fast response. Hence, at least 214 

some of the IAA binding capacity for this fast response likely resides in the apoplast. 215 

Two auxin binding sites have been studied in detail: the nuclear TIR1/AFB receptors 216 

mediate auxin-dependent gene regulation, as well as some rapid non-transcriptional 217 

responses14,26,28. For the latter, the cytosolic AFB1 protein appears to play a prominent role14. 218 

The ABP1 protein resides both in the endoplasmic reticulum and in the apoplast, and has 219 

been connected to non-transcriptional responses, likely through interactions with the TMK1 220 

receptor-like kinase16. We compared previously recorded16 phosphoproteomes in abp1 and 221 

tmk1 mutants with one generated of the afb1 mutants after a 2-minute IAA treatment.  222 

Strikingly, each of the three mutants showed profound changes in their auxin-induced 223 

phosphoproteomes (Figure 3A,C). In all three mutants, a significant fraction of the auxin-224 
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triggered changes in phosphorylation were lost, or in cases, oppositely regulated (Figure 3A). 225 

To address that effect of each mutation on the level of phosphorylation of IAA-regulated sites 226 

in the absence of external IAA treatment, we compared mock-treated mutants with wild-type 227 

and evaluated the phosphorylation level of the entire set of IAA-triggered differential sites. 228 

This analysis showed that IAA-induced phosphosites are strongly hypophosphorylated in 229 

untreated abp1 and tmk1 mutants, but not in afb1 (Figure 3B). Thus, abp1 and tmk1 230 

accumulate phosphorylation defects during their normal growth, while this is not the case for 231 

afb1. Quantitatively, the number of IAA-triggered differential phosphosites was strongly 232 

reduced in all three mutants (Figure 3D). When clustering mutants according to the similarity 233 

of the changes in phosphorylation levels across the entire set of IAA-dependent 234 

phospopeptides (in wild-type), we found that abp1 and tmk1 clustered together, and afb1 235 

showed a distinct effect on the global IAA-triggered phosphoproteome (Figure 3E). 236 

Strikingly, a large set of phosphosites was similarly affected in abp1 and tmk1 mutants, and 237 

oppositely affected in the afb1 mutant (Figure 3E). This behavior is clearly illustrated by 238 

examples of individual phosphosites a range of proteins (Figure 3F). This demonstrates that 239 

ABP1, TMK1 and AFB1 are all required for normal auxin-triggered phosphorylation, and 240 

that ABP1 and TMK1 act coordinately, while AFB1 generally opposes ABP1/TMK1 action. 241 

 242 

Auxin-dependent phosphorylation targets multiple cellular pathways 243 

  244 

To explore the range of cellular functions potentially targeted by IAA through 245 

phosphorylation, we initially mined the full set of differential phosphosites for 246 

overrepresented functions, families and pathways. Gene Ontology (GO) analysis of 247 

differential phosphosites (Figure 4A) showed that a broad range of cellular functions is 248 

subject to regulation. These include a plethora of processes at the plasma membrane or 249 

endomembranes, such as endocytosis, vesicle fusion and ion transport, but also prominently 250 

featured nuclear processes such as transcription, chromatin structure and splicing. While 251 

there is very strong enrichment of plasma membrane, cytosolic and nuclear proteins, most 252 

cellular locations are targeted by auxin-triggered phosphorylation. Based on this GO analysis, 253 

the prediction is that many aspects of cell function are targeted by IAA-triggered 254 

phosphoregulation.  255 

 We next surveyed the dynamic phosphorylation of proteins within functional groups 256 

that had been linked to auxin action, phosphorylation or were clearly enriched in the GO 257 

analysis (Figure 4B). PIN phosphorylation is a well-known regulatory step in transporter 258 
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activation or polar localization. We identified a range of phosphosites on PIN1, 2, 3 and 7. 259 

While most were rapidly hyperphosphorylated, those on PIN1 were hypophosphorylated. 260 

Interestingly, these all represent sites that have not previously been connected to PIN 261 

regulation. We likewise found rapid hyperphosphorylation on the ABCB19 auxin transport 262 

protein.  263 

 Auxin profoundly regulates gene expression, a function that has thus far been 264 

connected to the NAP system21. We noticed that there is a very rapid hypophosphorylation on 265 

a range of proteins involved in chromatin structure and activity. This includes BRM and SYD 266 

SWI/SNF ATPases and nearly all members of the TPL/TPR family. The function of these 267 

events is not known, but there it is likely that early phosphorylation events prime or condition 268 

later transcriptional responses. 269 

 A third functional group that is strongly affected by auxin is cell wall and cytoskeletal 270 

proteins. We found many differential phosphosites on Cellulose Synthases, Microtubule 271 

Associated Proteins, Myosins, and Dynamin Related Proteins. There was no clear pattern in 272 

hyper/hypo-phosphorylation among these, and in some cases, the same protein was 273 

oppositely affected at different residues. 274 

Lastly, IAA appears to trigger a range of phosphorylation events in mediators of 275 

signaling for other plant hormones. For example, multiple proteins in the ethylene pathway 276 

(ACS8, CTR1, EIN2) are targeted, as are multiple brassinosteroid (BES1, BZR1, BSL2, 277 

BSK2) and ABA (ABF4, PYL1), and the jasmonic acid component MYC2. Thus, while most 278 

of these sites are not yet connected to activity of these factors, it is evident that rapid IAA 279 

signaling has the potential to influence the response to other plant hormones. 280 

