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ABSTRACT 54 

Polar auxin transport plays a pivotal role in plant growth and development. PIN auxin efflux 55 

carriers are major mediators for directional auxin movement establishing local auxin maxima, minima, 56 

and gradients that drive multiple developmental processes and responses to environmental signals. 57 

Auxin has been proposed to modulate its own transport by regulating subcellular PIN trafficking 58 

including clathrin-mediated PIN endocytosis and constitutive recycling. The mechanism of auxin’s 59 

effect on PIN trafficking remains elusive. To dissect the regulatory mechanism of PIN trafficking by 60 

auxin, we screened auxin analogs and identified pinstatic acid (PISA) as a positive modulator of 61 

polar auxin transport. PISA shows auxin-like activity for hypocotyl elongation and adventitious root 62 

formation via positive regulation of auxin transport. PISA is inert for SCFTIR1/AFB signaling and yet 63 

induces PIN accumulation at the cell surface by inhibiting PIN internalization from the plasma 64 

membrane. PISA is thus a new promising chemical tool to dissect the regulatory mechanism of 65 

subcellular PIN trafficking and auxin transport. 66 

 67 

INTRODUCTION 68 

The plant hormone auxin is a master regulator of plant growth and development. Indole 3-acetic 69 

acid (IAA), the predominant natural auxin regulates numerous and diverse developmental processes 70 

such as establishment of embryo polarity, vascular differentiation, apical dominance and tropic 71 

responses to light and gravity (Hayashi, 2012). The auxin responses regulating these diverse 72 

developmental events can be modulated at three major steps: auxin metabolism (Korasick et al., 73 

2013; Kasahara, 2016), directional auxin transport (Adamowski and Friml, 2015) and signal 74 

transduction (Leyser, 2018).  75 

Polar auxin transport plays a crucial role in auxin-regulated development by influencing local 76 

auxin maxima and gradients and is mediated principally by three families of membrane proteins, the 77 

Auxin1/Like Aux1 (AUX1/LAX) auxin influx carriers, the PIN-FORMED (PIN) auxin efflux facilitators 78 

and several members of the ATP-binding cassette group B (ABCB) auxin transporters (Adamowski 79 
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and Friml, 2015).  80 

The polar subcellular localization of the auxin efflux machinery determines the directionality of 81 

auxin flow. The spatiotemporal regulation of auxin gradients also depends on the cell-specific 82 

expression and subcellular localization of plasma membrane (PM)-localized PIN proteins (PIN1 - 83 

PIN4 and PIN7), the latter often being responsive to environmental and developmental cues 84 

(Adamowski and Friml, 2015). PIN proteins are often asymmetrically distributed within the cell and 85 

are constantly recycled between endosomal compartments and PM. The dynamics of polar 86 

localization of PIN proteins regulates the rate and direction of cellular auxin export and this ultimately 87 

determines auxin gradients in the tissue. Therefore, the regulatory machinery of the polarity and 88 

abundance of PM-localized PIN proteins are crucial for diverse developmental processes and 89 

morphogenesis including embryogenesis, initiation of lateral organs, and tropic responses (Robert et 90 

al., 2013; Adamowski and Friml, 2015; Rakusova et al., 2015). 91 

The exocytosis and endocytosis of PIN proteins at the PM can be modulated by ADP 92 

RIBOSYLATION FACTOR-GUANINE NUCLEOTIDE EXCHANGE FACTORS (ARF-GEFs) including 93 

GNOM (Naramoto et al., 2010). PIN proteins are internalized from the PM to the trans-Golgi network 94 

/ early endosome (TGN/EE) compartments and then PINs can proceed along the recycling route to 95 

the PM (Adamowski and Friml, 2015). An important tool for investigating exocytic protein sorting is 96 

Brefeldin A (BFA), which is a reversible inhibitor of ARF-GEFs including GNOM (Geldner et al., 2001; 97 

Geldner et al., 2003). BFA treatment leads to accumulation of the endocytosed PINs in artificial 98 

intracellular aggregates called BFA bodies, the formation of which can be reversed by washing out 99 

the BFA (Geldner et al., 2001).  100 

Clathrin-mediated endocytosis is also involved in the internalization of PIN proteins from the 101 

PM (Kitakura et al., 2011; Adamowski et al., 2018) and is modulated by the ROP (Rho guanidine 102 

triphosphate hydrolases of plants) family of Rho-like GTPases and their associated RICs (ROP 103 

interactive CRIB motif-containing proteins) (Lin et al., 2012; Nagawa et al., 2012). Genetic analysis 104 

has revealed that MAB4 (MACCHI-BOU4)/ ENP (ENHANCER OF PID)/NPY1(NAKED PINS IN 105 
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YUCCA-like1), a gene encoding NPH3 (NON-PHOTOTROPIC HYPOCOTYL3)-like proteins and 106 

homologous MELs (MAB4/ENP/NPY1-like), regulates PIN abundance at the PM (Furutani et al., 107 

2014). The internalization and trafficking of PIN proteins is dynamically regulated by developmental 108 

and environmental cues, such as plant hormones, gravity and light (Ding et al., 2011; Rakusova et al., 109 

2016). Short-term auxin treatments, in particular using synthetic auxin analogs, blocks 110 

clathrin-mediated internalization of PIN proteins from the PM and consequently enhances PIN 111 

abundance at the PM and increases auxin efflux (Paciorek et al., 2005; Robert et al., 2010). Auxin 112 

also induces PIN1 relocalization from basal to the inner lateral PM of root endodermal and pericycle 113 

cells (Prat et al., 2018). Similarly, auxin mediates PIN3 relocalization during gravitropic response to 114 

terminate gravitropic bending (Rakusova et al., 2016). Prolonged auxin treatment induces PIN2 115 

vacuolar targeting and degradation, and this is mediated by the SCFTIR1/AFB pathway (Abas et al., 116 

2006; Baster et al., 2013), which presumably also explains the SCFTIR1/AFBs-dependent auxin effect 117 

on PIN2-GFP accumulation in BFA bodies (Pan et al., 2009). In addition, auxin has been reported to 118 

reduce the abundance of photoconvertible PIN2-Dendra at the PM by repressing the translocation of 119 

newly synthesized PIN2 to the PM (Jasik et al., 2016). Besides auxin effect on PIN trafficking, also 120 

other hormones including Cytokinin (Marhavy et al., 2011), Salicylic acid (Du et al., 2013), Gibberellic 121 

acid (Salanenka et al., 2018) can influence different aspect of PIN trafficking providing a possible 122 

entry points for crosstalk of these signaling pathways with auxin distribution network.  123 

Given these different and sometimes contradictory observations for different PINs in 124 

different cells and using different approaches, the underlying cellular and molecular mechanisms for 125 

the targeting and recycling of PIN proteins, and in particular for their regulation by auxin, remain 126 

largely unknown.     127 

To develop a useful chemical tool for dissecting the regulatory mechanism of PIN trafficking, 128 

we have screened phenylacetic acid (PAA) derivatives for selective modulation of PIN trafficking. We 129 

identified 4-ethoxyphenylacetic acid which was designated as PInStatic Acid (PISA) due to its activity 130 

on PIN-mediated polar auxin transport. PISA shows auxin-like activity for hypocotyl elongation and 131 
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adventitious root formation by positively modulating auxin transport. Similar to conventional auxins, 132 

PISA blocks the internalization of PIN proteins from the PM and consequently induces PIN protein 133 

accumulation at the PM. PISA is notably different from other known auxin chemical tools, like auxin 134 

transport inhibitors 2,3,5 ‐ triiodobenzoic acid (TIBA) and N-1-naphthylphthalamic acid (NPA). 135 

Therefore, PISA represents a promising chemical tool for dissecting the complicated regulations of 136 

PIN trafficking by auxin.    137 

 138 

RESULTS 139 

Pinstatic acid is an inactive PAA analog on TIR1/AFB-Aux/IAA co-receptor complex.  140 

Auxins modulate the expression and degradation of PIN proteins via the SCFTIR1/AFB signaling 141 

pathway (Baster et al., 2013; Ren and Gray, 2015). On the other hand, clathrin-mediated endocytosis 142 

of PIN is inhibited by auxin via a non-transcriptional pathway (Robert et al., 2010). These positive 143 

and negative effects of auxin on PIN trafficking hinder access to the regulatory components in PIN 144 

trafficking using conventional genetic approaches. Therefore, we searched for an auxin transport 145 

modulator that would make PIN trafficking more amenable to experimentation. To this end, we 146 

initially screened PAA derivatives according to following criteria; (i) The derivative should be inactive 147 

on the SCFTIR1/AFB pathway and (ii) derivative treatment should induce auxin-related phenotypes that 148 

are different from the phenotypes typical of auxins or auxin transport inhibitors, such as TIBA and 149 

NPA.  150 

In the course of screening, we found that 4-ethoxyphenylacetic acid (later denoted PISA) 151 

promoted hypocotyl elongation but did not induce auxin-responsive DR5::GUS reporter gene 152 

expression which is mediated by the SCFTIR1/AFB pathway (Fig. 1A, 1C and 2). Thus, PISA was 153 

selected as the most promising candidate from a series of 4-alkyloxy-PAA derivatives and further 154 

characterized in detail. 155 

Auxin is biosynthesized by two enzymes, TAA1 and YUC in the indole 3-pyruvic acid (IPA) 156 

pathway (Kasahara, 2016). The inhibition of this pathway by L-kynurenine (Kyn), a TAA1 inhibitor, 157 
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and yucasin DF, a YUC inhibitor, caused short and curled roots that are typical auxin-deficient 158 

phenotypes (Fig. 1B) (He et al., 2011; Tsugafune et al., 2017). A quintuple yuc 3 5 7 8 9 mutant 159 

showed a similar auxin-deficient root phenotype (Fig. S1A) (Chen et al., 2014). IAA and 160 

1-naphthylyacetic acid (NAA) at 50-100 nM recovered these auxin-deficient root defects in root 161 

elongation and gravitropism (Fig. 1B and S1A). 3-Ethoxyphenylacetic acid (meta-substituted PISA: 162 

mPISA), an analog of PISA (Fig. 1A) that retains weak auxin activity in DR5::GUS expression (Fig. 163 

1C) also rescued the auxin deficient curled root phenotype (Fig. 1B). In contrast, PISA did not rescue 164 

these root defects caused by auxin deficiency, clearly indicating PISA does not directly act as a 165 

typical auxin like IAA or NAA in planta (Fig. 1B and S1A).  166 

The tobacco BY-2 cell suspension culture requires auxin for cell proliferation (Winicur et al., 167 

