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 35 

SUMMARY 36 

Redirection of intercellular auxin fluxes via relocalization of the PIN3 and PIN7 auxin 37 

efflux carriers has been suggested to be necessary for the root gravitropic response. 38 

Cytokinins have also been proposed to play a role in controlling root gravitropism, but 39 

conclusive evidence is lacking. We present a detailed study of the dynamics of root 40 

bending early after gravistimulation, which revealed a delayed gravitropic response in 41 

transgenic lines with depleted endogenous cytokinins (Pro35S:AtCKX) and cytokinin 42 

signaling mutants. Pro35S:AtCKX lines as well as a cytokinin receptor mutant ahk3 43 

showed aberrations in the auxin response maximum in columella cells consistent 44 

with defects in the auxin transport machinery. Using in vivo real-time imaging of 45 

PIN3-GFP and PIN7-GFP in AtCKX3 overexpression and ahk3 backgrounds, we 46 

observed wild type-like relocalization of PIN proteins in columella early after 47 

gravistimulation, with gravity-induced relocalization of PIN7 faster than that of PIN3. 48 

Nonetheless, the cellular distribution of PIN3 and PIN7 and expression of PIN7 and 49 

the auxin influx carrier AUX1 was affected in AtCKX overexpression lines. Based on 50 

the retained cytokinin sensitivity in pin3 pin4 pin7 mutant, we propose the AUX1-51 

mediated auxin transport rather than columella-located PIN proteins as a target of 52 

endogenous cytokinins in the control of root gravitropism. 53 

 54 

Key words: Arabidopsis, auxin, cytokinins, PIN, AUX1, root gravitropism  55 

 56 

INTRODUCTION 57 

Plants as sessile organisms have developed a plethora of mechanisms allowing 58 

developmental adaptation to a wide range of environmental conditions. In response 59 

to changes in the gravity vector, plants redirect root growth, facilitating proper 60 

grounding and nutrient acquisition from the soil. The root gravitropic response is a 61 

consequence of several regulatory events in which the site of gravity sensing is 62 

spatially separated from the elongation zone where bending takes place 63 

(Ottenschlager et al., 2003; Swarup et al., 2005; Muday & Rahman, 2008). 64 

Perception of the gravitropic signal occurs in specialized columella cells in the root tip 65 

(Blancaflor et al., 1998; Tsugeki & Fedoroff, 1999), but the precise mechanism is still 66 

unknown (Baldwin et al., 2013). After gravistimulation, amyloplasts filled with starch 67 

grains sediment to the new bottom side of the cells, which is suggested to be the key 68 
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step in gravity sensing (Perrin et al., 2005; Leitz et al., 2009). Afterwards, 69 

alkalinization of the cytoplasm occurs (Fasano et al., 2001; Monshausen et al., 70 

2011), followed by relocalization of auxin efflux carriers from the PIN-FORMED (PIN) 71 

family (Petrasek et al., 2006; Wisniewska et al., 2006), particularly PIN3 and PIN7 72 

(Friml et al., 2002b; Harrison & Masson, 2008; Kleine-Vehn et al., 2010). As a result, 73 

the auxin flow is redirected preferentially to the lower side of the root (Band et al., 74 

2012; Brunoud et al., 2012) and translocated in a PIN2-dependent manner to the 75 

elongation zone (Luschnig et al., 1998). This asymmetric auxin flow is reinforced by 76 

stabilization of PIN2 at the lower side of the root and its vacuolar-mediated 77 

degradation at the upper side (Abas et al., 2006; Baster et al., 2013). Auxin 78 

accumulating at the lower side inhibits cell elongation, whereas cells in the upper 79 

side of the root elongate normally. Differential elongation of opposite root sides 80 

results in downward bending (Ishikawa & Evans, 1993). The auxin transport and 81 

auxin-dependent root gravitropic response is regulated not only by PIN efflux carriers 82 

but also by the influx carriers from the AUX/LAX family (reviewed in (Swarup & Peret, 83 

2012)). 84 

Another group of phytohormones, cytokinins has been also proposed to play a role in 85 

root gravitropism (Aloni et al., 2004). Cytokinins stimulate a multistep phosphorelay 86 

signaling pathway by binding to cytokinin receptors ARABIDOPSIS HISTIDINE 87 

KINASE AHK2, AHK3 or AHK4/WOL/CRE1. The signal is subsequently transferred 88 

through ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSFER 89 

PROTEINS (AHPs) to ARABIDOPSIS RESPONSE REGULATORS (ARRs). Type-A 90 

ARRs, the cytokinin primary response genes, are promptly upregulated by cytokinins, 91 

in parallel inhibiting the cytokinin signaling pathway, and thus generating a negative 92 

feedback loop. Type-B ARRs contain a DNA binding domain and control expression 93 

of cytokinin-regulated genes, including type-A ARRs (reviewed in (Hwang et al., 94 

2012). Asymmetric activation of one of the type-A ARRs, ARR5, early after 95 

gravistimulation (Aloni et al., 2004) suggests that the cytokinin signaling pathway 96 

may play a role in the root gravitropic response. In support of this, lateral expansion 97 

of the auxin maxima in roots of lines with depleted endogenous cytokinins via 98 

overexpression of CYTOKININ OXIDASE DEHYDROGENASE (CKX) genes 99 

(Pro35S:AtCKX2 and Pro35S:AtCKX3) has been demonstrated (Pernisová et al., 100 

2009). 101 
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Here, we present a possible mechanism underlying the role of endogenous cytokinin 102 

levels and cytokinin signaling in the root gravitropic response. Our detailed 103 

microscopy analysis, including in vivo real time imaging at subcellular resolution 104 

revealed a cytokinin effect on expression and/or protein localization of PIN3, PIN7 105 

and AUX1 auxin transporters. However, using genetic manipulation we propose 106 

rather minor role of columella-located PIN proteins in controlling the root gravitropic 107 

response and suggest AUX1 in mediating the cytokinin control over root gravitropism. 108 