The phosphorylation changes reported here offer a rich source of data that allows 281 

developing hypotheses for future studies. To facilitate the use of this rich dataset and to help 282 

interact with the data, we designed a webtool (AuxPhos; 283 

https://weijerslab.shinyapps.io/AuxPhos) and user interface. AuxPhos allows to search 284 

individual proteins by their unique identifier, and visualize the quantification of its 285 

phosphopeptides across the various datasets (wild-type with IAA and various related 286 

chemicals; time series; aux1, abp1, tmk1 and afb1 mutants). In addition to offering a 287 

searchable interface for navigating phosphoproteins, we have implemented AlphaFold2-288 

based protein structural models to visualize on predicted protein structures, where differential 289 

phosphorylation occurs. An examples of such visualizations on the EIR1/PIN2 protein are 290 

shown in (Figure 4C). As further phosphoproteomic data will become available, these will be 291 

integrated in the tool. 292 
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 293 

Identification of kinases in auxin-triggered phosphoresponse 294 

 295 

Given the availability of a densely sampled time series and the identification of nearly 3000 296 

phosposites, we asked if the dataset could be used to infer phosphorylation relationships. To 297 

this end, we filtered the entire phosphoproteome dataset for phosphosites in the (predicted67) 298 

activation loop of the full set of Arabidopsis kinases (Figure 5A). This identified 26 kinases 299 

that were differentially phosphorylated in their activation loop during the IAA-triggered time 300 

series (Figure 5B), most of which were hyperphosphorylated, likely signifying activation of 301 

kinase activity. We next performed a regression analysis (Figure 5A) where we identified 302 

phosphorylation sites that temporally matched or followed the dynamics of activation of each 303 

kinase, obeying several statistical criteria. This led to the generation of a kinase-target 304 

network encompassing all 23 regulated kinases and 2140 phosphotargets (Figure S3). To test 305 

the validity of this inference approach, we asked if protein kinases with known 306 

phosphotargets were correctly predicted. This analysis is challenging because of the relatively 307 

small number of well-documented kinase-substrate relationships with information about the 308 

exact phosphosite. Nonetheless, we found several such pairs to conform to their predicted 309 

relationship in our dataset: A RAF kinase was connected to its OST1 target, and this OST1 310 

kinase to a bZIP target. In addition, D6PK was connected to PIN7 (Figure 5C), consistent 311 

with PIN phosphorylation by this kinase46. 312 

 We next ranked the 23 kinases according to their weight and position in the 313 

phosphonetwork (Figure 5D), indicated by their degree and their betweenness centrality. 314 

These two parameters were correlated in this network. This identified several kinases as 315 

potential hubs in this network. These include the D6PK kinase, as well as the LRR-RLK 316 

protein LRR1, a group of closely related RAF kinases and PIP5K2. The latter is a 317 

phosphoinositide kinase, and it is an open question if the PIP5K activity or the membrane 318 

changes it induces are correlated with downstream phosphorylation. In any event, this 319 

network analysis offers a prioritized set of auxin-regulated kinases that are strong candidates 320 

for mediating rapid responses. 321 

  322 

Rapid auxin response controls membrane polarization 323 

 324 

The many functions enriched in the IAA-dependent phosphoproteome include the control of 325 

intracellular pH (Figure 4A), which we explored further given that membrane polarity and 326 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517949
http://creativecommons.org/licenses/by-nc-nd/4.0/


apoplastic pH have been shown to be subject to auxin control14,15,27,29,47. To explore this 327 

regulation in more detail, we analyzed phosphorylation dynamics of the family of 328 

Arabidopsis H+-ATPase (AHA) proton pumps. These directly transport protons across 329 

membranes and tend to be localized to the plasma membrane, thus directly controlling 330 

apoplastic pH and membrane polarity14,27,29. One AHA is directly phosphorylated by 331 

TMK127,29, and we indeed found both TMK1 and AHA1/2 phosphorylation to be rapidly 332 

induced (Figure 6A). Likewise, most AHA proteins are differentially phosphorylated within 333 

30 seconds, followed by protein-specific temporal dynamics. This suggests a family-wide 334 

regulation of AHA pumps, and predicts that IAA treatment triggers profound and very rapid 335 

apoplastic pH changes. Previous pH imaging showed that IAA acts on apoplastic pH within 336 

minutes27, but did not allow to dissect early kinetics. We therefore used the pH-sensitive 337 

HPTS dye47 to measure root surface pH changes in a line expressing the cytosolic calcium 338 

sensor R-GECO148. We imaged roots in a microfluidic device mounted on a vertical 339 

microscope to record the apoplastic pH response in the seconds immediately following auxin 340 

application. We found that IAA treatment led to an almost instantaneous apoplastic 341 

alkalinization, represented by an increase in HPTS fluorescence excited by 488 nm laser 342 

(Figure 6B). After reaching a peak at 90 seconds, the surface pH decreased to a new plateau 343 

which was more alkaline than the pre-treatment levels. This behavior is consistent with the 344 

hypothesis that auxin causes a proton influx into cells, which is counteracted by the activation 345 

of proton extrusion from the cells27, and this two-phase process is reflected in the dynamics 346 

of AHA phosphorylation. Their complex phosphorylation pattern likely results from a direct 347 

activation by the TMKs as well as indirect activation by auxin-induced ion fluxes. 348 