1998). BY-2 cells proliferated in the presence of IAA and NAA (Fig. S1B), but PISA failed to maintain 168 

this cell culture (Fig. S1B). The cell morphology of the culture treated with PISA showed swollen cell 169 

shapes that are a hallmark of auxin-depletion (Fig. S1C) further suggesting that PISA does not act as 170 

an auxin on cell division (Winicur et al., 1998).  Auxin-induced rapid cell elongation in etiolated 171 

hypocotyls was demonstrated to be mediated by TR1/AFB receptors (Fendrych et al., 2016). 172 

However, PISA failed to induce this rapid cell elongation (Fig. S2), suggesting that PISA does not act 173 

as a conventional auxin to directly activate the TR1/AFB receptors in the hypocotyl. 174 

IAA and the synthetic auxin picloram cause potent induction of auxin-responsive reporter genes 175 

such as DR5 (Fig. 1C). In contrast, PISA did not induce any auxin-responsive DR5::GUS and 176 

BA3::GUS reporter expression, again suggesting that it is inactive as a ligand for the SCFTIR1/AFB 177 

pathway (Fig. 1C, 1D and S3A). DII-VENUS protein is a translational fusion of the TIR1-interacting 178 

domain of Aux/IAA proteins and the fluorescent reporter VENUS (Brunoud et al., 2012). IAA 179 

promotes the interaction between DII-VENUS and TIR1 receptor to induce the DII-VENUS 180 

degradation and loss of the VENUS signal (Fig. 1E). In contrast, PISA did not induce degradation of 181 

DII-VENUS, once again suggesting that PISA does not directly modulate TIR1/AFB-Aux/IAA auxin 182 

co-receptor complex formation. Additionally, PISA showed no activity in the yeast auxin-inducible 183 
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degron (AID) system (Fig. S3B) (Nishimura et al., 2009). In this system, the minichromosome 184 

maintenance (MCM) complex is essential for DNA replication in yeast and lines in which MCM is 185 

deficient fail to grow (Nishimura et al., 2009). The auxins IAA and NAA, and analog mPISA, all 186 

repressed the growth of yeast expressing rice OsTIR1 and Aux/IAA-fused MCM4 protein by 187 

promoting the degradation of the fused MCM4 protein (Fig. S3B) (Nishimura et al., 2009). In contrast, 188 

PISA did not repress yeast growth in this AID system, indicating again that PISA is not an active 189 

ligand for TIR1.  190 

 These findings were further supported by biochemical assays using Surface Plasmon 191 

Resonance (SPR) analysis (Fig. 1F) and a pull-down assay (Fig. S3C) (Lee et al., 2014). IAA 192 

promotes assembly of the co-receptor complex of TIR1 and Aux/IAA (domain II) in both assays. In 193 

contrast, PISA did not promote the interaction between TIR1 and Aux/IAA in either system (Fig. 1F 194 

and S3C). Additionally, the SPR assay also showed that there was no binding of PISA with AFB5 (Fig. 195 

S3D), and using the SPR assay to test for anti-auxin activity by mixing 50 M PISA with 5 M IAA 196 

showed that PISA did not bind and block the TIR1 auxin-binding site (Fig. S3E) whereas the known 197 

TIR1/AFB auxin receptor blocker auxinole (Hayashi et al., 2012) reduced the IAA signal dramatically. 198 

Thus, in these direct binding assays, PISA does not bind to TIR1/AFB co-receptors. In summary, 199 

PISA is completely inactive as a classical auxin that induces the Aux/IAA degradation via TIR1/AFB 200 

auxin receptors. 201 

              202 

PISA promotes hypocotyl elongation by positively modulating polar auxin transport.  203 

PISA promotes hypocotyl elongation in a manner that is typical for auxin effects in Arabidopsis 204 

seedlings (Fig. 2A). Since PISA did not activate DR5-monitored auxin response, we carefully 205 

examined its effects on auxin-related phenotypes in planta in order to address possible modes of 206 

PISA action. In light-grown seedlings, PISA at 5 - 20 μM promoted hypocotyl elongation (Fig. 2A-2D). 207 

In contrast, IAA and mPISA inhibited growth at 0.5 and 20 μM, respectively, whereas the 208 

AFB5-selective synthetic auxin picloram strongly promoted hypocotyl elongation (Fig. 2D). In the 209 
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dark, PISA at 2 μM slightly promoted the elongation of etiolated hypocotyls (Fig. 2E and 2F), but did 210 

not inhibit the elongation at 20 μM. In contrast, exogenously applied IAA, picloram and mPISA 211 

inhibited the elongation of etiolated hypocotyls (Fig. 2F).  212 

Having explored a set of physiological responses, we made use of genetic and pharmacological 213 

tools to gain insight into the mechanism of PISA action. The auxin signaling mutants axr1-3 and tir1-1 214 

afb2-1 showed high resistance to mPISA (Fig. S4A), implying mPISA targets auxin signaling in planta 215 

(Hayashi, 2012). In contrast, the hypocotyl of axr1-3 elongated to a similar extent as wild type when 216 

treated with PISA (Fig. 3A). Importantly, neither wild-type nor axr1-3 responded to PISA after the 217 

inhibition of SCFTIR1 auxin signaling by the auxin antagonist auxinole (Fig. 3A and S4B). PISA also 218 

failed to promote hypocotyl elongation in the presence of the auxin biosynthesis inhibitor 219 

L-kynurenine (Fig. 3A and S4C). These observations indicate that auxin-like effects of PISA on 220 

hypocotyl growth require the SCFTIR1/AFB auxin signaling to be activated by endogenous IAA. 221 

To examine the effects of PISA on polar auxin transport, seedlings were co-treated with auxin 222 

efflux transport inhibitors and PISA. The promotion of elongation by PISA on hypocotyls was blocked 223 

by three auxin efflux transport inhibitors, TIBA, BUM (2-[4-(diethylamino)-2-hydroxybenzoyl]benzoic 224 

acid) and NPA (Fig. 3B, 3C and S5A) (Fukui and Hayashi, 2018). In addition, treatments with the 225 

synthetic auxin picloram and the auxin overproduction line 35S::YUC1 exhibited longer hypocotyls 226 

as a high auxin phenotype (Fig. S5B), but in these lines TIBA and NPA did not suppress the 227 

elongation (Fig. S5B). The data suggest that PISA could positively modulate polar auxin transport in 228 

hypocotyls. To examine further the effects of PISA on basipetal auxin transport, rootward movement 229 

of 3H-IAA was analyzed (Fig. 3E). In this assay, NPA reduced the basipetal movement of 3H-IAA in 230 

hypocotyls, whereas PISA enhanced it (Fig. 3E). These results collectively show that PISA positively 231 

modulates basipetal auxin transport in hypocotyls. Another possible target of PISA could be the 232 

regulation of endogenous auxin concentrations, such as via auxin biosynthesis or catabolism. 233 

Analysis of endogenous IAA levels in Arabidopsis seedlings showed that they were not affected by 234 

PISA treatment (Fig. S6). Together, these results indicate that PISA likely acts by affecting polar 235 
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auxin transport. 236 

 237 

PISA inhibits root growth by accumulating IAA at the root tip. 238 

PISA inhibited primary root growth in a manner that is similar to conventional auxins. The seedlings 239 

were cultured on vertical plates containing PISA for 7 days (Fig. 4A-4C). The auxin signaling mutants, 240 

axr1-3 and tir1 afb2 were insensitive to PISA. Additionally, auxin influx transport mutant aux1-7 was 241 

also less sensitive to PISA in root growth (Fig. 4C). Taken together with the effects of PISA on auxin 242 

transport in the hypocotyl, these results suggest that PISA inhibits primary root growth by modulating 243 

auxin transport to affect auxin distribution and maxima. Further, the roots treated with PISA at 100 244 

μM showed severe defects in root cell morphology (Fig. 4B). To examine the effects of PISA on auxin 245 

distribution in root, DR5::GFP seedlings were cultured with PISA for 7days (Fig. 4D). PISA 246 

significantly induced GFP expression in the lateral root cap cell, indicating PISA accumulates IAA in 247 

the lateral root cap and root growth is inhibited as a consequence. In contrast to auxin signaling 248 

mutants, the sensitivity of pin2 and pin3 pin7 mutants was comparable to wild-type (Fig. 4C). To 249 

investigate the short-term effects of PISA, seedlings were treated with PISA for 5 h (Fig. 4E). PISA 250 

inhibited root elongation within this 5 h incubation. The tir1 afb2 mutant was insensitive to PISA, but 251 

the pin2 mutant was more sensitive to PISA than WT. Perhaps, in the pin 2 mutant, the accumulated 252 

IAA is not efficiently transported from the lateral root cap. Consistent with root elongation responses 253 

(Fig. 4E), PISA induced DR5::GFP expression in the lateral root cap after 20h treatment suggesting 254 

enhanced accumulation of endogenous IAA (Fig. 4F). The auxin transport inhibitor TIBA blocks IAA 255 

efflux and inhibits root elongation by accumulating IAA (Fig. S5). TIBA highly induced DR5::GFP 256 

expression near the quiescent center where IAA is biosynthesized (Fig. 4F) (Brumos et al., 2018). 257 

Taken together, these results indicate that PISA promotes the auxin transport rate leading to 258 

accumulations of IAA at the lateral root cap, resulting in the inhibition of root elongation.          259 

 260 

PISA blocked root hair formation by positively modulating auxin transport. 261 
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PISA displayed auxin-like activity in hypocotyl elongation, primary root inhibition and adventitious 262 

root formation (Fig. 2). Typical auxin efflux transport inhibitors commonly inhibit the elongation of 263 

both primary root and hypocotyl, supporting PISA is not an inhibitors of auxin efflux transport. The 264 

effects of PISA on auxin-related phenotypes can be explained if it works by increasing auxin efflux. 265 

To further examine the effects of PISA on auxin efflux transport, the root hair phenotype was 266 

analyzed. This process involves the PIN2 proteins, which are localized at apical side of root 267 

epidermal cells and mainly contribute to basipetal (shootward) auxin transport (Abas et al., 2006). 268 

The loss of function pin2/eir1 mutant displays impaired root hair formation (Fig. 5A and 5B). The 269 

ectopic overexpression of PIN1 in 35S::PIN1 roots also interferes with this shootward auxin transport, 270 

consequently, 35S::PIN1 seedlings also show defects in root hair formation (Fig. 5A and 5B) 271 

(Ganguly et al., 2010), suggesting shootward auxin flow is important for root hair formation (Rigas et 272 

al., 2013). In contrast, auxin efflux transport inhibitors TIBA and NPA promote root hair formation 273 