 109 

MATERIALS AND METHODS 110 

Plant material 111 

Unless otherwise mentioned, all plant material used was Arabidopsis thaliana, 112 

ecotype Col. The transgenic or mutant lines have been described previously: 113 

Pro35S:AtCKX2, Pro35S:AtCKX3, Pro35S:AtCKX2/DR5rev:GFP and 114 

Pro35S:AtCKX3/DR5rev:GFP (Pernisová et al., 2009),  DR5rev:GFP (Friml et al., 115 

2003), DII-Venus (Liao et al., 2015), ProPIN3:PIN3-GFP (PIN3-GFP; (Zadnikova et 116 

al., 2010)), ProPIN7:PIN7-GFP (PIN7-GFP; (Kleine-Vehn et al., 2010)), 117 

ProAUX1:AUX1-YFP (AUX1-YFP; (Swarup et al., 2004)), ProAHK3:AHK3-uidA 118 

(AHK3-GUS; (Dello Ioio et al., 2007)), ahk2-1 (Nishimura et al., 2004), ahk2-5 119 

(Riefler et al., 2006), ahk2-7 (Rashotte et al., 2006), ahk3-1 (Nishimura et al., 2004), 120 

ahk3-3 (Higuchi et al., 2004), ahk3-7 (Riefler et al., 2006), ahk4-1 (Ws ecotype) 121 

(Ueguchi et al., 2001), cre1-2 (Inoue et al., 2001), cre1-12 (Higuchi et al., 2004), 122 

ahk2-5 ahk3-7, ahk2-5 cre1-2, ahk3-7 cre1-2, ahk2-5 ahk3-7 cre1-2 (Riefler et al., 123 

2006),  ahp1 ahp2 ahp3 ahp4 ahp5 (Deng et al., 2010), arr1-3 arr10-5 arr12-1 124 

(Mason et al., 2005), pin3-5 pin7-1, pin3-5 pin4-3 pin7-1 (Blilou et al., 2005) and 125 

aux1-7 (NASC N3074). 126 

Pro35S:AtCKX2 and Pro35S:AtCKX3 were crossed with PIN3-GFP, PIN7-GFP, 127 

AUX1-YFP and double homozygous lines were analyzed. Mutant lines ahk2-5, ahk3-128 

7, cre1-2, ahk2-5 ahk3-7, ahk2-5 cre1-2 and ahk3-7 cre1-2 were crossed with 129 

DR5rev:GFP, ahk3-7 was crossed with PIN3-GFP and PIN7-GFP; and homozygous 130 

lines were used in the experiments. 131 

 132 

Growth conditions 133 

The growth media used comprised 0.5 MS (Duchefa) with 1% sucrose and 1% Plant 134 

agar (Duchefa), pH 5.7. 100 nM 1-naphthalene acetic acid (NAA; Sigma), 100 nM 135 
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benzyladenine (BA; Sigma) and 100 nM INCYDE (Zatloukal et al., 2008) were used 136 

for exogenous hormonal treatment. Plants were cultivated in growth chambers (CLF 137 

Plant Climatics Gmb) under long day conditions (16 h light/8 h dark) at 21°C in Petri 138 

dishes on 0.5 MS medium or in soil, with a light intensity of 150 µM.m-2.s-1 and 60% 139 

relative humidity. 140 

 141 

Root gravitropic angle measurement 142 

Five-day-old plants on Petri dishes were gravistimulated by rotation of 90°. The root 143 

gravitropic angle between the longitudinal axis of the root apical meristem and 144 

elongation zone of the primary root was measured. The gravitropic angle was 145 

approximately 180° immediately after gravistimulation and decreased with time until it 146 

reached that for downward growth (90°). Thus, the gravitropic angle reflected the 147 

velocity of root tip bending after gravistimulation. 148 

 149 

Histochemical staining 150 

AHK3-GUS seedlings were stained in 0.1 M sodium phosphate buffer, pH 7.0, 151 

containing 0.1% X-glc, 0.5  mM K3[Fe(CN)6], 0.5 mM K4[Fe(CN)6] and 0.05 % Triton 152 

X-100 for 30 minutes at 37°C and were destained overnight in 80% (vol/vol) ethanol. 153 

Tissue clearing was conducted as previously described (Malamy & Benfey, 1997). 154 

 155 

Microscopy 156 

DIC microscopy was performed on an Olympus BX61 microscope (Olympus Optical 157 

Co., Ltd.) equipped with a DP50 camera. Confocal microscopy was carried out on 158 

several different microscopes: an inverted Zeiss Observer.Z1 equipped with a 159 

LSM780 confocal unit and x40 water immersion objective; a vertical Zeiss 160 

microscope with confocal unit LSM700 and x20 air objective; an upright LEICA DM 161 

2500 with TCS SPE confocal unit and x40 air objective; a Nikon AZ100 with 162 

horizontally-oriented optical axis, Nikon D-ECLIPSE C1 confocal unit and x5 air 163 

objective with long working distance (Pernisova et al., unpublished). An appropriate 164 

set of filters was used for GFP imaging (excitation 488 nm, emission 507 nm). 165 

 166 

Image analysis 167 

Root or cell growth parameters were analyzed with the ImageJ software (NIH; 168 

http://rsb.info.nih.gov/ij). Signal intensity measurements were carried out with 169 
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software accompanying the confocal microscopes: ZEN (Carl Zeiss MicroImaging 170 