 The finding that IAA treatment triggers very rapid pH changes, raises the possibility 349 

that the pH changes are themselves causal to some of the later phosphorylation events 350 

observed after IAA treatment. To address this question, we treated seedlings with the fungal 351 

toxin Fusicoccin (FC), a compound that causes continuous activation of H+-ATPases50,52, and 352 

recorded phosphoproteomes on dissected roots. A 5-minute FC treatment indeed induced 353 

differential phosphorylation on 1097 proteins (Figure 6C). When comparing these 354 

phosphosites to those triggered by IAA, we found that more than of half the FC-induced 355 

changes are also triggered by IAA, and about 20% of the IAA-induced changes are also 356 

triggered by FC (Figure 6D). This suggests that IAA triggers a unique and specific early set 357 

of phosphorylation changes, that includes regulatory changes to the H+-ATPases. The 358 

changes in pH that ensue from this ATPase regulation then themselves in part trigger a 359 

second wave of phosphorylation changes. The FC & IAA-triggered phosphosites include the 360 
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AHA proteins themselves, suggesting feedback regulation (Figure 6E), but also include PIN 361 

and ABCB auxin transporters and ACA Calcium ATPases. Accordingly, IAA treatment also 362 

led to near instantaneous calcium influx, which reached a peak after 60 seconds and then 363 

reverted to a new plateau (Figure 6F, Supplemental Figure 4), which, similarly to the surface 364 

pH, was higher than the pre-treatment level. This is consistent with the tight connection 365 

between the regulation of pH and calcium signaling in plant cells49. In conclusion, IAA 366 

triggers a highly dynamic, and likely feedback-regulated set of changes in membrane ion 367 

fluxes and the dynamics of these events is well reflected in the phosphoproteome dataset. 368 

 369 

DISCUSSION 370 

 371 

Through phosphoproteomic profiling, we have identified a previously unknown and 372 

unsuspected branch of auxin activity. Strikingly, Arabidopsis root cells are capable of 373 

changing the phosphorylation state of more than 1700 proteins within 10 minutes of 374 

treatment with the natural auxin IAA, many of which respond within 30 seconds. We have 375 

not explored yet earlier timepoints, as these become technically impractical to harvest and 376 

perhaps effectivity will also be limited by the speed of IAA diffusion into roots. 377 

Computational inference suggests that the earliest responses occur around 20 seconds, a 378 

timeframe that is consistent with the kinetics of insulin-triggered phosphorylation in animal 379 

cells35. This auxin-triggered phosphorylation response is remarkably chemically specific, 380 

with natural IAA being substantially more effective than synthetic analogs, and related – but 381 

physiologically inactive – compounds being unable to trigger the response. This suggests a 382 

specific auxin binding site for this response. We explored the role of the cytoplasmic and 383 

nuclear AFB1 receptor, as well as the extracellular ABP1 protein, along with its interaction 384 

partner TMK1. These analyses show that matters are not simple: all three proteins are 385 

required for IAA-dependent phosphorylation, but in different ways. Globally, the afb1 386 

mutation has essentially opposite effects to either abp1 or tmk1 mutants, which are highly 387 

similar16. Genetically speaking, these could therefore be interpreted as antagonistic 388 

components converging on a shared downstream process. At what level these intersect is a 389 

question for future investigation, but it is striking that also with regards to controlling 390 

apoplastic pH, the nuclear auxin response and TMK1-dependent response have opposite 391 

activities27. 392 

 One caveat of the analysis is that it relies on adding exogenous IAA for observing 393 

changes in phosphorylation. One could argue that these treatments do not reflect regulatory 394 
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events that occur in the absence of external auxin. However, even untreated abp1 and tmk1 395 

mutants show hypophosphorylation of many of the sites that are hyperphosphorylated upon 396 

IAA treatment in wild-type. This suggests that this same set of sites is controlled by these 397 

proteins under normal growth conditions, likely by endogenous IAA, and that defects in their 398 

phosphorylation accumulate over time in mutants. The further identification of components in 399 

auxin-triggered phosphorylation will likely help to connect these regulatory events to cellular 400 

physiology. 401 

 The scope of this auxin response is vast, and targets a multitude of proteins, pathways, 402 

organelles and functions. Several known or suspected auxin-related proteins are among these, 403 

for example PIN and ABCB auxin transporters. Identifying these sites now allows the 404 

formulation of specific hypothesis regarding their regulatory role. As a proof of concept in 405 

using this resource, we have explored the proton and Calcium fluxes across the plasma 406 

membrane that are predicted by the phosphoproteome data. In addition to validating such 407 

predictions, we also demonstrate a causal role of apoplastic pH changes in triggering further 408 

phosphorylation changes. 409 

A key question is what the impact of this response is on cellular physiology, structure, 410 

growth and development. From the many pathways affected, one could expect disruption of 411 

the response to have strong phenotypic consequences. It is therefore surprising that the three 412 

mutants that strongly affect this response (abp1, tmk1 and afb1) all have largely normal 413 

development16,51,53,54. Each of these mutants has phenotypic defects in germination (afb1)51, 414 

regeneration (abp1 and tmk1)16 or cytoplasmic streaming (abp1 and tmk1)16. However, these 415 

are subtle. One interpretation is that the phosphorylation network is highly non-linear, with 416 

multiple sites being targeted on proteins, phosphatases counteracting kinases, and complex 417 

functional redundancies. Given the speed of phosphorylation, it is well possible that the ease 418 

of perturbation is balanced by biochemical robustness. It will be interesting to discover the 419 

key hubs in the phosphorylation network to understand both the physiological function and 420 

the mechanisms underlying robustness. It should be added that this set of mutants has been 421 

studied mostly, if not exclusively, under lab-grown, controlled conditions. It is possible that 422 

this response system mediates a function that is required in the ecologically relevant setting, 423 

and less so in well-controlled conditions. 424 

 In relating the phosphorylation response to biology, an important consideration is 425 

where this response occurs. We have sampled only roots, for purposes of reproducibility and 426 

limiting tissue complexity. It does raise the question of whether similar changes occur – and 427 

pathways are affected – in other plant parts. Limitations to sensitivity of mass spectrometry 428 
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currently make it essentially impossible to capture phosphoproteomes of root cell types, even 429 

if just because such analysis require tissue dissociation which would preclude studying rapid 430 

responses. When examining the proteins targeted, many are expressed beyond roots, and it 431 

would appear reasonable to assume that a response as profound as this is not limited to a 432 

single cell type or organ. 433 

When exploring the proteins and functions targeted by IAA-triggered 434 

phosphorylation, several stand out. Firstly, mediators of other hormone pathways are 435 

prominently regulated. One interesting example is the EIN2 protein55,56. This protein is 436 

known to be phosphorylated by the CTR1 kinase on two Serines (645 and 924) to control 437 

nuclear localization in response to ethylene 55,56. Both these sites are hypophosphorylated 438 

rapidly following IAA treatment, which predicts that IAA rapidly alters EIN2 localization 439 

and ethylene response. Another interesting case is the coordinated hypophosphorylation of a 440 

slew of chromatin regulators. This includes BRM and SYD SWI/SNF ATPases and TPL/TPR 441 

co-repressors that are all involved in mediating IAA-regulated transcriptional responses57–59. 442 