(Ganguly et al., 2010), probably by increasing the accumulation of endogenous IAA (Fig. 5C). 274 

Importantly, PISA inhibits root hair formation, implying PISA has an opposite effects to auxin efflux 275 

inhibitors.  276 

 277 

PISA affects adventitious and lateral root formation by positively modulating auxin transport 278 

PISA induces adventitious root formation at the shoot/root junction as shown in Fig. 2A. Importantly, 279 

auxin signaling mutants slr/iaa14 and arf7 arf19 show severe defects in lateral root formation (Fig. 280 

3D and table 1) (Okushima et al., 2007). In these mutants PISA did not promote adventitious root 281 

formation at shoot/root junction and this is consistent with the auxin-like effects of PISA on 282 

hypocotyls (Fig. 3D and table 1). This suggests that adventitious root formation in response to PISA 283 

treatment depends on auxin signaling downstream of SCFTIR1/AFB. In such a situation, auxin efflux 284 

transport inhibitors BUM, NPA and TIBA would reduce polar auxin transport in hypocotyls, resulting in 285 

the inhibition of the adventitious root formation and this is indeed what we observed, as shown in 286 

Table 1 and Fig. S5A. Taken together, these results suggest that PISA positively modulates the polar 287 
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auxin transport system, thereby leading to the accumulation of auxin at the shoot/root junction and 288 

promoting adventitious root formation.  289 

In contrast to the promotion of adventitious roots at the shoot/root junction (Table 1 and Fig. 2A), 290 

PISA alone repressed lateral root formation in primary roots (Fig. 6A). In contrast, PISA strongly 291 

promoted lateral root numbers when co-incubated with exogenous IAA (Fig. 6B, 6C and S7A). TIBA 292 

and NPA did not affect the lateral root number induced by exogenous IAA (Fig. S8A), suggesting that 293 

inhibition of auxin efflux does not enhance IAA-induced lateral root formation. This was further 294 

investigated using the cell cycle reporter CYCB1;1::GUS, which is induced strongly by IAA and NAA 295 

in initiating lateral roots. In this assay, PISA enhanced CYCB1;1::GUS expression when in the 296 

presence of auxins, IAA and NAA (Fig. S7B). Similarly, auxin-induced DR5::GUS expression was 297 

dramatically enhanced by pretreatments with PISA (12 h) (Fig. 6D). In this experiment, IAA treatment 298 

for 6h at 100 and 500 nM induced DR5::GUS expression in elongation zones only (Fig. 6D). This 299 

expression pattern was extended along the entire root by the co-incubation of IAA and PISA (Fig. 300 

S8B). In contrast, co-treatment with IAA and auxin transport inhibitors (NPA, TIBA, Bz-IAA 301 

(5-benzykoxy IAA) and BUM) (Fukui and Hayashi, 2018) activated DR5::GUS expression only at the 302 

root tips (Fig. 6D). To examine the effects of PISA on basipetal auxin transport, shootward movement 303 

of IAA from the root tip was evaluated by DR5::GUS assay (Fig. 6E) (Buer and Muday, 2004; Lewis 304 

and Muday, 2009). In this shootward auxin transport assay, the DR5::GUS seedlings were placed on 305 

vertical plate containing PISA and then an agar block containing IAA was placed onto the root tips. 306 

The seedlings were then incubated for 10 h. PISA promoted DR5::GUS induction derived from root 307 

tip IAA (Fig. 6E), suggesting PISA enhances shootward auxin transport from the root tip. Taken 308 

together, these results indicate that PISA increases the net flow of auxin in the roots by positively 309 

modulating auxin transport.  310 

Other possible targets for PISA are the AUX1/LAX auxin influx transporters. PISA might promote 311 

IAA-induced lateral root formation by increasing the uptake of exogenous IAA. To test the effects of 312 

PISA on IAA influx transport, seedlings were co-treated with PISA and membrane permeable IAA 313 
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prodrugs, IAA methyl ester and IAA octyl ester (Fig. S9). These lipophilic IAA esters and NAA (Fig. 314 

S7B) can be incorporated into cells by passive diffusion, but not by the AUX1/LAX transporters. PISA 315 

enhanced lateral root formation to the same extent with the two IAA esters, NAA and IAA (Fig. S7B 316 

and S9), indicating IAA influx transport was not required for the activity of PISA on lateral root 317 

promotion. 318 

 319 

PISA perturbed asymmetric auxin distribution and gravitropism in root. 320 

Gravistimulation rapidly induces asymmetric auxin distributions in roots and thereby changes the 321 

DR5 reporter expression pattern (Fig.7A). This gravistimulated asymmetric auxin distribution is 322 

driven by PIN-mediated shootward auxin movement in the root epidermis (Wisniewska et al., 2006; 323 

Baster et al., 2013). After 4h gravistimulation, the DR5::GFP signal increased at the lower side of 324 

gravistimulated roots. PISA treatment completely diminished this asymmetric expression of 325 

DR5::GFP (Fig.7A and 7B) and concomitantly blocked root gravitropic responses (Fig. 7C). These 326 

observations show that PISA not only modulates polar auxin transport but specifically affects 327 

PIN-mediated asymmetric auxin distribution in gravistimulated roots.   328 

 329 

PISA blocked the internalization of PIN proteins and promoted their accumulation at the 330 

plasma membrane. 331 

All the phenotypic effects of PISA can be explained by the positive modulation of auxin transport by 332 

PISA. PISA treatment did not affect the expression profiles of proPIN1::GFP, proPIN2::GUS and 333 

proPIN7::GUS (Fig. S10), indicating that the primary target of PISA in auxin transport is not the 334 

regulation of PIN transcription. To address the mechanism of positive effects of PISA on auxin efflux, 335 

we examined the effects of PISA on the recycling of PIN proteins in roots. Brefeldin A (BFA) induces 336 

the formation of BFA bodies which incorporate PIN2-GFP protein in proPIN2::PIN2-GFP line 337 

(Geldner et al., 2003). Auxin (NAA) was shown to inhibit BFA body formation by blocking the 338 

endocytosis of PIN2 protein (Fig. 8A) (Paciorek et al., 2005). The negative control compound 339 
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benzoic acid did not affect BFA body formation (Fig. 8A), but PISA inhibited BFA body formation in 340 

the same extend as NAA (Fig. 8A and 8B). Additionally, BFA body formation with both PIN1-GFP 341 

fusion and PIN1 native protein, was also blocked by NAA and PISA (Fig. S11). These observations 342 

suggest that PISA interferes with PIN recycling or vacuolar targeting, and as a consequence 343 

promotes the accumulation of PIN proteins at the PM. Since constitutive PIN recycling has been 344 

linked to maintenance of its asymmetric, polar distribution, we tested PISA effect on PIN polarity. 345 

Indeed, PISA treatment diminished PIN2 polarity at the PM. PIN2 showed pronounced accumulation 346 

at the lateral cell sides (Fig. 8C, 8D and S12) and PIN1 showed almost no polarity after treatment 347 

with PISA (Fig. S13). Furthermore, PISA at 100 μM disrupted the root architectures and PIN2 polar 348 

localization (Fig. S14). 349 

 This change in the localization of PIN proteins was further investigated using PINOID (PID), a 350 

serine threonine kinase of the AGC kinase family which is known to regulate PIN localization on the 351 

cellular membranes (Adamowski and Friml, 2015). Overexpression of PID triggers a basal to apical 352 

shift in PIN1 localization, thereby perturbing the auxin gradient in the root tip; depleting auxin from 353 

the root tip maxima and leading to meristem collapse (Benjamins et al., 2001; Friml et al., 2004). 354 

Consistently, PIN1 was localized at apical side in the endodermis of 35S::PID roots (Fig. 8F). 355 

Intriguingly, PISA rescued collapsed root meristems in 35S::PID roots (Fig. 8E) and the typical apical 356 

polarity of PIN1 in 35S::PID was lost and switched to an apolar pattern in endodermal cells (Fig. 8F). 357 

Thus, PISA appears to repress IAA depletion from the 35S::PID apical meristem by diminishing 358 

shootward IAA transport. This is fully consistent with the PISA effect on the polar localization of PIN 359 

proteins.  360 

To gain further insight into the mechanism by which PISA induces PIN accumulation at the PM, 361 

the effects of PISA on PIN2-GFP accumulation were examined in a tir1 afb1 afb2 afb3 quadruple 362 

mutant line (Fig. S15). As in WT roots, PIN2-GFP protein was found to be predominantly apical and 363 

not lateral cell sides despite the severe growth defects in these roots. PISA promoted the 364 

accumulation of PIN2-GFP at lateral cell sides in the quadruple mutant, the same as in the wild type 365 
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root. This observation strongly suggests that PISA leads to increases in PIN protein accumulation at 366 

the PM without activating the SCFTIR1/AFB pathway.  367 

 368 

DISCUSSION 369 

Pinstatic acid is an inert for the TIR1/AFB-Aux/IAA co-receptor complex 370 

In the screening for the auxin transport modulators from the PAA analogs, pinstatic acid 371 

(4-ethoxyphenylacetic acid: PISA) was found to be the most promising candidate. PISA does not 372 

bind to the SCFTIR1/AFB complex. The classical structure activity relationships of mono-substituted 373 

phenylacetic acids demonstrated that 4-substituted PAA is less or inactive as an auxin (Muir et al., 374 

1967). Consistent with these early structure activity relationship studies of PAA derivatives, our 375 

results clearly demonstrated that PISA is not a classical auxin directly modulating the SCFTIR1/AFB 376 

machinery (Fig. 1). Consistent with this, a docking study using the auxin binding cavity of TIR1 377 

showed that the 4-ethoxy chain in PISA would prevent stable binding of this compound (Fig. S16).  378 

In analogy to PISA, the introduction of alkyloxy chains into IAA and NAA at the 5- or 379 

6-positions diminished their TIR1 binding activity (Tsuda et al., 2011). However, it appears that these 380 

alkoxy-IAA and -NAAs are still recognized by PIN efflux proteins to inhibit polar IAA transport in 381 

competition with endogenous IAA (Tsuda et al., 2011), suggesting alkoxy-IAAs and alkoxy-NAAs 382 

could act as auxin transport inhibitors. On the other hand, PAA is not actively and directionally 383 

transported in response to gravitropic stimuli and the distribution of PAA is not inhibited by NPA, 384 

suggesting that PAA is distributed by passive diffusion (Sugawara et al., 2015). As for PAA, it seems 385 

unlikely that PISA itself would be recognized by PINs in planta.  386 

 387 

PISA positively modulates polar auxin transport to induce auxin-like activity. 388 