GmbH), LAS AF lite (Leica Microsystems CMS GmbH) and EZ-C1 (Nikon 171 

Corporation). 172 

 173 

Signal intensity ratio measurement 174 

PIN3-GFP, PIN7-GFP, AUX1-YFP and DII-Venus signal intensities were measured 175 

as average grey scale values, ranging from 0 to 4096. 176 

PIN3-GFP and PIN7-GFP signal intensity ratio was calculated as a percentage of the 177 

signal intensity at the lateral membrane (new bottom membrane after 178 

gravistimulation) to the sum of signal intensities at the basal (old bottom membrane 179 

before gravistimulation) and lateral membranes. According to this definition, the 180 

signal intensity ratio showed changes in the protein redistribution between basal and 181 

lateral membranes, thus reflecting the dynamics of protein relocalization during the 182 

root gravitropic response. 183 

 184 

Statistical analyses 185 

The change in the signal intensity ratio was evaluated from 0 to 5 min after 186 

gravistimulation by calculating the signal intensity ratio at time 0 subtracted from the 187 

signal intensity ratio at time 5 min divided by five. The resulting value was always 188 

positive, suggesting that the signal intensity ratio increased over the first five minutes 189 

after gravistimulation. Similarly, the change in the signal intensity ratio was calculated 190 

from 5 to 30 min as the average of changes over the particular time period weighted 191 

by the length of the time period. The afore-mentioned variables were referred to as 192 

the increase of the signal intensity ratio from 0 to 5 min and from 5 to 30 min, 193 

respectively. 194 

All the variables, including the signal intensity at membranes and signal intensity ratio 195 

at times 0, 5, 10, 20 and 30 minutes, as well as the increase in the signal intensity 196 

ratio from 0 to 5 min, and from 5 to 30 min, respectively, were tested for a normal 197 

distribution within the WT, Pro35S:AtCKX3 line and ahk3-7 mutant by means of the 198 

Shapiro-Wilk test. Since almost all tests showed a normal distribution, the two 199 

sample t-test was used to analyze differences between the WT and Pro35S:AtCKX3 200 

line and between the WT and ahk3-7 mutant. Owing to multiple usage of the t-test, 201 

the hypotheses were tested at an adjusted significance level of α = 0.025 (0.05/2; 202 

Bonferroni´s correction). The one-sample t-test was used to analyze the increase in 203 
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the signal intensity ratio from 0 to 5 min and from 5 to 30 min, respectively, 204 

comparing the values against a reference value 0. In cases of a small number of 205 

samples, the nonparametric Mann-Whitney U test and one sample Wilcoxon test 206 

were used. Data analyses were performed with IBM SPSS Statistics, version 22 and 207 

Statistica software, version 12 (StatSoft, 2013). 208 

 209 

RESULTS 210 

Cytokinins regulate the root gravitropic response 211 

To investigate the potential role of cytokinins in root gravitropism, we used transgenic 212 

lines with depleted endogenous cytokinin levels (Pro35S:AtCKX2 and 213 

Pro35S:AtCKX3) and single and multiple cytokinin signaling mutants (ahk, ahp, arr). 214 

The root gravitropic angle between the root meristem and elongation zone (Materials 215 

and Methods, Fig. S1a) was measured 3 hours after gravistimulation. The angle was 216 

larger in all Pro35S:AtCKX2 and Pro35S:AtCKX3 lines compared with WT, 217 

suggesting slower root bending (Fig. 1a). A comparable effect was observed in single 218 

and double mutants of cytokinin receptors carrying the ahk3 allele (Fig. 1b, Fig. S1b). 219 

An increased angle was also observed in multiple ahk2 ahk3 ahk4, ahp1 ahp2 ahp3 220 

ahp4 ahp5 and arr1 arr10 arr12 mutants (Fig. 1b), however probably reflecting the 221 

general root growth defects observed in these plants (Nishimura et al., 2004; 222 

Hutchison et al., 2006; Ishida et al., 2008). We also tested exogenous cytokinin 223 

application in seedlings grown on MS media supplemented by benzyladenine. 224 

However, no difference between mock and cytokinin treated plants was identifiable 225 

after 3 hours of gravistimulation (Fig. S1c), suggesting dominant role of endogenous 226 

cytokinins in the root gravitropic response. 227 

We also investigated a longer time of gravistimulation, specifically 6 and 24 hours. 228 

Differences in the gravitropic response of cytokinin receptor single and double 229 

mutants after 6 hours were similar to those seen after 3 hours. On the other hand, 230 

the gravitropic response was comparable to WT in all ahk single and double mutants 231 

after 24 hours of gravistimulation (Fig. S1d), suggesting the transient nature of the 232 

observed phenomenon. 233 

For detailed characterization of the early events during root gravitropic bending, we 234 

developed a novel approach allowing in vivo real-time imaging using a confocal 235 

microscope Nikon with horizontal-oriented optical axis (Pernisova et al., 236 

unpublished). We measured several parameters of gravitropic root bending, i.e., 237 
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length of trajectory, height of trajectory peak, and upward and downward radius (Fig. 238 

1c). In comparison to the control, all parameters were increased in both 239 

Pro35S:AtCKX2 and Pro35S:AtCKX3 lines and in the ahk3-7 mutant (Fig. 1d), further 240 

supporting our previous observations. 241 

Altogether, our findings suggest that cytokinins control the dynamics of the root 242 

gravitropic response in Arabidopsis but not the ability of the root to react to changes 243 

in the gravitropic vector per se. This effect is mediated through the cytokinin signaling 244 

pathway, primarily via the cytokinin receptor AHK3. 245 

 246 

Cytokinins affect the root gravitropic response via gravitropic signal 247 

perception or transduction 248 

The velocity of root growth is determined by the rate of cell division in the root apical 249 

meristem, cell differentiation and, in particular, elongation of differentiated cells 250 

leaving the root apical meristem. Cytokinins have been shown to initiate cell 251 

differentiation, leading to shortening of the meristem, and thus reduction of the root 252 

length (Dello Ioio et al., 2007). However, cytokinins do not seem to control the cell 253 

division rate in the root apical meristem (Beemster & Baskin, 2000; Werner et al., 254 

2003; Dello Ioio et al., 2007) but instead negatively regulate the number of dividing 255 

cells (Werner et al., 2003; Dello Ioio et al., 2007). 256 

To decipher the cytokinin impact in delayed root gravitropic bending, we first 257 

compared root elongation without any gravistimulation in WT, Pro35S:AtCKX2, and 258 