The functional impact of these phosphorylations – if any – is unknown. However, it is very 443 

likely that the rapid response system interacts with subsequent transcriptional responses, 444 

perhaps by priming cells for gene regulation upon prolonged exposure. In any case, our 445 

findings reveal the tremendous molecular changes occurring in cells treated with auxin in the 446 

minutes prior to the time window during which transcriptional activity is normally recorded. 447 

Lastly, we would like to emphasize the strength of combining ultra-rapid, dense and 448 

successive sampling in this approach. We are not aware of other studies using a similar 449 

approach to infer the dynamics of any form of rapid signaling in plants. Here, we have 450 

leveraged the data to predict kinase-substrate relationships based on regression of temporal 451 

profiles. These are successful in capturing known relationships, and help to predict a set of 452 

strong candidate kinases that may mediate aspects of auxin-triggered rapid signaling, and will 453 

be subject of future investigation. In the accompanying paper (Kuhn, Roosjen et al., 454 

accompanying manuscript), we report the identification of a key mediator of rapid phospho-455 

signaling in part through this inference strategy. We expect that similar strategies as reported 456 

here will be instrumental in resolving causalities and identifying regulators in responses to 457 

other signals, whether hormones, endogenous peptides or environmental or microbial signals.  458 

With reporting this novel, unsuspected and vast response, we offer a new avenue in 459 

studying a profoundly important plant signaling molecule. Not only is auxin a major regulator 460 

of “normal” plant growth and development, it is also a potent herbicide and growth regulator 461 

in agricultural and horticultural practice. We anticipate that mining the rich datasets, 462 
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compiled in the AuxPhos tool (https://weijerslab.shinyapps.io/AuxPhos) will be the starting 463 

point of many studies that help understand the mechanistic basis of the ability of auxin to 464 

control plant cell biology, physiology, growth and development. 465 

 466 
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MATERIALS AND METHODS 489 

 490 

Plant material, growth and treatments 491 

Arabidopsis seeds were surfaced sterilized, stratified in 0.1% agarose and grown on top of a 492 

100 µm nylon mesh on half-strength Murashige and Skoog (MS) medium with 0.8% Agar 493 

(Duchefa). Seedlings were vertically grown in a growth chamber at 22 ◦C under long days 494 

(16h:8h light:dark) for 5 days. For rapid auxin treatment, 100 nM IAA (dissolved in DMSO) 495 

or an equal volume of DMSO was diluted in liquid half-strength MS medium. Plates were 496 

treated one at a time, placed horizontally, and solution was slowly added until roots were 497 

submerged. Plates were subsequently placed vertically again, to minimize gravitropic 498 

stimulation. Roots were harvested by scalpel and directly frozen in liquid nitrogen. Roots 499 

were ground to a fine powder and kept at -80 °C until further processing. For comparisons 500 

between chemicals, timepoints and genotypes, all replicates of all treatments were grown on 501 

the same day and processed independently. 502 

Columbia-0 was used as wild-type in all experiments. Mutants used were abp1-TD 60, 503 

tmk1-154, afb1-361 and aux1-10062. For Calcium imaging, a line expressing the R-GECO1 504 

sensor was used48. 505 

 506 

Chemicals 507 

For microscopy, IAA (10 mM stock in 96% ethanol; Sigma Aldrich), HPTS (8-508 

Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt, 100 mM stock in water; Thermo 509 

Fisher Scientific, H348) were used. For phosphoproteomics, IAA (10 mM stock in DMSO; 510 

Alfa Aesar), 1-NAA (10 mM stock in DMSO; Sigma Aldrich), 2-NAA (10 mM stock in 511 

DMSO; Sigma Aldrich), Benzoic acid (10 mM stock in water; Sigma Aldrich), Formic Acid 512 

(10 mM stock in water; Sigma Aldrich) and Fusicoccin (1 mM stock in in 96% ethanol; 513 

Sigma Aldrich) were used. 514 

 515 

Phosphopeptide enrichment 516 

For phosphopeptide enrichment, ground Arabidopsis roots powder was suspended in an 517 

extraction buffer  with 100 mM Tris-HCl pH 8.0, 7 M Urea, 1% Triton-X, 10 mM DTT,  10 518 