PISA showed characteristic auxin-like activity on primary root and shoot responses. PISA inhibited 389 

primary root elongation and induced adventitious root formation at the shoot / root junction (Fig. 2). 390 

The auxin signaling mutants axr1-3, tir1 afb2, slr1-1 and arf7 arf19 were resistant to PISA in primary 391 
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root inhibition and adventitious root formation, suggesting that some PISA-induced responses might 392 

be mediated by the SCFTIR1/AFB signaling pathway (Fig. 4D). However, these responses can also be 393 

well explained by the accumulation of endogenous IAA at root tip and the shoot / root junction 394 

following elevated IAA efflux. Auxin efflux inhibitors completely repressed adventitious root formation 395 

induced by PISA (Table 1), suggesting that IAA movement is required for PISA activity on 396 

adventitious root formation. In the primary root, IAA is biosynthesized near the quiescent center (QC) 397 

where TAA1 is strongly expressed (Brumos et al., 2018). Auxin efflux inhibitors, TIBA and NPA are 398 

considered to have repressed IAA efflux leading to induction of DR5::GFP expression near the QC 399 

(Fig. 4D) and then results in the inhibition of root elongation (Brumos et al., 2018). In contrast, PISA 400 

would promote auxin efflux from the QC to lateral root cap, thereby DR5::GFP signal was induced at 401 

that place (Fig. 4D). Thus, PISA inhibits root elongation by distinct mechanism of auxin efflux 402 

inhibitors.  403 

Furthermore, PISA promoted hypocotyl elongation. Auxin efflux transport inhibitors, TIBA, 404 

NPA and BUM completely suppressed hypocotyl elongation (Fig. 3B, 3C and S5A). Hypocotyl 405 

elongation by synthetic auxin picloram or YUC1 overexpression could not be cancelled by auxin 406 

efflux transport inhibitors (Fig. S5B). These evidences suggest that PISA positively modulated auxin 407 

transport to show auxin-like activity in the hypocotyl. This was further confirmed by 3H-IAA transport 408 

assays in hypocotyl segments (Fig. 3E). Importantly, no auxin analog has been reported to be 409 

positive modulator of auxin transport.  410 

 411 

PISA affects root auxin responses by positively modulating shootward auxin transport. 412 

In contrast to auxin-like effects on primary root growth and shoot elongation, PISA-treated roots 413 

showed typical auxin-repressed phenotypes: reduced root hair formation, fewer lateral roots and 414 

reduced gravitropic response. Auxin transport inhibitors promoted root hair formation (Fig. 5B) by 415 

accumulating endogenous IAA, but blocked lateral root formation and gravitropic responses by 416 

perturbing auxin distribution. The impaired root phenotypes by PISA resemble the root defects in 417 
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PIN1 overexpressing roots (Rigas et al., 2013), supporting the hypothesis that PISA represses 418 

auxin-regulated phenotypes by enhancing auxin efflux. Intriguingly, PISA dramatically enhanced 419 

IAA-induced lateral root formation and PISA also promoted IAA-induced DR5::GUS expression in 420 

entire roots when auxin transport inhibitors did not (Fig. 6B – 6D). Additionally, PISA enhanced 421 

shootward auxin movement from the root tip in basipetal auxin transport assays (Fig. 6E). PISA did 422 

not increase the endogenous IAA (Fig. S6). Thus, it is unlikely that PISA would elevate endogenous 423 

IAA in the shoot by up-regulating TAA1 and YUC expression in the IAA biosynthesis pathway or by 424 

inhibiting the IAA inactivation pathway involving GH3 and DAO1 (Korasick et al., 2013). These 425 

observations suggest that PISA positively modulates shootward IAA transport in the root. 426 

 427 

PISA blocks PIN internalization to accumulate PIN at plasma membrane in Arabidopsis. 428 

The localization and trafficking of PIN1 and PIN2 proteins have been extensively 429 

investigated (Adamowski and Friml, 2015; Rakusova et al., 2015). ROP GTPases-RIC signaling 430 

have been shown to inhibit the PIN internalization (Lin et al., 2012; Nagawa et al., 2012), PINOID 431 

kinase and D6 Protein Kinase could directly phosphorylate PIN at the PM to regulate the PIN 432 

trafficking in a GNOM dependent manner (Adamowski and Friml, 2015). However, the molecular 433 

mechanism for the regulation of PIN trafficking, especially PIN internalization, by auxin has been 434 

unclear. Our results show that PISA inhibited the formation of BFA bodies containing PIN1 and PIN2 435 

proteins (Fig. 8, and S11). Furthermore, PISA promoted the accumulation of PIN1 and PIN2 proteins 436 

at the lateral side of cells. These observations, together with phenotypic data, clearly indicate that by 437 

inhibiting PIN internalization PISA would increase PM-localized PIN content, leading to characteristic 438 

phenotypes caused by enhanced auxin efflux.    439 

  The target of PISA remains an open and intriguing question. PISA is completely inert for 440 

transcriptional auxin signaling modulated by SCF TIR1/AFB –Aux/IAA machinery. PISA enhanced PIN2 441 

accumulation at the PM in tir1 afb1 afb2 afb3 quadruple mutant (Fig. S15) (Pan et al., 2009), implying 442 

TIR1/AFB receptors are not a prerequisite for the inhibition of PIN2 internalization by PISA. 443 
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Modulation of PIN localization and trafficking are influenced by many regulatory steps (Adamowski 444 

and Friml, 2015) and it is likely that auxin could coordinately modulate pathways involving recycling 445 

rate, biosynthesis and degradation of PINs in response to environmental and hormonal stimuli.  446 

Many questions still remain as to the mode of action of PISA. It has been reported that auxin 447 

reduced formation of BFA bodies by inhibiting delivery of newly synthesized protein rather than by 448 

inhibition of PIN internalization (Jasik et al., 2016). On the other hand, PISA inhibited BFA body 449 

formation of PIN2-GFP, but enhanced amounts of PIN2-GFP on the PM suggesting that delivery is 450 

not impaired and internalization is reduced. Given this, we have no reason to believe that PISA would 451 

target the regulatory component of PIN internalization to which endogenous auxin would bind. We 452 

anticipated that PISA will be a very useful chemical tool to dissect the regulatory mechanism of auxin 453 

transport.    454 

  455 

MATERIALS AND METHODS  456 

Plant materials and growth conditions 457 

Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used for all experiments. The 458 

following transgenic and mutant lines were in the Col-0 ecotype: axr1-3 [CS3075], tir1-1 afb2-3 459 

[CS69691], iaa14/slr1-1 (Okushima et al., 2007; Spartz et al., 2012; Chae et al., 2012), arf7 arf19 460 

(Okushima et al., 2007), DII-VENUS (Brunoud et al., 2012), yuc3 5 7 8 9 (Chen et al., 2014), 461 

proPIN1::PIN1-GFP (Vieten et al., 2005), proPIN2::PIN2-GFP (Vieten et al., 2005), pin2/eir1-1 462 

[CS16706], 35S::PIN1 [CS9375], 35S::PID (Benjamins et al., 2001), pPIN2::PIN2-GFP / tir1 afb1 463 

afb2 afb3 (Pan et al., 2009). Seeds were surface-sterilized and grown on germination medium (GM; 464 

0.5× Murashige and Skoog salts [Gibco-BRL], 1% Suc, 1× B5 vitamins, and 0.2 g/L MES containing 465 

1.2% sucrose and 4 g/L agar for horizontal agar plate or 14 g/L agar for vertical agar plates, pH 5.8) 466 

containing the indicated hormone and/or chemicals. The length of hypocotyl and lateral root number 467 

was measured using ImageJ software.  468 

 469 
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Chemicals 470 

4-ethoxyphenylacetic acid [CAS Registry Number: 4919-33-9], PISA and 3-ethoxy-phenylacetic 471 

acid, mPISA was synthesized from 4-hydroxyphenylacetic acid methyl ester and 472 

3-hydroxyphenylacetic acid methyl ester, respectively. PISA is commercially available from some 473 

chemical suppliers (Alfa Aesar, Santa Cruz Biotechnology and, ACROS ORGANICS).  474 

 475 

Histochemical and Quantitative GUS Measurements 476 

For GUS histochemical analysis, the seedlings were washed with a GUS-staining buffer (100 477 

mm sodium phosphate, pH 7.0, 10 mM EDTA, 0.5 mMm K4Fe(CN)6, 0.5 mM K3Fe(CN)6, and 0.1% 478 

Triton X-100) and transferred to the GUS-staining buffer containing 1mM 479 

5-bromo-4-chloro-3-indolyl-β-d-glucuronide (X-Gluc), the substrate for histochemical staining, and 480 

incubated at 37°C until sufficient staining developed. For quantitative measurement, seedlings or the 481 

excised roots (n = 15–20) were homogenized in an extraction buffer as described previously 482 

(Hayashi et al., 2012). After centrifugation to remove cell debris, GUS activity was measured with 1 483 

mM 4-methyl umbelliferyl-β-d-glucuronide as a fluorogenic substrate at 37°C. The protein 484 

concentration was determined by Bradford protein assay (Bio-Rad). The experiments were repeated 485 

at least three times with four replications. 486 

 487 

DII-VENUS assay 488 

6-d-old DII-VENUS seedlings (Brunoud et al., 2012) were incubated in GM liquid medium 489 

containing 10 μM yucasin DF for 3h at 24°C. The DII-VENUS seedlings were washed out well with 490 

fresh medium and incubated in fresh GM liquid medium for 5 min. Exogenous IAA and PISA was 491 

added to this medium and fluorescent images of roots were recorded after 60 min. 492 

 493 

Surface plasmon resonance assay:   494 

Surface plasmon resonance assays were performed as described previously (Quareshy et al., 495 
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2017). 50 µM IAA or PISA were used to assay for the formation of the auxin-induced TIR1 - IAA7 496 

co-receptor complex, or AFB5 - IAA7 complex. For the anti-auxin assay, 5 µM IAA and 50 µM PISA 497 

(or control compound) were mixed and the sensorgram assessed for a reduced signal to the IAA.  498 

 499 

Exogenous IAA-induced lateral root promotion 500 

For lateral root growth, Arabidopsis seedlings were grown vertically for 5 d in continuous light on 501 

GM agar plate. The seedlings were transferred to liquid GM medium containing the indicated 502 

concentration of IAA and PISA. The seedlings were cultivated under continuous light for another 3 d 503 

at 24°C and then the lateral root numbers were recorded. Three independent experiments were 504 

performed. 505 

 506 

Gravitropic response assay 507 

6-d-old seedlings were grown vertically on GM agar plates under continuous light at 24°C. The 508 

seedlings were then transferred to agar plates containing chemicals and cultured vertically for 2 h. 509 