Pro35S:AtCKX3 lines and cytokinin receptor single and double mutants. Interestingly, 259 

we observed that root growth was faster in all tested lines in comparison to WT (Fig. 260 

2a). Next, we investigated the potential effect of cytokinins on cell elongation, which 261 

is the dominant mechanism of root bending after gravitropic stimulation. We found 262 

that fully differentiated cells were significantly longer in Pro35S:AtCKX3 roots but not 263 

in ahk3-7 in comparison to WT (Fig. 2b). We also explored the potential influence of 264 

endogenous cytokinins or cytokinin signaling on auxin-mediated reduction of root 265 

elongation. However, root elongation of Pro35S:AtCKX3 and ahk3-7 lines after 266 

exogenously applied auxin NAA displayed a WT-like response (Fig. 2c). 267 

Taken together, our results suggest that delayed gravitropic bending is due to the 268 

cytokinin impact on gravitropic signal perception in the columella cells or gravitropic 269 

signal transduction through the proximal meristem to the root elongation zone rather 270 

than on the cell elongation. 271 
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 272 

Cytokinins regulate the auxin response distribution in the root tip via AHK3 273 

signaling 274 

Endogenous cytokinins have previously been shown to affect the auxin distribution in 275 

the root tip (Pernisová et al., 2009). To investigate the potential role of cytokinin 276 

signaling in controlling the intercellular auxin distribution, we crossed the auxin 277 

response reporter DR5rev:GFP with single and double mutants in cytokinin 278 

receptors. Even without any gravistimulation, we observed an altered auxin response 279 

distribution in the columella cells of mutant lines (Fig. 3a-g, Table S1). Three effects 280 

on the DR5rev:GFP expression pattern were distinguishable in the ahk lines: 281 

absence of the signal in the quiescent center, signal asymmetry in columella cells 282 

and its expansion from columella into the lateral root cap. These differences were 283 

visible in single ahk3-7 mutant and were more pronounced in both double mutant 284 

combinations containing ahk3-7 allele, ahk2-5 ahk3-7 and ahk3-7 cre1-2. Expression 285 

of AHK3-GUS revealed localization of AHK3 in the quiescent center, stem cell niche, 286 

columella and stele in the root tip (Fig. 3h), consistent with the aberrations of 287 

DR5rev:GFP expression observed in the ahk3-7 mutant backgrounds.  288 

Thus, it seems that cytokinin signaling controls the auxin response distribution in the 289 

quiescent center and columella cells of the root tip. The cytokinin receptor AHK3 290 

appears to play a dominant role in this process, but two other cytokinin receptors, 291 

AHK2 and AHK4, have additive effects. 292 

 293 

Endogenous cytokinins affect auxin signaling distribution in meristematic zone 294 

after gravistimulation 295 

Asymmetric auxin distribution after gravistimulation is hypothesized to be important 296 

for unequal cell elongation at the upper and lower sides of the root, thus facilitating 297 

the root bending (Boonsirichai et al., 2002; Morita, 2010). We visualized auxin 298 

signaling distribution early after root gravistimulation by the DII-Venus reporter (Liao 299 

et al., 2015). The reporter allows sensitive visualization of auxin distribution via fast 300 

auxin-induced downregulation of the Venus signal (Band et al., 2012; Brunoud et al., 301 

2012). In WT, we observed auxin accumulation at the lower side of the root 30 min 302 

after gravistimulation, while at that time there was no change in the auxin 303 

concentration identifiable at the upper side of the root (Fig. 3i). Interestingly, we 304 

spotted slight increase in the auxin concentration 60 min after gravistimulation at both 305 
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the upper and lower sides of the root. Upregulation of endogenous cytokinins via 306 

application of INCYDE, an inhibitor of cytokinin oxidase activity (Zatloukal et al., 307 

2008; Antoniadi et al., 2015), delimited the increase of the auxin accumulation at the 308 

lower side of the root and completely inhibited the auxin increase at the upper side of 309 

the root gravistimulated for 60 minutes (Fig. 3i). This is in a good agreement with 310 

slower root bending on INCYDE after gravistimulation (Fig. S8). 311 

In a conclusion, these data suggest impaired ability to redistribute auxin and delayed 312 

root bending in the gravistimulated root in a response to the increase of endogenous 313 

cytokinin content.  314 

 315 

Endogenous cytokinins control the abundance and localization of PIN3 and 316 

PIN7 in the root tip 317 

The auxin response maximum in the root meristem is to a large extent mediated by 318 

the activity of PIN auxin transporters (Friml et al., 2002a; Petrasek et al., 2006). PIN3 319 

and PIN7 auxin transporters are localized in columella cells, and thus presumably 320 

involved in the auxin distribution in the root tip (Friml et al., 2002b; Blilou et al., 2005). 321 

Both of these transporters have been suggested to have an important role in root 322 

gravitropism (Friml et al., 2002b; Harrison & Masson, 2008; Kleine-Vehn et al., 2010). 323 

Hence, we investigated the role of cytokinins in regulating the expression and 324 

localization of PIN3-GFP and PIN7-GFP in columella cells of the Pro35S:AtCKX2, 325 

Pro35S:AtCKX3 and ahk3-7 lines. 326 

The PIN3-GFP signal at plasma membranes of columella cells was lower in both the 327 

Pro35S:AtCKX2 and Pro35S:AtCKX3 lines and in one of the tested ahk3 mutant lines 328 

(Fig. 4a-f, Fig. S2a, Fig. S3, Table S2). Nonetheless, the signal intensity of 329 

intracellular PIN3-GFP was comparable to the control in all tested lines (Fig. S2b) 330 

and the PIN3 expression niche was not changed either. In contrast to PIN3, the 331 

PIN7-GFP signal intensities at plasma membranes were comparable in the WT, 332 

Pro35S:AtCKX2 and Pro35S:AtCKX3 lines (Fig. 4g-l, Fig. S4a, Fig. S5, Table S3). 333 