U/ml DNase I (Roche), 1 mM MgCl2, 1% benzonase (Novagen), 1xphosphoSTOP (Pierce) 519 

and 1x cocktail protease inhibitor (Pierce). The suspended lysate was sonicated using a 520 

cooled (4°C) waterbath sonicator (Qsonica) using 30 cycles of 30 seconds ON and 30 521 

seconds OFF at 90% amplitude. Lysate was subsequently spun down using a cooled (4°C)  522 
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tabletop centrifuge at 20.000xg for 30 minutes. After centrifugation supernatant was collected 523 

and an extra 1% (v:v) of benzonase was added and incubated for 30 minutes at room 524 

temperature. Acrylamide was added to 50 mM and incubated for an extra 30 minutes at room 525 

temperature. After alkylation, proteins were precipitated using methanol/chloroform. To the 526 

lysate, 4 volumes of methanol, 1 volume of chloroform and 3 volumes of milliQ was added 527 

with rigorous vortexing in between. Lysate was centrifuged for 10 minutes at 5000 rpm. After 528 

centrifugation, the top layer was discarded and 3 volumes of methanol were added to further 529 

precipitate the protein layer by centrifugation for 10 minutes at 5000 rpm. After 530 

centrifugation, the supernatant was discarded and protein pellet was air dried. Proteins were 531 

next resuspended in 50 mM ammonium bicarbonate (ABC) and sonicated using a cooled 532 

(4°C) waterbath sonicator (Qsonica) using 30 cycles of 30 seconds ON and 30 seconds OFF 533 

at 90% amplitude. After sonication, protein concentration was measured by Bradford reagent 534 

(Biorad). For every biological replicate 500 µg protein was digested with sequencing grade 535 

trypsin (1:100 trypsin:protein; Roche) overnight at room temperature. Next, peptides were 536 

desalted and concentrated using home-made C18 microcolumns. For peptide desalting and 537 

concentrating, disposable 1000 µl pipette tips were fitted with 4 plugs of C18 octadecyl 47 538 

mm Disks 2215 (Empore™) material and 1 mg:10 µg of LiChroprep® RP-18 (Merck) : 539 

peptides. Tips were sequentially washed with 100 % methanol, 80 % Acetonitrile (CAN) in 540 

0.1% formic acid and twice equilibrated with 0.1 % formic acid. All chromatographic steps 541 

were performed by centrifugation for 4 minutes at 1500xg. After equilibration, peptides were 542 

loaded for 20 minutes at 400xg. Bound peptides were washed with 0.1% formic acid and 543 

eluted with 80 % ACN in 0.1 % formic acid for 4 minutes at 1500xg. Eluted peptides were 544 

suspended in loading buffer (80 % acetonitrile, 5 % tri-fluor acetic acid (TFA)). For 545 

phosphopeptide enrichment, MagReSyn® Ti-IMAC beads (Resyn bioscience) were used. For 546 

every reaction, a 1:4 peptide:bead ratio was used. Beads were equilibrated in loading buffer, 547 

resuspended peptides were added and incubated for 20 minutes at room temperature with 548 

slow mixing. After 20 minutes, bead-bound phosphopeptides were washed once in loading 549 

buffer, once in 80 % acetonitrile, 1 % TFA, and once in 10 % acetonitrile, 0.2 % TFA. After 550 

washing, phosphopeptides were eluted twice with x ul 1 % NH4OH. After the last elution, 551 

phosphopeptides were acidified using 10 % formic acid. Phosphopeptides were subsequently 552 

concentrated using home-made C18 microcolumns. For peptide desalting and concentrating, 553 

disposable 200 µl pipette tips were fitted with 2 plugs of C18 octadecyl 47 mm Disks 2215 554 

(Empore™) material and 1mg:10 µg  of LiChroprep® RP-18 (Merck) : peptides. Tips were 555 

sequentially washed and equilibrated as described above. After equilibration, peptides were 556 
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loaded for 20 minutes at 400xg. Bound peptides were washed with 0.1 % formic acid and 557 

eluted with 80 % ACN in 0.1 % formic acid for 4 min at 1500xg. Eluted peptides were 558 

subsequently concentrated using a vacuum concentrator for 30-60 minutes at 45◦C and 559 

resuspended in 15µl of 0.1 % formic acid. 560 

 561 

Filter aided sample preparation and peptide fractionation 562 

For FASP 30kDa cut-off amicon filter units (Merck Millipore) were used. Filters were first 563 

washed by appling 50µl urea buffer UT buffer ( 8M Urea and 100mM Tris pH8.5) and 564 

centrifuging for 10 minutes on 11000 RPM at 20◦C. The desired amount of protein sample 565 

(100µg) was next mixed with UT buffer until a volume of 200 µl, applied to the filter and 566 

centrifuged for 15 minutes on 11000 RPM at 20◦C. Filter was washed with UT buffer by 567 

centrifugation for 15 minutes on 11000RPM at 20◦C. Retained proteins were alkylated with 568 

50mM acrylamide (Sigma) in UT buffer for 30 minutes at 20◦C while gently shaking. Filter 569 

was centrifuged and after that washed trice with UT buffer for 15 minutes on 11000RPM at 570 

20◦C. Next filter was washed trice in 50mM ABC buffer. After last wash proteins were 571 

cleaved by adding sequencing grade trypsin (Roche) in a 1:100 trypsin:protein ratio. 572 

Digestion was completed overnight. The following day the filter was placed  into a new tube 573 

and peptides were eluted by centrifuging for 15 minutes on 11000RPM at 20◦C. Further 574 

elution was completed by adding two times 50mM ABC buffer and centrifuging for 10 575 

minutes on 11000RPM at 20◦C.  576 

FASP digested peptides (10 µg) were submitted to offline in stage-tip high pH reversed phase 577 

(Hp-RP) fractionation. For Hp-RP tips, 2 plugs of C18 octadecyl 47mm Disks 2215 578 

(Empore™) material and 1mg:10 µg  of LiChroprep® RP-18 (Merck) : peptide were added to 579 

a 200 µl tip. Tips were washed with methanol for 4 minutes at 1000xg. Next buffer 580 

containing 0.1% formic acid and 80% acetonitrile was added and centrifuged for 4 minutes at 581 