The plates were rotated 90° in the vertical plane, followed by incubation for 16 h in the dark. 510 

Photographs of the roots were recorded with a digital camera. 511 

 512 

Auxin transport assay 513 

For shoot basipetal transport, 6-d-old Col-0 etiolated seedlings grown on GM agar plates were 514 

decapitated to avoid endogenous auxin biosynthesis in cotyledons and a droplet of GM agar 515 

(1.25 %) with 3H-IAA was applied to apical part of the hypocotyls. The seedlings were preincubated 516 

with 20 μM PISA for 1 h on agar plate containing PISA. After 6 hours, all roots were removed, 517 

hypocotyls were collected, homogenized using grinder and liquid nitrogen and incubated overnight in 518 

Opti-Fluor scintillation solution (Perkin Elmer). The amount of 3H-IAA was measured in a scintillation 519 

counter (Hidex 300SL) for 300s with three technical repetitions. The decapitated seedlings were 520 

placed on GM agar plate containing 5 μM NPA to inhibit auxin transport, and then 3H-IAA agar droplet 521 
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was applied to apical part. The negative control (diffusion) was estimated with seedlings transferred 522 

to GM agar containing 5 μM NPA during the 3H-IAA droplets incubation (6 h) to inhibit auxin transport. 523 

The root basipetal transport assay was carried out with slight modifications according to the 524 

method of D.R. Lewis (Lewis and Muday, 2009). A narrow strip of aluminum foil was vertically 525 

embedded in GM agar plate (2.0 %) containing 40 μM PISA. 5-d-old DR5::GUS seedlings were 526 

placed on the GM agar so that the root tip stepped over the edge of the foil strip. An agar block (10 527 

μM IAA and 40 μM PISA) was placed on the root tip. The aluminum strip blocks the diffusion of IAA 528 

into the GM agar plate. The plate was incubated vertically for 10 h and GUS activity was visualized 529 

histochemically with X-Gluc.       530 

 531 

Asymmetric auxin distribution measurement and PIN immunolocalization analysis 532 

All measurements were performed using ImageJ software (National Institutes of Health; 533 

http://rsb.info.nih.gov/ij). Quantification of auxin asymmetry was performed on maximal intensity 534 

projection of Z-scans of root tip by measuring ratio of signal intensity of upper/lower half of the root. 535 

DR5rev-GFP reporter line was imaged before and after gravistimulation. PIN immunolocalizations of 536 

primary roots were carried out as described (Sauer et al., 2006; Robert et al., 2010). The antibodies 537 

used in this study were as follows: anti-PIN1, 1:1000 and anti-PIN2, 1:1000.  538 

 539 

Imaging and Image Analysis. 540 

Fluorescence images were recorded with a fluorescence microscope (Olympus; BX-50) and a 541 

laser scanning confocal microscope (Olympus; FV-3000). Typically, the seedlings were incubated 542 

with half-strength MS medium containing chemcials for the indicated time at 24 °C and fluorescence 543 

images were then immediately recorded. For quantification of the fluorescent signal in epidermal cell 544 

in proPIN2::PIN2-GFP and proPIN1::PIN1-GFP. The same image acquisition parameters were used 545 

for all signal measurements. the regions of the visible BFA bodies in the same number and area of 546 

root cell were selected and the BFA body signal area (the area of BFA body / the constant root cell 547 
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area containing same cell number) were calculated by image J software. To measure signal intensity 548 

of PM-localized PIN2-GFP, the mean pixel intensities were obtained from the apical and lateral sides 549 

of the individual cells by Image J software. The PM-accumulation of PIN2-GFP was shown as the 550 

ratio of intensity (the apical side / the lateral side), 50-60 cells were analyzed for 5-7 seedlings in 551 

three independent treatments. 552 

 553 

Statistical Analysis 554 

Statistically significant differences in the results (**P < 0.05 or *P < 0.01) are based on Welch’s 555 

two sample t-test by SigmaPlot 14.0. The values of mock-treated and PISA-treated samples (Fig. 2, 556 

3, 5, 6, 7, and 8) and the values of wild-type and mutants treated with PISA at same concentration 557 

(Fig. 4) were statistically tested. Data are means ± SD of independent replicates. Box-and-whisker 558 

plots show a median (centerline), upper/lower quartiles (box limits) and maximum/minimum 559 

(whiskers). 560 

 561 

Supplemental Data 562 

The following supplemental materials are available. 563 

Supplemental Figure S1. Auxin activity in an auxin-deficient Arabidopsis mutant and BY2 tobacco 564 

cell culture. 565 

Supplemental Figure S2. Effects of PISA on rapid cell expansion in hypocotyl.  566 

Supplemental Figure S3. Effects of PISA on SCFTIR1 signaling.  567 

Supplemental Figure S4. Effects of mPISA and PISA on the phenotype related to SCFTIR1/AFB 568 

pathway. 569 

Supplemental Figure S5. Auxin transport inhibitors blocked PISA-induced high-auxin phenotype, but 570 

did not inhibit the high-auxin phenotypes by picloram and YUC1 overexpression.  571 

Supplemental Figure S6. Effects of PISA on endogenous IAA level. 572 
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Supplemental Figure S7. Phenotype of Arabidopsis seedlings co-cultured with PISA and auxins.  573 

Supplemental Figure S8. Effects of PISA and auxin transport inhibitors on auxin response in root. 574 

Supplemental Figure S9. PISA promoted the lateral root formation induced by membrane permeable 575 

IAA precursors.  576 

Supplemental Figure S10. PISA did not affect the expression of PIN1::GUS, PIN2::GUS and 577 

PIN7::GUS reporter expression.  578 

Supplemental Figure S11. Effect of PISA on the BFA body formation of PIN1. 579 

Supplemental Figure S12. Effect of PISA on the internalization of PIN2-GFP.  580 

Supplemental Figure S13. Effect of PISA on the internalization of PIN1. 581 

Supplemental Figure S14. Effect of PISA on the internalization of PIN2 at high concentration. 582 

Supplemental Figure S15. Effects of PISA on PIN2 membrane localization in tir1 afb 1 afb 2 afb3 583 

mutant. 584 

Supplemental Figure S16. Molecular docking study of PAA, mPISA and PISA with TIR1. 585 
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FIGURE LEGENDS 733 

 734 

Figure 1. Evaluation for auxin activity of PISA on SCFTIR1/AFB pathway.  735 

A, The structures of auxins and pinstatic acid (PISA). B, Effects of PISA on auxin-deficient root 736 

phenotypes. Arabidopsis plants were cultured for 5 days on vertical agar plate containing chemicals 737 

with or without auxin biosynthesis inhibitors, yucasin DF and Kyn. The values in the parenthesis 738 

represents the concentration of chemicals (μM). Bar represents 5 mm. C, Effects of alkyloxy-PAA on 739 

auxin-responsive DR5::GUS expression. 5d-old DR5::GUS seedling was incubated with chemicals 740 

for 6h. Methoxy (C1) to pentoxy (C5) PAA derivatives including mPISA and PISA was assessed at 50 741 

μM. D, Quantitative analysis of GUS enzyme activity in DR5::GUS line treated with IAA and PISA. 742 

Values are the means ± S.D. (n=9) E, DII-VENUS seedling was incubated with 10 μM yucasin DF for 743 

3h and then washed with medium. The seedling was incubated with PISA and IAA for another 60 min. 744 

Bar represents 500 μm. F, Surface Plasmon Resonance analysis of the auxin-induced interaction 745 

between TIR1 and IAA7 degron peptide. The sensorgram shows the effect of 50 μM IAA (green) and 746 

50 μM PISA (blue) on TIR1-DII peptide association and dissociation. The bars show the relative 747 

response of PISA to IAA (100%). 748 

 749 

Figure 2. Effects of PISA on hypocotyl elongation and adventitious root formation. 750 

A, Arabidopsis seedlings cultured for 7 days with PISA. The values in the parenthesis represent the 751 

concentration of chemicals (μM). Bar represents 5 mm. B, 13d-old plants grown with PISA. C, Time 752 

course of hypocotyl length of seedlings cultured with PISA (closed square:10 μM and closed triangle: 753 

20 μM). Values are the means ± S.D. (n=15-20). D, Hypocotyl lengths of seedlings cultured for 7 754 

days with PISA and auxins. The hypocotyl length (mm) of the mock treated seedlings is indicated. 755 

Box-and-whisker plots show a median (centerline), upper/lower quartiles (box limits) and 756 

maximum/minimum (whiskers). (n=30-38). Statistical significance assessed by Welch’s two sample 757 

t-test. Asterisks indicate significant differences (**p<0.05, *p<0.01). E, Etiolated seedlings cultured 758 

for 5 days in dark with PISA and auxins. F, Hypocotyl lengths of etiolated seedling cultured for 3 days 759 

in dark with PISA and auxins. Statistical significance assessed by Welch’s two sample t -test. 760 

Asterisks indicate significant differences (n=50-72, **p<0.05, *p<0.01). G, Adventitious root 761 

production induced by PISA. Arabidopsis seedlings were cultured for 7 days with PISA and the 762 

adventitious root number at shoot and root junction was counted. Asterisks indicate significant 763 

differences (n=30, **p<0.05, *p<0.01).  764 

 765 

Figure 3. Auxin signaling and transport inhibitors repress PISA-induced hypocotyl 766 

phenotypes and PISA promotes basipetal auxin transport in hypocotyl.    767 

A, The hypocotyl length of Arabidopsis wild-type (WT) and axr1-3 mutant seedlings cultured for 7 768 

days with chemicals. Relative hypocotyl length is shown as the percentage of that in mock-treated 769 

plants (100 %). The actual length (mm) of mock-treated hypocotyl are indicated (n=40-48). B, 770 
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Seedlings cultured for 7 days with PISA and auxin transport inhibitor, TIBA. C, Hypocotyl length in 771 

seedlings cultured with or without TIBA and PISA. Relative hypocotyl length is shown as the 772 

percentage of that in mock-treated plants (100 %). The actual length (mm) of mock-treated hypocotyl 773 

were indicated as box-and-whisker plots (n=40-45). Statistical significance assessed by Welch’s two 774 

sample t-test. Asterisks indicate significant differences (**p<0.05, *p<0.01). D, Seedlings of WT, arf7 775 

arf19 and slr1/iaa14 mutants cultured for 7 days with or without PISA. The values in the parenthesis 776 

represents the concentration of chemicals (μM). Bar represents 5 mm. E, Rootward transport of 777 

radiolabeled 3H-IAA in decapitated hypocotyls. NPA, an auxin transport inhibitor, was used as the 778 

negative control. (*p<0.01, n=9). 779 

 780 

Figure 4. The effects of PISA on root elongation and auxin distribution in root tip.  781 