However, the amount of intracellular PIN7 protein was increased in the C2 layer (Fig. 334 

S4b) and the PIN7 expression domain had expanded laterally into the root cap of the 335 

Pro35S:AtCKX2 and Pro35S:AtCKX3 lines (Fig. 4m, n). The PIN7-GFP signal in the 336 

ahk3-7 mutant was variable and no statistically significant differences were detected 337 

(Fig. 4, Fig. S4). 338 
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In line with that, increasing the endogenous cytokinin content via application of 339 

INCYDE led to upregulation of PIN3 signal while narrowing the PIN7 expression 340 

niche, i.e. the opposite effect in comparison to transgenic lines with depleted 341 

endogenous cytokinins (Pro35S:AtCKX2 and Pro35S:AtCKX3) (Fig. S6a). 342 

Furthermore, PIN3-GFP and PIN7-GFP signal in columella as well as the gravitropic 343 

bending (Fig. S6b) was reverted to WT phenotype in Pro35S:AtCKX2 and 344 

Pro35S:AtCKX3 lines after INCYDE treatment. 345 

To summarize, our results suggest that endogenous cytokinin levels may potentially 346 

influence the intercellular auxin distribution via differential regulation of PIN3 and 347 

PIN7 abundance and/or localization. In addition, endogenous cytokinin levels delimit 348 

PIN7 expression niche. AHK3 alone seems to have no major role in these processes.  349 

  350 

Cytokinins have no impact on PIN3 and PIN7 relocalization in response to 351 

gravistimulation 352 

PIN3 and PIN7 proteins are localized uniformly in columella cells. After 353 

gravistimulation, they accumulate on the new bottom side of the cells via 354 

transcytosis. This relocalization is fast and independent of de novo protein synthesis 355 

(Kleine-Vehn et al., 2010). To assay changes in PIN protein localization, we applied 356 

in vivo real-time imaging using two different confocal microscopes: Nikon with 357 

horizontal-oriented optical axis and vertical-oriented Zeiss. PIN3-GFP and PIN7-GFP 358 

signals were measured at plasma membranes in columella cells of the WT, 359 

Pro35S:AtCKX3 line and ahk3-7 mutant at times 0, 5, 10, 20 and 30 minutes after 360 

gravistimulation (Fig. 5a,b, Fig. S7). To eliminate the effect of bleaching apparent 361 

during the time lapse imaging, we evaluated the data as a signal intensity ratio 362 

between lateral and basal membranes (Materials and Methods). 363 

The PIN3-GFP signal intensity ratio was comparable in the WT and Pro35S:AtCKX3 364 

lines and remained nearly unchanged for up to 30 minutes after gravistimulation in 365 

innermost columella cells (Fig. 5c). In outer columella cells at bottom side of the root 366 

tip, the PIN3-GFP signal intensity ratio was slightly increased after 30 minutes (Fig. 367 

S7b, Table S4). On the other hand, the PIN7-GFP signal intensity ratio increased 368 

rapidly within 5 minutes after gravistimulation in both the WT and Pro35S:AtCKX3 369 

lines (Fig. 5d, Fig. S5, Fig. S7d, Table S3, Table S5), suggesting fast accumulation of 370 

PIN7 at the lateral membranes. After the rapid change observed during the first 5 371 

minutes, the signal intensity ratio rose only slightly over the subsequent time points. 372 
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In the Pro35S:AtCKX3 line, the PIN7-GFP signal intensity was slightly stronger at the 373 

lateral membranes (Fig. S5, Table S3), resulting in elevation of the signal intensity 374 

ratio compared to the control (Fig. 5d). However, the relocalization dynamics of PIN7-375 

GFP in Pro35S:AtCKX3 was similar to the control after gravistimulation (Fig. 5d, Fig. 376 

S7c, Table S5). 377 

In the ahk3-7 line, all the tested parameters for PIN3-GFP and PIN7-GFP were 378 

similar to control (Fig. 5c, d, Fig. S3, Fig. S5, Table S2, Table S3), suggesting that 379 

AHK3 signaling plays only a minor function in PIN3 and PIN7 relocalization in 380 

gravistimulated columella cells. 381 

Interestingly, the pin3 pin7 mutant showed WT-like root gravitropic bending and 382 

retained sensitivity to INCYDE comparable to WT as well (Fig. S8). PIN4, another 383 

member of the PIN family, was shown to laterally expand in the columella in the pin3 384 

pin7 background, potentially masking the absence of PIN3 and PIN7 (Blilou et al., 385 

2005). To inspect possible PIN4-mediated rescue of the pin3 pin7 gravitropic 386 

response, we tested pin3 pin4 pin7 triple mutant. Our results show partial defect of 387 

pin3 pin4 pin7 in the root bending after gravistimulation. However, the triple pin 388 

mutant still displayed cytokinin sensitivity in gravitropic bending (Fig. S8).  389 

Altogether, we conclude that the ability of PIN3 and PIN7 to relocalize to lateral 390 

membranes in a response to a gravitropic stimulus remains unaffected by decreased 391 

endogenous cytokinin levels and/or attenuated AHK3-mediated cytokinin signaling. 392 