1000xg. Final equilibration was achieved with two washes of 0.1% formic acid and two 582 

washes of 20mM ammonium formate (Optima®) pH10 for 4 minutes at 1000xg. Peptides 583 

were suspended in 20mM ammonium formate pH10 before loading onto Hp-RP tip. Sample 584 

was loaded by centrifugation for 20 minutes at 400xg. Peptides were subsequently eluted 585 

with ammonium formate buffers containing 5%,8%,11%,18% and 40% ACN. 586 

 587 

Mass spectrometry 588 

For nano liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis 5 ul of 589 

peptide samples were loaded directly onto a 0.10 *  250 mm ReproSil-Pur 120 C18-AQ 1.9 590 
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µm beads analytical column (prepared in-house) at a constant pressure of 825 bar (flow rate 591 

of circa 700 nL/min) with 1 ml/l HCOOH in water and eluted at a flow of 0.5 ul/min with a 592 

50 min linear gradient from 9% to 34% acetonitril in water with 1 ml/l formic acid with a 593 

Thermo EASY nanoLC1000. An electrospray potential of 3.5 kV was applied directly to the 594 

eluent via a stainless steel needle fitted into the waste line of a micro cross that was 595 

connected between the nLC and the analytical column. Full scan positive mode FTMS 596 

spectra were measured between m/z 380 and 1400 on a Exploris 480 (Thermo electron, San 597 

Jose, CA, USA) in the Orbitrap at resolution (60000). MS and MSMS AGC targets were set 598 

to 300%, 100% respectively or maximum ion injection times of 50 ms (MS) and 30 ms 599 

(MSMS) were used. HCD fragmented (Isolation width 1.2 m/z, 28% normalized collision 600 

energy) MSMS scans of 2-5+ charged peaks in the MS scan were recorded in data dependent 601 

mode in a cycle time of 1.1 s (Resolution 15000, threshold 2e4, 15 s exclusion duration for 602 

the selected m/z +/- 10 ppm). 603 

The MaxQuant quantitative proteomics software package was used to analyse LC–MS data 604 

with all MS/MS spectra. The following settings were used: peptide and protein 605 

FDR�≤�0.01; the proteome of A. thaliana (UniProt ID UP000006548) was used as the 606 

protein database; maximum missed cleavage was set at 2; variable modifications Oxidation 607 

(M), Acetyl (protein N-term), Deamidation (NQ), pPhospho (STY); fixed modification 608 

AcrylAmide (C); match between runs and label-free quantification options were selected. 609 

 610 

 611 

Data analysis 612 

Maxquant output was analyzed using Perseus or R. For time series analysis, the Maxquant 613 

output PhosphoSTY tab was imported in Perseus 63. Data was filtered for reverse, 614 

contaminants, only identified by site and localization probability of ≥0.75. Intensity values 615 

were log2 transformed and filtered to contain at least 75% valid values in one group. Values 616 

were subsequently normalized by median column subtraction. Remaining missing values 617 

were imputed from a normal distribution using standard settings in Perseus (width: 0.3, down 618 

shift: 1.8) (Figure S2A,B). An FDR permutation based ANOVA test was performed to 619 

identify significantly changing phosphosite profiles (FDR ≤0.01). To adjust for treatment 620 

response, all log2 transformed profiles from mock treatments were merged with the auxin 621 

responsive profiles. Mock values were subsequently subtracted from auxin responsive 622 

profiles to obtain normalized auxin responsive phosphosite profiles.  623 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517949
http://creativecommons.org/licenses/by-nc-nd/4.0/


Next, temporal ordering/cluster identification of the phosphosite profiles were done 624 

using the Minardo-Model in R44. Cluster number was determined in a way that most profiles 625 

followed the cluster centroid, resulting in 24 clusters.  626 

Gene ontology enrichment was performed using the database for annotation, 627 

visualization and integrated discovery (DAVID)64,65. For this, UniProt accession codes were 628 

used with duplicates removed. As a background, the full Arabidopsis thaliana proteome was 629 

used. Next REVIGO66 and R were used to reduce overlapping GO-terms. 630 

For kinase network analysis, log2-transformed phosphosite profiles of kinases with 631 

phosphosites in the activation loop (as described in67) were compared against all FDR 632 

significant (FDR≤0.01) profiles using Pearson correlation and Euclidean distance (to also 633 

include time offset profiles). Profiles passing a Pearson correlation threshold of ≥0.6 and 634 

Euclidian distance threshold of  ≤2.5 were extracted for further network analysis. For 635 

network analysis, UniProt accession codes were taken as an input for Cytoscape. Network 636 

analysis was performed in Cytoscape using standard settings. The degree and betweenness 637 

centrality were used to determine signaling hub importance.  638 

Adobe illustrator and R, using standard packages, were used for visualization. 639 

 640 

R shiny app 641 

All the phosphosites and the corresponding enrichment data have been imported into the R 642 

environment as CSV files. DataTables, reshape2 and dplyr packages were used for data 643 

visualization and data wrangling. 3D protein structures of Arabidopsis thaliana proteome 644 

predicted through the AlphaFold2 program were downloaded from the AlphaFold database 645 

hosted at EBI (https://alphafold.ebi.ac.uk/download). These structures were rendered and 646 

visualized using the r3dmol package while the plots were generated using ggplot2 package in 647 

R.  648 

 649 

Microfluidics experiments 650 

Four-day-old seedlings were placed into a  closable microfluidic chip equipped with 651 

hydraulic valves and closed by a microscopy cover glass14. One channel contained a control 652 

solution (non-buffered 1/2 MS, 100 μM HPTS). The second channel contained a treatment 653 

solution (non-buffered ½ MS, 100 μM HPTS, 100 nM IAA). Media flow rate was set to 3 654 

μl/min (OBI1, MFS2 Elveflow and Elveflow software ESI (v.3.04.1). This system was placed 655 

to a vertical microscope stage and left for 15 min plant recovery. 656 

  657 
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Microscopy imaging 658 

Imaging was performed using a vertical stage Zeiss Axio Observer 7 coupled to a Yokogawa 659 