A, Wild-type seedlings cultured for 7 days with PISA. Bar represents 5 mm. B, Wild-type root cultured 782 

with 100 μM PISA . Root was counterstained with propidium iodide. Bar represents 100 μm. C, The 783 

primary root length of Arabidopsis wild-type (WT) and auxin mutants (axr1-3, tir1 afb2, pin3 pin7, 784 

pin2/eir1-1 and aux1-7) cultured for 7 days on vertical plate containing PISA. Relative root length is 785 

shown as the percentage of that in mock-treated plants (100 %). The actual length (mm) of 786 

mock-treated root is indicated. Statistical significance was assessed by Welch’s two sample t-test 787 

between WT and mutants. Asterisks indicate significant differences (n=32-40, **p<0.05, *p<0.01). D, 788 

The GFP expression of DR5::GFP in roots cultured vertically with PISA for 7 days. Arrows indicate 789 

quiescent center (yellow) and lateral root cap (white). Bar represents 100 μm. E, The primary root 790 

growth of Arabidopsis WT and auxin mutants during 5 hours on vertical plates containing PISA. The 791 

actual length (mm) of mock-treated root is indicated and mock-treated plants shown as 100 %. 792 

Asterisks indicate significant differences (n=14-17, *p<0.01). F, The GFP expression of DR5::GFP 793 

cultured vertically with PISA and TIBA for 20 hours. The values in the parenthesis represents the 794 

concentration of chemicals (μM). Bar represents 100 μm. 795 

 796 

Figure 5. PISA inhibits root hair formation.  797 

A, Root hairs of pin2/eir1, 35S::PIN1 and wild-type plants treated with PISA. 5d-old seedlings were 798 

cultured for 2 days on vertical agar plates with or without PISA. B, The root hair length and density of 799 

pin2/eir1, 35S::PIN1 and wild-type plants treated with PISA. The length and density of root hairs 800 

within the 2-4 mm region from root tip were measured. Values are the means ± S.D. Asterisks 801 

indicate significant differences (n=8-11, *p<0.01). The values in the parenthesis represents the 802 

concentration of chemicals (μM). C, The root hair formation of wild-type seedlings grown with auxins 803 

and auxin transport inhibitors. The values in the parenthesis represents the concentration of 804 

chemicals (μM). Bar represents 1 mm. 805 

 806 

Figure 6. Effects of PISA on IAA-induced lateral root formation and shootward IAA transport. 807 

A, Effects of PISA on the lateral root formation. Arabidopsis seedlings were cultured for 6 days with 808 
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PISA. The number of lateral roots were counted and the density of lateral roots are shown as 809 

box-and-whisker plots (n=14-16). (B and C) Effects of PISA on IAA-induced lateral root formation. 810 

5d-old seedlings were cultured for additional 3 days with PISA in the presence of IAA. The density of 811 

lateral roots are shown as box-and-whisker plots (n=14-16). Bar represents 5 mm. D, Effects of PISA 812 

on IAA-induced DR5::GUS expression. 5d-old DR5::GUS seedlings were incubated for 12 h in liquid 813 

GM medium with or without PISA or auxin transport inhibitors. IAA was added to the GM medium and 814 

the seedlings were further incubated for additional 6 h. The IAA-induced GUS activity was visualized 815 

by X-Gluc. Bar represents 1 mm. E, Effects of PISA on shootward IAA transport. An agar block 816 

containing IAA was applied to DR5::GUS root tips (yellow ring) and the seedlings were incubated on 817 

vertical plates containing 40 μM PISA for 10 h. Arrows show the IAA-induced GUS activity. Bar 818 

represents 1 mm. Statistical significance assessed by Welch’s two sample t-test. Asterisks indicate 819 

significant differences (*p<0.01). The values in the parenthesis represents the concentration of 820 

chemicals (μM).   821 

 822 

Figure 7. PISA inhibits auxin distribution and root gravitropism. 823 

A, Effect of PISA on auxin asymmetric distribution. 4-d old DR5::GFP seedlings were transferred to 824 

20 μM PISA and control medium for 1h. After 1h seedlings were gravistimulated for 4h and imaged. 825 

PISA pretreatment abolished auxin asymmetric distribution and seedlings did not respond to gravity 826 

stimuli. B, Quantitative evaluation of A, showing a mean ratio of the signal intensity of the 827 

upper/lower half of the root. (*p<0.01). C, Effect of PISA on root gravitropic response. 5-d old 828 

wild-type seedlings were placed on vertical GM agar plates containing PISA and then cultured for 3h 829 

in the dark. The plates were further incubated for 16h after rotating plates at 135° angle against 830 

vertical direction. The arrows indicate the vector of gravity before (1) and after (2) the initiation of 831 

gravistimulation. The angles were grouped into 30° classes and plotted as circular histograms. 832 

 833 

 834 

Figure 8. Effects of PISA on PIN internalization from plasma membrane.  835 

A and B, Effect of PISA on the BFA body formation of PIN2-GFP. 5d-old proPIN2::PIN2-GFP 836 

seedlings were incubated for 30 min. in liquid GM medium containing PISA and NAA and then BFA 837 

was added to the medium. Seedlings were then incubated for additional 60 min. BFA induced 838 

PIN2-GFP-marked BFA bodies. The area of BFA body was measured and the area in BFA-treated 839 

seedling (n=25-40, *p<0.01) was adjusted to 100 %. The average value of the area was indicated in 840 

B. Bar represents 50 μm. C and D, Effect of PISA on the internalization of PIN2-GFP. 5d-old 841 

pPIN2::PIN2-GFP seedlings were incubated for 12h with PISA. The fluorescence intensity of the 842 

apical and lateral sides of cells in the root (n=18-20, *p<0.01) were quantified and the fluorescent 843 

signal rate (apical side / lateral side) was indicated in D. The values in the parenthesis represents the 844 

concentration of chemicals (μM). Bar represents 50 μm. E, Effects of PISA on a collapse of the 845 

primary root meristem. 5d-old root tips of WT and 35S::PID plants grown vertically on agar plate 846 
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containing PISA. Bar represents 500 μm. F, Effects of PISA on PIN1 localization in the endodermis of 847 

WT and 35S::PID roots. Immunolocalization of PIN1 after treatment with PISA for 4 h. Bar represents 848 

10 μm. 849 

 850 

 851 
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Figure 1. Evaluation for auxin activity of PISA on SCFTIR1/AFB pathway. 

A, The structures of auxins and pinstatic acid (PISA). B, Effects of PISA on auxin-deficient root 

phenotypes. Arabidopsis plants were cultured for 5 days on vertical agar plate containing 

chemicals with or without auxin biosynthesis inhibitors, yucasin DF and Kyn. The values in the 

parenthesis represents the concentration of chemicals (μM). Bar represents 5 mm. C, Effects of 
alkyloxy-PAA on auxin-responsive DR5::GUS expression. 5d-old DR5::GUS seedling was 

incubated with chemicals for 6h. Methoxy (C1) to pentoxy (C5) PAA derivatives including mPISA 
and PISA was assessed at 50 μM. D, Quantitative analysis of GUS enzyme activity in 
DR5::GUS line treated with IAA and PISA. Values are the means ± S.D. (n=9) E, DII-VENUS 

seedling was incubated with 10 μM yucasin DF for 3h and then washed with medium. The 
seedling was incubated with PISA and IAA for another 60 min. Bar represents 500 μm.　F, 

Surface Plasmon Resonance analysis of the auxin-induced interaction between TIR1 and IAA7 

degron peptide. The sensorgram shows the effect of 50 μM IAA (green) and 50 μM PISA (blue) 
on TIR1-DII peptide association and dissociation. The bars show the relative response of PISA 

to IAA (100%).
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Figure 2. Effects of PISA on hypocotyl elongation and adventitious root formation.

A, Arabidopsis seedlings cultured for 7 days with PISA. The values in the parenthesis represent the 

concentration of chemicals (μM). Bar represents 5 mm. B, 13d-old plants grown with PISA. C, Time 
course of hypocotyl length of seedlings cultured with PISA (closed square:10 μM and closed triangle: 20 
μM). Values are the means ± S.D. (n=15-20). D, Hypocotyl lengths of seedlings cultured for 7 days with 
PISA and auxins. The hypocotyl length (mm) of the mock treated seedlings is indicated. 

Box-and-whisker plots show a median (centerline), upper/lower quartiles (box limits) and 
maximum/minimum (whiskers). (n=30-38). Statistical significance assessed by Welch’ s two sample 
t-test. Asterisks indicate significant differences (**p<0.05, *p<0.01). E, Etiolated seedlings cultured for 5 
days in dark with PISA and auxins. F, Hypocotyl lengths of etiolated seedling cultured for 3 days in dark 
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Figure 3. Auxin signaling and transport inhibitors repress PISA-induced hypocotyl phenotypes and PISA 

promotes basipetal auxin transport in hypocotyl.　　　
A, The hypocotyl length of Arabidopsis wild-type (WT) and axr1-3 mutant seedlings cultured for 7 days with chemicals. 

Relative hypocotyl length is shown as the percentage of that in mock-treated plants (100 %). The actual length (mm) of 

mock-treated hypocotyl are indicated (n=40-48). B, Seedlings cultured for 7 days with PISA and auxin transport 

inhibitor, TIBA. C, Hypocotyl length in seedlings cultured with or without TIBA and PISA. Relative hypocotyl length is 

shown as the percentage of that in mock-treated plants (100 %). The actual length (mm) of mock-treated hypocotyl 

were indicated as box-and-whisker plots (n=40-45). Statistical significance assessed by Welch’ s two sample t-test. 

Asterisks indicate significant differences (**p<0.05, *p<0.01). D, Seedlings of WT, arf7 arf19 and slr1/iaa14 mutants 

cultured for 7 days with or without PISA. The values in the parenthesis represents the concentration of chemicals (μM). 
Bar represents 5 mm. E, Rootward transport of radiolabeled 3H-IAA in decapitated hypocotyls. NPA, an auxin transport 

inhibitor, was used as the negative control. (*p<0.01, n=9).
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Figure 4. The effects of PISA on root elongation and auxin distribution in root tip. 