Notably, PIN7 relocalization after gravistimulation is more dynamic than that of PIN3, 393 

suggesting the importance of PIN7 at very early stages after gravistimulation, a 394 

notion that has not been elaborated on before. Our data also predict existence of 395 

another cytokinin target in the control of early root gravitropic response than the PIN-396 

mediated auxin transport in columella. 397 

 398 

Cytokinins influence AUX1 expression in the root tip 399 

The expansion of the auxin response from the columella to lateral root cap in 400 

cytokinin deficient plants (Pernisová et al., 2009) together with the absence of PIN3 401 

and PIN7 in adjacent cells and the aforementioned cytokinin sensitivity of pin3 pin4 402 

pin7, implies involvement of another transporter in the cytokinin-mediated control 403 

over auxin distribution in the root tip. An auxin influx carrier AUX1 is localized in the 404 

columella cells, lateral root cap, epidermis and stele (Swarup et al., 2004) and was 405 

shown to be regulated by exogenous cytokinin application (Zhang et al., 2013). That, 406 
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together with strong agravitropic phenotype of aux1 (Fig. S8) (Marchant et al., 1999), 407 

made AUX1 a good candidate in our search. We compared AUX1-YFP signal in WT, 408 

Pro35S:AtCKX2 and Pro35S:AtCKX3 lines and found decrease of the AUX1-YFP in 409 

both cytokinin-deficient lines (Fig. 6). 410 

Altogether, our results indicate that endogenous cytokinins regulate AUX1 411 

expression, thus controlling velocity of the auxin transport in the root tip. 412 

 413 

DISCUSSION 414 

Cytokinins regulate root gravitropic bending via AHK3 signaling 415 

Our work addresses the role of endogenous cytokinins and cytokinin signaling in 416 

early events of root gravitropism in Arabidopsis. We showed that endogenous 417 

cytokinins affect gravitropic bending preferentially via AHK3 signaling. Faster root 418 

elongation in Pro35S:AtCKX2, Pro35S:AtCKX3 and ahk3-7 plants may suggest 419 

faster gravitropic bending, but our results showed the opposite situation. Moreover, 420 

the sensitivity of the Pro35S:AtCKX3 and ahk3-7 lines to exogenously applied auxin 421 

was comparable to that of WT. Thus, neither cell elongation nor the sensitivity to 422 

auxin could explain the observed delay in root bending after gravistimulation, 423 

suggesting that cytokinins affect gravitropic signal perception and/or transduction in 424 

the root tip. 425 

 426 

AHK3 signaling is required for the auxin response pattern in the root tip 427 

Depletion of endogenous cytokinin levels has been shown to be responsible for 428 

expansion of the auxin response pattern from the columella to the lateral root cap 429 

(Pernisová et al., 2009), suggesting that endogenous cytokinins play a role in 430 

regulating the auxin response distribution. However, compared with AtCKX 431 

overexpressing lines, attenuation of AHK3-mediated cytokinin signaling causes 432 

different and specific aberrations of the DR5rev:GFP signal in the root tip, namely, 433 

absence of the signal in the quiescent center, signal asymmetry in columella cells 434 

and its expansion from the columella into the lateral root cap. More pronounced 435 

aberrations of the DR5rev:GFP in double mutants carrying ahk3-7 allele suggest 436 

partial contribution of AHK2 and AHK4, too. The role of AHK3 signaling has been 437 

shown in the root transition zone, where AHK3 induces expression of SHY2/IAA3, 438 

thus repressing auxin signaling and PINs expression, leading to auxin redistribution 439 

(Dello Ioio et al., 2008). However, it remains to be clarified whether a mechanism 440 
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similar to the AHK3/SHY2 pathway also mediates regulation of the auxin signaling 441 

distribution in the root tip. 442 

 443 

Endogenous cytokinins control auxin redistribution after gravistimulation 444 

Our data suggest that proper levels of endogenous cytokinins are necessary for the 445 

gravity-induced auxin redistribution. We show that upregulating endogenous 446 

cytokinins results into slight downregulation of auxin transport to the lower part of the 447 

root 60 minutes after gravistimulation. Interestingly, at the same time interval, we 448 

observed increase of auxin concentration not only at the lower, but also at the upper 449 

side of the root. That might imply existence of feedback regulatory mechanism, 450 

slowing down the root bending at the later stages of the root gravitropic response. 451 

This mechanism seems to be strongly affected following increase of endogenous 452 

cytokinins via downregulation of CKX activity. 453 

In summary, our data show sensitivity of gravity–induced auxin redirecting 454 

mechanisms to endogenous cytokinin levels. 455 

 456 

Cytokinins differentially regulate the expression and localization of PIN3 and 457 

PIN7 458 

Expression patterns of PIN3 and PIN7 have been shown to partially overlap in 459 

columella cells and reportedly play an important role in the root tip during gravitropic 460 

responses (Friml et al., 2002b; Harrison & Masson, 2008) with possible functional 461 

redundancy (Kleine-Vehn et al., 2010). Furthermore, PIN3 is most closely related to 462 

PIN7 in the Arabidopsis PIN family of auxin efflux carriers (Adamowski & Friml, 463 

2015). Thus, it is interesting that cytokinins appeared to control both proteins 464 

differently. Such effects were observed also after exogenous cytokinin application. 465 

After treatment with the cytokinin benzyladenine, PIN3-GFP and PIN7-GFP were 466 

found to be regulated in opposite way in the root tip (Růžička et al., 2009; Zhang et 467 

al., 2011). Analysis of PIN transcription in root tips has also revealed a similar trend 468 

of regulation (Růžička et al., 2009; Zhang et al., 2011). 469 

Here, we showed the impact of endogenous cytokinins on PIN7 expression and PIN3 470 

and PIN7 localization. A lower amount of membrane-associated PIN3-GFP was 471 

detected in the Pro35S:AtCKX3 line, which could slow down auxin redistribution after 472 

gravistimulation, thus delaying root bending. Cytokinins were shown to control 473 

endocytic recycling and abundance of PIN1 by its redirecting to lytic vacuoles 474 
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(Marhavý et al., 2011). Here we spotted slight increase in the amount of intracellular 475 

PIN7. However, we do not see any effects on the relocalization of PIN7-GFP to the 476 

lower membranes after gravistimulation. That might imply existence of separated 477 

pathways, acting in gravistimulation-independent vesicular trafficking and gravity-478 

induced PIN7 transcytosis. That, however, remains to be identified.  479 

Taken together, our results suggest distinct and mostly opposite regulation of PIN3 480 

and PIN7 proteins by endogenous cytokinin levels, particularly in the root tip, similar 481 

to previous findings for exogenous cytokinin treatments (Růžička et al., 2009). 482 