CSU-W1-T2 spinning disk unit with 50 μm pinholes, equipped with a VS-HOM1000 660 

excitation light homogenizer (Visitron Systems). Images were acquired using VisiView 661 

software (Visitron Systems, v.4.4.0.14). We used a Zeiss Plan-Apochromat ×10/0.45 662 

objective. HPTS was excited by a 488 nm laser and R-GECO1 by a 561 nm laser. The signal 663 

was detected using a PRIME-95B Back-Illuminated sCMOS camera (1,200 × 1,200 pixels; 664 

Photometrics). The seedlings were imaged every 10 seconds for a duration of 10 minutes. 665 

 666 

Image analysis 667 

The microscopy images were analyzed in ImageJ Fiji software68. HPTS signal intensity was 668 

measured using rectangular selection in an area on the outer surface of the root, individually 669 

along both sides of the root elongation zone. The intensity of the background was measured 670 

using rectangular selection in areas not affected by root response and subtracted from the root 671 

sides values. For analysis, the average of the values from both root sides was used. The signal 672 

intensity of R-GECO1 was measured in a rectangular selection inside the root at the root 673 

elongation zone. Due to the high heterogeneity of the samples, the datasets were normalized 674 

using division by initial fluorescence intensity values (F/F0). As initial value F0, we used the 675 

average fluorescence intensity at five time points before treatment. 676 

 677 

Data availability 678 

The mass spectrometry proteomics data, protein lists and intensity values of all samples have 679 

been deposited to the ProteomeXchange Consortium via the PRIDE69 partner repository with 680 

the dataset identifier XXX. Source code and complete data used in AuxPhos is available on 681 

GitHub (https://github.com/WeijersLab/AuxPhos), while the webtool is accessible from 682 

Shinyapps server (https://weijerslab.shinyapps.io/AuxPhos). 683 

 684 

 685 

 686 

  687 
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FIGURE LEGENDS  918 

 919 

Figure 1: Auxin triggers a unique phosphorylation response  920 

(A) Volcano plot showing differential abundance of phosphopeptides between Arabidopsis 921 

roots treated with 100 nM IAA, or mock medium for 2 minutes. Each dot represents a single 922 

phosphosite, and the significance across replicates is indicated as FDR. Statistical cut-off 923 

(FDR≤0.05) is indicated, and a global density histogram is plotted on top. (B) Correlation 924 

between fold-changes in IAA-trigged shotgun proteome (x-axis) and phosphoproteome (y-925 

axis) both treated with 100 nM IAA for 2 minutes. Red line is regression line with confidence 926 

interval (grey). (C) Correlation plot of two independent IAA phosphoproteome experiments. 927 

Spearman correlation of all sites is 0.64 while it is 0.77 when considering only differential 928 

sites at FDR≤0.05. (D) Plots comparing differential phosphosites (FDR ≤0.05) in 2 minutes 929 

100 nM IAA treatment (x-axes) with fold-change of corresponding phosphosites in similar 930 

treatments with other compounds. Structures and pKa values are given for each compound. 931 

Red line indicates regression line (with confidence interval in grey), and Spearman 932 

correlation value is indicated in each plot.  933 

 934 

Figure 2: Dynamics of auxin phosphoresponse 935 

 (A) Schematic overview of treatment, time and analysis procedure. Roots of Arabidopsis 936 

seedlings were treated with 100 nM IAA or 1/2MS medium with DMSO as treatment control 937 

for various timepoints. Datasets were individually analyzed and intensities of treatment 938 

control were subtracted from the auxin responsive profiles (FDR ≥ 0.01) resulting in 939 

normalized auxin-responsive profiles. (B) Principal component analysis of normalized auxin-940 

responsive profiles and washout. (C) Principal component analysis of normalized MS1 941 

phosphosite intensities of time series in the aux1-100 mutant. (D) Time series ordering of all 942 

FDR ≥ 0.01 log2 Z-scored normalized auxin-responsive profiles using the Minardo-model. 943 

Clusters are ordered based on earliest phosphorylation event. Phosphorylation event is based 944 

on the median time at which all individual profiles in a cluster cross half-maximal abundance 945 

within each event window (identified by the red or blue dashed line in graph and red and blue 946 

arrows on x-axis, respectively). 947 

 948 

Figure 3: Requirements for auxin-triggered phosphorylation 949 

(A) Correlation plot of phosphosite intensity differences  between tmk1-1, abp1-TD1 or afb1-950 

3 mutants and wild-type after 2 minutes treatments with 100 nM IAA, plotted against fold-951 
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change of significantly (FDR ≤0.05) auxin-regulated in Col-0 wild-type. Opposite regulation 952 

is marked in red or blue. Similar regulation in black. (B) Correlation plot of phosphosite 953 

intensity differences  between untreated tmk1-1, abp1-TD1 or afb1-3 mutants and wild-type 954 

(y-axis), plotted against fold-change of significantly (FDR ≤0.05) auxin-regulated in Col-0 955 

wild-type. (C) Principal component analysis of mean-normalized MS1 intensities of the 1048 956 

phosphosites that are significantly (FDR ≤0.05) differentially regulated in 2 minutes IAA-957 

treated Col-0, in mock- and IAA-treated wild-type and abp1, tmk1 and afb1 mutants. (D) 958 

Distribution histograms depicting fold-change (IAA/mock) of significantly regulated 959 

phosphosites of tmk1-1, abp1-TD1 and afb1-3. Dashed grey line depicts distribution in Col-0 960 

wild-type. (E) Heatmap of z-scored normalized MS1 phosphosite intensities in tmk1-1, abp1-961 