A, Wild-type seedlings cultured for 7 days with PISA. Bar represents 5 mm. B, Wild-type root 

cultured with 100 μM PISA . Root was counterstained with propidium iodide. Bar represents 
100 μm. C, The primary root length of Arabidopsis wild-type (WT) and auxin mutants (axr1-3, 

tir1 afb2, pin3 pin7, pin2/eir1-1 and aux1-7) cultured for 7 days on vertical plate containing 

PISA. Relative root length is shown as the percentage of that in mock-treated plants (100 %). 
The actual length (mm) of mock-treated root is indicated. Statistical significance was assessed 

by Welch’ s two sample t-test between WT and mutants. Asterisks indicate significant 
differences (n=32-40, **p<0.05, *p<0.01). D, The GFP expression of DR5::GFP in roots 

cultured vertically with PISA for 7 days. Arrows indicate quiescent center (yellow) and lateral 

root cap (white). Bar represents 100 μm. E, The primary root growth of Arabidopsis WT and 
auxin mutants during 5 hours on vertical plates containing PISA. The actual length (mm) of 
mock-treated root is indicated and mock-treated plants shown as 100 %. Asterisks indicate 

significant differences (n=14-17, *p<0.01). F, The GFP expression of DR5::GFP cultured 

vertically with PISA and TIBA for 20 hours. The values in the parenthesis represents the 

concentration of chemicals (μM). Bar represents 100 μm.
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Figure 5. PISA inhibits root hair formation. 

A, Root hairs of pin2/eir1, 35S::PIN1 and wild-type plants treated with PISA. 5d-old 

seedlings were cultured for 2 days on vertical agar plates with or without PISA. B, The 

root hair length and density of pin2/eir1, 35S::PIN1 and wild-type plants treated with 

PISA. The length and density of root hairs within the 2-4 mm region from root tip were 

measured. Values are the means ± S.D. Asterisks indicate significant differences 

(n=8-11, *p<0.01). The values in the parenthesis represents the concentration of 

chemicals (μM). C, The root hair formation of wild-type seedlings grown with auxins and 
auxin transport inhibitors. The values in the parenthesis represents the concentration of 
chemicals (μM). Bar represents 1 mm.
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Figure 6. Effects of PISA on IAA-induced lateral root formation and shootward IAA 

transport.

A, Effects of PISA on the lateral root formation. Arabidopsis seedlings were cultured for 6 days 

with PISA. The number of lateral roots were counted and the density of lateral roots are shown 

as box-and-whisker plots (n=14-16). (B and C) Effects of PISA on IAA-induced lateral root 

formation. 5d-old seedlings were cultured for additional 3 days with PISA in the presence of 

IAA. The density of lateral roots are shown as box-and-whisker plots (n=14-16). Bar represents 

5 mm. D, Effects of PISA on IAA-induced DR5::GUS expression. 5d-old DR5::GUS seedlings 

were incubated for 12 h in liquid GM medium with or without PISA or auxin transport inhibitors. 

IAA was added to the GM medium and the seedlings were further incubated for additional 6 h. 

The IAA-induced GUS activity was visualized by X-Gluc. Bar represents 1 mm. E, Effects of 

PISA on shootward IAA transport. An agar block containing IAA was applied to DR5::GUS root 

tips (yellow ring) and the seedlings were incubated on vertical plates containing 40 μM PISA for 
10 h. Arrows show the IAA-induced GUS activity. Bar represents 1 mm. Statistical significance 

assessed by Welch’ s two sample t-test. Asterisks indicate significant differences (*p<0.01). 

The values in the parenthesis represents the concentration of chemicals (μM). 　
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Figure 7. PISA inhibits auxin distribution and root gravitropism.

A, Effect of PISA on auxin asymmetric distribution. 4-d old DR5::GFP seedlings were 

transferred to 20 μM PISA and control medium for 1h. After 1h seedlings were 
gravistimulated for 4h and imaged. PISA pretreatment abolished auxin asymmetric 
distribution and seedlings did not respond to gravity stimuli. B, Quantitative evaluation of 

A, showing a mean ratio of the signal intensity of the upper/lower half of the root. 
(*p<0.01). C, Effect of PISA on root gravitropic response. 5-d old wild-type seedlings 

were placed on vertical GM agar plates containing PISA and then cultured for 3h in the 
dark. The plates were further incubated for 16h after rotating plates at 135° angle against 
vertical direction. The arrows indicate the vector of gravity before (1) and after (2) the 
initiation of gravistimulation. The angles were grouped into 30° classes and plotted as 
circular histograms.
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Figure 8. Effects of PISA on PIN internalization from plasma membrane. 

A and B, Effect of PISA on the BFA body formation of PIN2-GFP. 5d-old proPIN2::PIN2-GFP 

seedlings were incubated for 30 min. in liquid GM medium containing PISA and NAA and then 

BFA was added to the medium. Seedlings were then incubated for additional 60 min. BFA 

induced PIN2-GFP-marked BFA bodies. The area of BFA body was measured and the area in 

BFA-treated seedling (n=25-40, *p<0.01) was adjusted to 100 %. The average value of the 

area was indicated in B. Bar represents 50 μm. C and D, Effect of PISA on the internalization 
of PIN2-GFP. 5d-old pPIN2::PIN2-GFP seedlings were incubated for 12h with PISA. The 

fluorescence intensity of the apical and lateral sides of cells in the root (n=18-20, *p<0.01) 

were quantified and the fluorescent signal rate (apical side / lateral side) was indicated in D. 

The values in the parenthesis represents the concentration of chemicals (μM). Bar represents 
50 μm. E, Effects of PISA on a collapse of the primary root meristem. 5d-old root tips of WT 
and 35S::PID plants grown vertically on agar plate containing PISA. Bar represents 500 μm. F, 
Effects of PISA on PIN1 localization in the endodermis of WT and 35S::PID roots. 

Immunolocalization of PIN1 after treatment with PISA for 4 h. Bar represents 10 μm.

PISA (10)mock PISA (20)



 

Effect of PISA on adventitious root formation at shoot/root junction 

 
WT (Col) arf7 arf19 slr1/iaa14 TIBA (5) NPA (5) 

mock 1.57∓0.65 a) 0 0 0 0 

PISA (20) 3.21∓0.70 0 0 0 0 

PISA (50) 5.07∓1.03 0 0 0 0 

a) adventitious root number at shoot/root junction for each 6-d old seedlings 

Table 1
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Figure S1. Auxin activity in an auxin-deficient Arabidopsis mutant and BY2 tobacco cell culture. 

A, Effect of PISA on auxin-deficient phenotype in yuc 3 5 7 8 9 (yucQ) mutant. Arabidopsis yucQ mutant 
was cultured for 5 days on vertical agar plates containing chemicals. IAA and NAA at 50 nM restored 
auxin-deficient root phenotypes. mPISA restored the defects in primary root growth, but failed to 
rescue the agravitropic root. PISA slightly recovered primary root growth defect. The values in the 
parentheses represent the concentration of chemicals (μM). Bar represents 5 mm. B, Auxin-starved 

tobacco BY-2 suspension cells cultured without 2,4-D for 24 h were incubated with 2,4-D, NAA and PISA 

for 4 days. The cell number was counted by hemocytometer. The photographs in (C) are of the same 

magnification. Bar represents 50 μm. 
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Figure S2. Effects of PISA on rapid cell expansion in hypocotyl.  
The hypocotyl sections from 3-d-old etiolated seedlings were treated with PISA or IAA at the indicated 

concentrations (μM) and the subsequent elongation of the hypocotyl sections for 30 min was measured. 

Values are the means ±S.E (n=15). Statistical significance assessed by Student’s t-test (*p<0.01). 

Experiments were repeated at least three times. 
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Figure S3. Effects of PISA on SCFTIR1 signaling. 
A, Effects of PISA on auxin-responsive BA3::GUS expression (Oono et al., 1998). 5d-old BA3::GUS 

seedlings were incubated in 1/2 MS liquid medium with the chemicals at 50 μM for 10 h. 4-Alkyloxy PAA, 

4-methoxy PAA (pC1-PAA), PISA and 4-propoxy PAA (pC3-PAA) did not induced BA3::GUS expression. 

3-alkyloxy PAA (meta substituted alkyloxy PAA), 3-methoxy PAA (mC3-PAA), mPISA and 3-propoxy PAA 

(mC3-PAA) induced BA3::GUS expression. B, Effects of PISA on the growth of the yeast expressing 

OsTIR1 and mcm4-IAA17(aid) fusion proteins (Nishimura et al., 2009). Yeast cells expressing the OsTIR1 

from the constitutive ADH1 promoter (control) or both OsTIR1 and mcm4-IAA17 were spotted in serial 

dilution on a YPD plate with or without chemicals. The values in the parentheses represent the 
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concentration of chemicals (μM). PISA did not affect the growth of yeast expressing both OsTIR1 and 

mcm4-IAA17. mPISA, IAA and NAA selectively blocked the growth of yeast cell expressing both OsTIR1 

and mcm4-IAA17 by promoting the degradation of mcm4-IAA7 via ubiquitin-proteasome pathway. The 

values in the parentheses represent the concentration of chemicals (μM). C, Pull-down assay between 

FLAG-tagged TIR1 and IAA7 (Aux/IAA domain II degron peptide). IAA at 1 μM induced the interaction 

between TIR1 and IAA7. PISA did not induce the interaction between TIR1 and IAA7. To assess potential 

anti-auxin activity of PISA, 50 µM PISA was added to lysates 15 minutes prior to the addition of 1 µM IAA 

and the start of the assay. PISA did not inhibit IAA-induced the interaction between TIR1 and IAA7. D, 

Surface Plasmon Resonance analysis of the auxin-induced the interaction between AFB5 and IAA7 DII 

peptide. 50 μM IAA (green) induced the interaction. PISA (blue) did not affect the complex formation. E, 

The sensorgram shows the effect of 50 μM PISA (blue) in the presence of 5 μM IAA on TIR1-IAA7 DII 

peptide association and dissociation. Auxinole, auxin antagonist blocked the interaction between TIR1 

and IAA7 degron peptide. PISA did not affect the interaction.  
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Figure S4. Effects of mPISA and PISA on the phenotype related to SCFTIR1/AFB pathway. 
A, Phenotype of wild type, tir1 afb2 and axr1-3 mutant treated with mPISA. The seedling was germinated 

and cultured for 7 days with mPISA. The tir1 afb2 and axr1-3 mutants displayed severe resistant to 

mPISA, indicating mPISA is weak auxin. Bar represents 5 mm. (B and C) Phenotype of 7-d old seedling 

grown with PISA in the presence or absence of auxinole, TIR1/AFB antagonist B, and L-kynurenine, IAA 

biosynthesis inhibitor C, Auxinole and L-kynurenine treatment abolished PISA-induced hypocotyl 

elongation and adventitious root formation. Bar represents 5 mm.  
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Figure S5. Auxin transport inhibitors blocked PISA-induced high-auxin phenotype, but did not inhibit the 
high-auxin phenotypes by picloram and YUC1 overexpression. 