 483 

AHK3 signaling is not essential for PIN3 and PIN7 expression in columella cells 484 

In contrast to the AtCKX overexpressing lines, we observed that AHK3 signaling has 485 

nearly no effect on PIN3 and PIN7 expression and protein localization in columella 486 

cells. This implies that the delay in gravitropic response we observed in ahk3 is due 487 

to as yet unknown regulation. Similarly to PIN3 and PIN7, another auxin efflux 488 

carrier, PIN4, has been shown to localize to the columella cells (Friml et al., 2002a) 489 

and can also be influenced by cytokinins (Zhang et al., 2011). Our data showing 490 

sensitivity of gravitropic response in WT and pin3 pin4 pin7 triple mutant to 491 

cytokinins, however, seem to argue rather against this possibility. Other possible 492 

mechanism of regulation of gravitropic bending in ahk3-7 mutant could be AHK3-493 

dependent regulation of auxin transporters PIN2 or AUX1, whose corresponding 494 

mutants are agravitropic (Chen et al., 1998; Luschnig et al., 1998; Muller et al., 1998; 495 

Marchant et al., 1999). Our data imply the latter being possible, as the AUX1 is 496 

downregulated in the cytokinin-deficient lines. 497 

 498 

Gravity-induced relocalization of PIN3 and PIN7 is cytokinin-independent; PIN7 499 

relocalizes faster than PIN3 500 

Polarization of PIN3 and PIN7 proteins toward the lower cell sides after 501 

gravistimulation has been demonstrated and both proteins have been suggested to 502 

be important players in the root gravitropic response (Friml et al., 2002b; Kleine-Vehn 503 

et al., 2010). Here, we compared the in vivo dynamics of PIN3 and PIN7 504 

relocalization at several time points during the first 30 minutes after gravistimulation. 505 

According to our findings, PIN3 localization at plasma membranes in columella cells 506 

was more stable than that of PIN7, which relocalized more rapidly. This rapid 507 

relocalization of PIN7 could facilitate the redirection of auxin flow during the 508 
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immediate stages after gravitropic stimulation. However, relocalization of both PIN3 509 

and PIN7 seems to be independent of cytokinin signaling and endogenous cytokinin 510 

levels. In line with that, the WT-like gravitropic response observed in pin3 pin7 511 

suggests rather minor regulatory function of PIN3 and PIN7 auxin efflux carriers 512 

and/or ability of other PIN proteins (e.g. PIN4) to complement their role during early 513 

gravitropic response in the root tip. This seems to be in contrast to the gravitropic 514 

response of hypocotyl (Rakusova et al., 2011). 515 

 516 

Suggested model 517 

Based on our results, we propose a model (Fig. 7) in which endogenous cytokinins 518 

differentially regulate the expression and localization of auxin efflux carriers PIN3 and 519 

PIN7 and the auxin response distribution in the root tip independently of 520 

gravistimulation. Endogenous cytokinins positively regulate PIN3 but negatively 521 

control PIN7 in columella cells. Moreover, proper endogenous cytokinin levels 522 

maintain the PIN7 expression niche. The high complexity of PIN-mediated auxin 523 

transport in the root tip (Vieten et al., 2005), including compensatory mechanism at 524 

the level of ectopic expression of other PINs in multiple PIN mutants (Blilou et al., 525 

2005) makes difficult to assess the developmental importance of the cytokinin-526 

mediated control over PIN-dependent auxin redistribution in columella upon 527 

gravistimulation. However, the WT-like gravitropic response of pin3 pin7 and retained 528 

cytokinin sensitivity of pin3 pin4 pin7 mutant suggests rather limited importance of 529 

efflux-regulated intercellular auxin distribution in columella for the cytokinin-530 

dependent control of the root gravitropism. In support of that, we identified another 531 

important non-redundant regulator of the root gravitropism, the auxin influx carrier 532 

AUX1, being under control of endogenous cytokinins. 533 

Taken together, cytokinins seem to differentially regulate expression and localization 534 

of auxin transporters in the root tip, leading to the gravistimulation-independent 535 

changes in the auxin intercellular distribution. However, the AUX1-mediated auxin 536 

transport from the columella towards the transition zone seems to be the target in the 537 

cytokinin–controlled root gravitropic response. 538 

 539 
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 742 

 743 

FIGURE LEGENDS 744 

Figure 1. Endogenous cytokinins control root bending after gravistimulation. 745 

Gravitropic response of 5-day-old seedlings in cytokinin-deficient lines 746 

Pro35S:AtCKX2 and Pro35S:AtCKX3 (a) and in cytokinin signaling mutants (b) 3 747 

hours after gravistimulation. 748 
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(c) Schematic description of gravitropic trajectory of WT (full line) and 749 

Pro35S:AtCKX3 background (dashed line). l – length of trajectory, h - height of 750 

trajectory peak, r1 - upward radius, r2 - downward radius. 751 

(d) Gravitropic parameters of WT, Pro35S:AtCKX2, Pro35S:AtCKX3 and ahk3-7 752 

background in 6-day-old seedlings gravistimulated by 135°. 753 

In all charts, the error bars correspond to standard deviation from the mean values. 754 

Statistical significance tested by t-test at alpha levels of 0.05, 0.01 and 0.001 is 755 

shown (*, ** and ***). 756 

 757 

Figure 2. Endogenous cytokinins are negative regulators of root growth and 758 

cell elongation in the root differentiation zone. 759 

(a) Root elongation between the third and fifth day of cultivation in WT, 760 

Pro35S:AtCKX2, Pro35S:AtCKX3 and ahk single and double mutant lines. 761 

(b) Length of fully differentiated root cells in 5-day-old seedlings of WT, 762 

Pro35S:AtCKX3 and ahk3-7. 763 

(c) Sensitivity to exogenously applied auxin NAA is comparable in WT, 764 

Pro35S:AtCKX3 and ahk3-7 in 5-day-old roots. 765 

In all charts, the error bars correspond to standard deviation from the mean values. 766 