TD1 and afb1-3 mutants and Col-0 wild-type of the 1048 phosphosites that are significantly 962 

(FDR≤0.05) differentially regulated in wild-type upon IAA treatment. (F) Boxplots of MS1 963 

intensities of 20 phosphosites in Col-0, tmk1-1, abp1-TD1, afb1-3 under mock (white) and 2 964 

minutes 100 nM IAA conditions (blue). N.D. means not detected in any of the four biological 965 

replicates. Color legend of genotypes is indicated below. 966 

 967 

Figure 4: Auxin targets multiple pathways 968 

(A) Gene ontology showing the top 20 enrichments of biological process, molecular function 969 

and cellular component on the significantly (FDR ≥1.99) auxin-regulated. (B) Examples of 970 

dynamics of auxin-regulated phosphosites in diverse pathways and functions. Heatmaps 971 

depict normalized intensity profiles along the time series. Protein identity is given, along with 972 

the position of the phosphosite. (C) Screenshots of the R shiny app Auxphos. Selected 973 

profiles of a single protein can be selected, visualized in a plot and phosphosites can be 974 

mapped on a 3D predicted protein structure using AlphaFold. 975 

 976 

Figure 5: Inference of kinase-substrate relationships 977 

(A) Schematic overview of the kinase network inference approach. Phosphosites in predicted 978 

and known activation loops were selected from the time series data. The time series profile of 979 

the individual activation loop phosphosites were next analysed using correlation analysis  980 

(Pearson R and Euclidian distance). Profiles of phosphosites passing the threshold (Pearson R 981 

≥0.6, Euclidian distance ≤2.5) were considered as potential substrates, and used to build a 982 

network. (B) Heatmap depicting the normalized intensity profiles of phosphopeptides in the 983 

activation loop of kinases along the time series. (C) Plots showing normalized 984 

phosphopeptide abundance profiles along auxin time series of known kinase-substrate pairs 985 
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recovered in the network inference approach. (D) Network position of auxin-regulated 986 

kinases analyzed in the inference approach. Plot depicts degree (i.e. how many 987 

edges/interactions a node has) and betweenness centrality. The latter is a measurement of hub 988 

importance/centrality of a node. 989 

 990 

Figure 6: Auxin-triggered apoplastic pH changes 991 

(A) Heatmap depicting Z-score normalized values of all identified AHA phosphosites, along 992 

the time series, and clustered by identity of the sites. Some represent known activation or 993 

inhibition sites, while others are not functionally understood (unknown). A TMK1 994 

phosphosite is shown below for comparison. (B) Quantitative analysis of rapid apoplastic pH 995 

changes (HPTS fluorescence intensity) following auxin treatment. Dotted lines represent 996 

average values from both root sizes of individual roots while black lines represent average of 997 

all measured roots (n=6). (C)  Volcono plot showing phosphosites responsive to 5 minutes 1 998 

µM Fusicoccin (FC) treatment, compared to mock control. (D) Venn diagram depicting 999 

overlap between significant (FDR ≤0.05) differential phosphosites in the auxin-induction 1000 

time series, and the FC. (E)  REVIGO plot (GO analysis) of the 581 phosphosites in the 1001 

overlap between auxin and FC treatment. Some proteins in highlighted categories are 1002 

indicated in boxes. (F) Quantitative analysis of calcium influx following auxin treatment in 1003 

the R-GECO1 line. Dotted lines represent normalized values of individual roots while black 1004 

lines represents average of all measured roots (n=6). 1005 

 1006 

Supplementary Figure 1: Specificity of auxin-induced phosphorylation 1007 

(A) Venn diagram showing overlap of differentially phosphorylated proteins after 2 minutes 1008 

IAA treatment and differentially expressed genes after 1 hour of IAA treatment 1009 

(transcriptome data from Kuhn-Roosjen et al., accompanying manuscript). (B)  Plots 1010 

comparing differential phosphosites (FDR ≤0.05) in 2 minutes 100 nM IAA treatment (x-1011 

axes) with fold-change of corresponding phosphosites in treatments with 1-NAA, 2-NAA or 1012 

BA at 1 µM. Red line indicates regression line, and Spearman correlation value is indicated 1013 

in each plot.  1014 

 1015 

Supplementary Figure 2: Global phosphoprotein properties 1016 

(A) Boxplots showing MS1 phosphopeptide intensity distributions across all samples in the 1017 

time series dataset, and (B) normalized and imputed MS1 intensities showing normal 1018 

distribution of data. (C) Principal component analysis of normalized and imputed MS1 1019 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517949
http://creativecommons.org/licenses/by-nc-nd/4.0/


intensities show a clear distinction between treatments and the steady state phosphorylation 1020 

state emphasizing the importance of using a treatment control. 1021 

 1022 

Supplementary Figure 3: Inferred kinase-substrate network 1023 

Kinase network of the 23 identified kinases with phosphoregulation in their activation loop. 1024 

Kinases are depicted in blue while substrates are depicted in yellow. Sizes of hexagons are 1025 

based on degree.  1026 

 1027 

Supplemental Figure 4: Effect of control medium treatment on Arabidopsis root surface 1028 

pH and cytosolic Ca2+ level 1029 

(A) Root surface pH was visualized by fluorescence intensity of HPTS 488 nm pH-1030 

responsive channel. (B) The level of cytoplasmic Ca2+ was reported by the fluorescence 1031 

intensity of R-GECO1. Treatment is indicated by the vertical dotted line (n=3 roots). (C) 1032 

Fluorescence intensity of HPTS 488 nm channel and R-GECO1 was measured in the 1033 

rectangular regions near the root surface (HPTS) and in the root elongation zone (R-GECO1), 1034 

as indicated with boxes. 1035 
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