A, Effects of auxin transport inhibitors, BUM, NPA and TIBA on the PISA-induced hypocotyl elongation 

and adventitious root formation. Seedlings were germinated and cultured for 7 days with PISA and 

inhibitors. Arrows indicate adventitious roots. Bar represents 5 mm. B, Effects of NPA and TIBA on the 

high-auxin phenotype induced by picloram and YUC1 overexpression (35S::YUC1). The seedlings were 

cultured for 7 days with chemicals. Picloram and YUC1 overexpression caused typical high 

auxin-phenotype, hypocotyl elongation. Auxin transport inhibitors, NPA and TIBA could not restored 

hypocotyl elongation by picloram and YUC1 overexpression. The values in the parentheses represent the 

concentration of chemicals (μM). 
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Figure S6. Effects of PISA on endogenous IAA level. 
 5-d-old wild-type seedlings were incubated with PISA in liquid GM medium for 16 h. The seedlings 

(n = 5–8) were pooled for each sample, and three samples were analyzed for each data point. 

Endogenous IAA levels were measured using LC-MS/MS (ng/gFW). Values are the means ± S.D. 
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Figure S7.  Phenotype of Arabidopsis seedlings co-cultured with PISA and auxins.  
A, PISA promoted IAA-induced lateral root formation. PISA alone did not induce lateral root formation. 

5d-old seedlings were cultured for additional 3 days with PISA in the presence of IAA. Bar represents 5 

mm. B, PISA promoted auxin induced CYCB1;1::GUS expression (Colon-Carmona et al., 1999). 5d-old 

CYCB1;1::GUS seedlings were cultured for additional 2 days with PISA in the presence of auxins (IAA 

and NAA). The value in the parentheses represents the concentration of chemicals (μM). 
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Figure S8. Effects of PISA and auxin transport inhibitors on auxin response in root.  
A, Auxin transport inhibitors, BUM, TIBA and NPA did not promote IAA-induced lateral root formation.  

5d-old seedlings were cultured for additional 3 days with PISA and auxin transport inhibitors, NPA, TIBA, 

and BUM in the presence of IAA. B, Effects of PISA on IAA-induced DR5::GUS expression. 5d-old 

DR5::GUS seedlings were incubated for 12 h in liquid GM medium with or without PISA. IAA was added 

to the GM medium and the seedlings were further incubated for additional 6 h. The values in the 

parentheses represent the concentration of chemicals (μM). 
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Figure S9. PISA promotes lateral root formation induced by membrane permeable IAA precursors.  
5d-old seedlings were cultured for additional 3 days with PISA and the membrane permeable IAA 

precursors, IAA methyl ester and IAA octyl ester. In all cases, lateral root formation was increased 

indicating that AUX1/LAX-mediated auxin influx is not a target of PISA activity with respect to lateral root 

formation. The values in the parentheses represent the concentration of chemicals (μM). Bar represents 5 

mm. 
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Figure S10. PISA does not affect the expression of PIN1::GFP, PIN2::GUS and PIN7::GUS reporter 
expression.  

5-d old seedlings were cultured with 50 μM PISA for 18h. After the incubation, GUS lines was 

histochemcally stained by X-Gluc, and incubated at 37°C until sufficient staining developed. The GFP 

expression was recorded by fluorescent microscopy. PISA did not affect expression of reporter protein in 

PIN1::GFP, PIN2::GUS, and PIN7GUS lines. The values in the parentheses represent the concentration 

of chemicals (μM). Bar represents 100 μm.  
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Figure S11. Effect of PISA on the BFA body formation of PIN1 
A, 5d-old proPIN1::PIN1-GFP seedling was incubated for 30 min in liquid GM medium containing PISA 

and NAA, and then BFA (40 μM) was added to the medium. The seedling was incubated for additional 60 

min. Bar represents 50 μm for upper panel and 5 μm for lower panel. B, 5d-old wild-type seedling was 

incubated for 30 min with NAA or PISA, and then the seedlings were co-treated for additional 30 min with 

BFA (25 μM). PIN1 protein was detected by anti-PIN1 immunolocalization. PISA and NAA inhibited the 

BFA-induced body formation of PIN1. Bar represents 10 μm. 
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Figure S12. Effect of PISA on the internalization of PIN2-GFP. 
A, 5d-old pPIN2::PIN2-GFP seedlings were incubated for 16h with PISA. The confocal sliced image at 

Z-section was obtained at each 4 μm intervals. Fluorescent signal is shown pseudo-colored. Bar 

represents 100 μm. B, PIN2 protein was detected by immunolocalization analysis after 4h treatment of 

NAA or PISA. Arrowheads indicate the accumulated PIN2 at lateral side of cell. NAA and PISA promoted 

the accumulation of PIN2 at the lateral side of PM. The values in the parentheses represent the 

concentration of chemicals (μM). Bar represent 10 μm. 

.   
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Figure S13. Effect of PISA on the internalization of PIN1.  
A and B, 5d-old wild-type seedling was incubated for 4h with PISA or NAA. B, Expanded pictures for the 

upper pictures in A, PIN1 was analyzed by immunolcaliztion using anti-PIN1 antibody. Arrowheads 

indicate the lateral side of cells. PISA and NAA promoted PIN1 protein accumulation at the lateral side of 

endodermal cells. Bar represents 10 μm. C and D, 5d-old proPIN1::PIN1-GFP seedling was incubated for 

11h with PISA. PISA accumulated PIN1-GFP protein at the lateral sides of cells. Arrowheads indicate the 

lateral accumulation of PIN1. Values in the parentheses represent the concentration of chemicals (μM). 

Bar represents 100 μm (panel C) and 10 μm (panel D). 

 

 

 

  



16 
 

 

 

 
Figure S14. Effect of PISA on the internalization of PIN2 at high concentration  
proPIN2::PIN2-GFP seedling was cultured for 6 days with PISA. The root was counterstained with 

propidium iodide (PI: magenta). The root treated with 100 μM PISA showed severe defects in root 

structure and PIN2-GFP localization. Values in the parentheses represent the concentration of chemicals 

(μM). Bar represents 100 μm. 
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Figure S15. Effects of PISA on PIN2 membrane localization in tir1 afb1 afb2 afb3 mutant 
A and B, The tir1 afb 1 afb 2 afb3 mutant expressing pPIN2::PIN2-GFP was cultured for 9 days. Bars 

represent 5 mm. C and D, 9-d old mutants were incubated for 12h in liquid GM medium containing PISA. 

The PIN2-GFP signal in root was recorded with confocal microscopy. PIN2-GFP protein accumulated at 

lateral side of cell following PISA treatment. The value in the parentheses represents the concentration of 

chemicals (μM). Bar represents 100 μm. 
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Figure S16. Molecular docking study of PAA, mPISA and PISA with TIR1. 
Docking study was performed by Autodock Vina software (Trott and Olson, 2010). The binding 

conformation of 2,4-D and TIR1 structure was obtained from the crystal structure (PDB: 2p1n). The 

ligands were docked within the binding cavity of TIR1-IAA7 co-receptor complex from 2p1n.The predicted 

binding pose of top-scored poses of PAA and mPISA were visualized as cyan and yellow molecules, 

respectively. IAA7 was not shown. PISA, green colored molecule was not fitted well to binding cavity 

when the same coordinates as PAA and mPISA were imposed. The 4-ethoxy chain of PISA would clash 

with Ala464 of TIR1 auxin binding site, suggesting PISA could not stably bind TIR1 in the auxin binding 

cavity formed by TIR1-IAA7 complex 
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Supplemental Methods 

Tobacco BY2 suspension cell culture. 

Tobacco (Nicotiana tabacum) BY2 cells were obtained from the Riken Bioresource Center, Japan. 

Suspension-cultured tobacco cells (cv BY2) were maintained in a modified Murashige and Skoog 

medium as described previously (Winicur et al., 1998) on a rotary shaker (100 rpm) at 25°C in the 

dark. Auxin deprivation was carried out by washing a 7-d culture twice with the same medium lacking 

2,4-D and then culturing in auxin-free medium for 24 h before auxin addition and determination of 

mitotic indices over time. Mitotic index of BY2 cells was determined as described previously (Winicur 

et al., 1998). 

 

Pull-Down Assay with Aux/IAA Domain II Peptide and FLAG-Tagged TIR1 

Pull-down assays with the biotinylated domain II peptide were performed as described previously 

(Kepinski, 2009; Hayashi et al., 2012). Briefly, 10 μM IAA and 50 μM PISA were added directly to the 

extracts of transgenic plants expressing TIR1-FLAG fusion protein containing biotinylated IAA7 

domain II peptide (biotinyl-NHAKAQVVGWPPVRNYRKN-COOH) and immobilized on streptavidin 

agarose. After 60 min incubation at 4°C, streptavidin beads were collected and washed three times 

for for 5 min in extraction buffer (0.15 M NaCl, 0.5% Nonidet P40, 0.1 M Tris-HCl pH 7.5, containing 1 

mM phenylmethylsulfonyl fluoride, 1μM dithiothreitol, 10 μM MG132), resuspended in SDS-PAGE 

sample buffer, and subjected to SDS-PAGE electrophoresis and immunoblotting with anti- FLAG 

antibody. 

 

Rapid Hypocotyl elongation assays:   

Hypocotyl elongation assay was performed essentially same procedure as previously described  

(Takahashi et al., 2012). Briefly, the hypocotyl sections (ca. 4 mm) excised from 3-d-old etiolated 

seedlings were incubated on growth medium (10 mM KCl, 1 mM MES-KOH [pH 6.0], and 0.8% agar) 

for 0.5 to 2.0 h in darkness to deplete endogenous auxin. The preincubated hypocotyl sections were 
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then cultured in the growth medium containing IAA or PISA at the indicated concentrations. The 

hypocotyl sections were image-captured with a digital camera immediately and 30 min after being 

transferred onto the test medium. The hypocotyl elongation for 30 min was measured with image J 

software (n= 15 hypocotyl sections). Experiments were repeated at least three times.  

 

Measurements of endogenous IAA 

LC-ESI-MS/MS analysis of IAA was performed using an Agilent 6420 Triple Quad system (Agilent) as 

previously described (Mashiguchi et al., 2011) 
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