Statistical significance tested by t-test at alpha levels of 0.05, 0.01 and 0.001 is 767 

shown (*, ** and ***).   768 

 769 

Figure 3. Cytokinin signaling controls auxin response distribution in the root 770 

tip. 771 

Expression of auxin reporter DR5rev:GFP in control (a), single (b-d) and double (e-g) 772 

cytokinin receptor mutants. (h) AHK3 localization domain in root tip. 773 

Arrow - signal absence in quiescent center; triangle - lateral signal expansion; 774 

arrowhead - signal asymmetry; scale bars: 50 µm. 775 

(i) DII-Venus relative signal intensities (normalized to time 0 minutes) at the upper 776 

and lower side of the root. Signal was measured 0, 30 and 60 minutes after 777 

gravistimulation.  In the chart, the error bars correspond to standard deviation from 778 

the mean values. Letters above the bars indicate the value is significantly different: 779 

“a” – from time 0 minutes, “b” – 30 minutes from 60 minutes in an appropriate 780 

treatment, “c” – mock from INCYDE. 781 

 782 
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Figure 4. Endogenous cytokinins control PIN3 and PIN7 localization in the root 783 

tip. 784 

In comparison to the control (a), in Pro35S:AtCKX2 (b), Pro35S:AtCKX3 (c) and 785 

ahk3-7 line (d) there is an apparent decrease of the PIN3-GFP signal at plasma 786 

membranes in columella cells (e,f). In contrast, compared to the control (g), changes 787 

in the PIN7-GFP signal intensity at membranes of both Pro35S:AtCKX2 (h), 788 

Pro35S:AtCKX3 (i) and ahk3-7 mutant (j) are statistically insignificant (l). However, 789 

lateral expansion of the PIN7 localization domain is apparent (m,n).  790 

QC – quiescent center, i – columella initials, C1, C2, C3, C4 – columella cell layers. 791 

In all charts, the error bars correspond to standard deviation from the mean values. 792 

Statistical significance tested by t-test at alpha levels of 0.05, 0.01 and 0.001 is 793 

shown (*, ** and ***). Scale bars: 50 µm. 794 

 795 

Figure 5. Endogenous cytokinins do not affect relocalization of PIN3-GFP and 796 

PIN7-GFP in columella cells during 30 minutes after gravistimulation. 797 

Membrane numbering in columella cells and schematic description of signal 798 

measurement before (a) and after (b) gravistimulation. QC – quiescent center, i – 799 

columella initials, C1, C2, C3, C4 – columella cell layers. 800 

(c) The PIN3-GFP signal intensity ratio is constant during 30 min after 801 

gravistimulation and remains comparable in all tested lines. (d) The PIN7-GFP signal 802 

intensity ratio increases within 5 minutes after gravistimulation; the signal intensity 803 

ratio is higher in Pro35S:AtCKX3 when compared to control. 804 

In all charts, the middle point corresponds to the mean, the box value corresponds to 805 

the standard error and the whisker value corresponds to the confidence interval. 806 

Statistical significance tested by t-test at alpha levels of 0.05, 0.01 and 0.001 is 807 

shown (*, ** and ***). 808 

 809 

Figure 6. Cytokinins affect AUX1-YFP signal. 810 

In comparison to the control (a), in Pro35S:AtCKX2 (b) and Pro35S:AtCKX3 lines (c) 811 

there is a decrease of the AUX1-YFP signal measured in columella and lateral root 812 

cap below the quiescent center (d). In the chart, the error bars correspond to 813 

standard deviation from the mean values. Statistical significance tested by t-test at 814 

alpha levels of 0.01 is shown (**). Scale bars: 50 µm. 815 

 816 
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Figure 7. Model for cytokinin regulation of the auxin response distribution in 817 

the root tip. 818 

Yellow, magenta and brown colors represent the localization and intensity of the 819 

PIN3-GFP, PIN7-GFP and AUX1-YFP signal, respectively. Lines and circles indicate 820 

plasma membrane and intracellular localization, respectively. Dashed lines represent 821 

predicted decrease of AUX1-mediated auxin transport in Pro35S:AtCKX lines.  The 822 

resulting auxin response distribution is visualized by DR5rev:GFP (green) in 823 

Pro35S:AtCKX2 and Pro35S:AtCKX3 plants (Pernisová et al., 2009) suggesting an 824 

additional regulator of the auxin transport to be under cytokinin control (violet arrow). 825 

QC – quiescent center, i – columella initials, C1, C2, C3, C4 – columella cell layers. 826 

 827 

Supporting Information 828 

Figure S1. Cytokinins affect root bending after gravistimulation. 829 

Figure S2. Endogenous cytokinins affect the PIN3-GFP signal intensity at plasma 830 

membranes of columella cells. 831 

Figure S3. PIN3-GFP signal intensity measurement during relocalization. 832 

Figure S4. Endogenous cytokinins control the PIN7-GFP signal intensity in columella 833 

cells. 834 

Figure S5. PIN7-GFP signal intensity measurement during relocalization. 835 

Figure S6. INCYDE reverts Pro35S:AtCKX2 and Pro35S:AtCKX3 phenotype to WT. 836 

Figure S7. PIN7-GFP relocalization is more dynamic than that of PIN3-GFP in 837 

columella cells during 30 minutes after gravistimulation. 838 

Figure S8. Root bending and phenotype of pin multiple mutants and aux1. 839 

Table S1. Quantification of DR5rev:GFP aberrations in the root tip of cytokinin 840 

receptor mutants. 841 

Table S2. Statistical evaluation of PIN3-GFP signal intensities. 842 

Table S3. Statistical evaluation of PIN7-GFP signal intensities. 843 

Table S4. PIN3-GFP signal intensity measurement. 844 

Table S5. PIN7-GFP signal intensity measurement. 845 
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