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 28 

 29 

Short title: Auxin stimulates actin through AUX1 30 

 31 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 7, 2019. ; https://doi.org/10.1101/630798doi: bioRxiv preprint 

https://doi.org/10.1101/630798
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 2 

ABSTRACT 32 

The actin cytoskeleton is required for cell expansion and is implicated in cellular 33 

responses to the plant growth hormone auxin. However, the molecular and cellular 34 

mechanisms that coordinate auxin signaling, cytoskeletal remodeling, and cell 35 

expansion are poorly understood. Previous studies have examined actin cytoskeleton 36 

responses to long-term auxin treatment, but plants respond to auxin over short 37 

timeframes, and growth changes within minutes of exposure to the hormone. To 38 

correlate actin arrays with degree of cell expansion, we used quantitative imaging tools 39 

to establish a baseline of actin organization, as well as of individual filament behaviors 40 

in root epidermal cells under control conditions and after treatment with a known 41 

inhibitor of root growth, the auxin indole-3-acetic acid (IAA). We found that cell length 42 

was highly predictive of actin array in control roots, and that short-term IAA treatment 43 

stimulated denser, more longitudinal, and more parallel arrays by inducing filament 44 

unbundling within minutes. By demonstrating that actin filaments were more “organized” 45 

after a treatment that stopped elongation, we show there is no direct relationship 46 

between actin organization and cell expansion and refute the hypothesis that “more 47 

organized” actin universally correlates with more rapidly growing root cells. The plasma 48 

membrane-bound auxin transporter AUXIN RESISTANT 1 (AUX1) has previously been 49 

shown necessary for archetypal short-term root growth inhibition in the presence of IAA. 50 

Although AUX1 was not previously suspected of being upstream of cytoskeletal 51 

responses to IAA, we used aux1 mutants to demonstrate that AUX1 is necessary for the 52 

full complement of actin rearrangements in response to auxin, and that cytoplasmic 53 

auxin in the form of NAA is sufficient to stimulate a partial actin response. Together, 54 

these results are the first to quantitate actin cytoskeleton response to short-term auxin 55 

treatments and demonstrate that AUX1 is necessary for short-term actin remodeling.  56 

  57 
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INTRODUCTION 58 

Despite human dependence on plants for food, fiber, and fuel, we do not fully 59 

understand the molecular mechanisms controlling plant growth. Many types of plant 60 

cells begin life as roughly isotropic but, during development, the cell establishes polar 61 

growth where deposition of cell wall materials is restricted to specific axes of the cell, or 62 

expansion is anisotropic, allowing the production of mature cells with a myriad of final 63 

shapes and sizes. Turgor pressure drives expansion within the confines of cell wall 64 

flexibility: certain areas of the plant cell wall are more flexible than others, and are 65 

therefore more susceptible to turgor pressure exerted by the vacuole (Szymanski and 66 

Cosgrove, 2009; Guerriero et al., 2014). Vesicles are incorporated into certain areas of 67 

the plasma membrane and deposit new cell wall material, increasing the cell’s surface 68 

area and conducting the cell to grow into specific shapes. Vesicle delivery and 69 

exocytosis of vesicle contents of wall materials depend on the actin cytoskeleton 70 

(Ketelaar et al., 2003; Hussey et al., 2006; Leucci et al., 2007; Zhang et al., 2019). 71 

When actin is disrupted with pharmacological treatments, cells elongate more slowly 72 

(Baluška et al., 2001), implicating actin as a crucial player in cell expansion. Although 73 

the actin cytoskeleton is required for plant cell expansion (Baluška et al., 2001; Gilliland 74 

et al., 2003; Mathur, 2004; Hussey, 2006; Rahman et al., 2007; Kandasamy et al., 2009; 75 

Yang et al., 2011; Guerriero et al., 2014), actin’s function in this process is not well 76 

understood. Actin is accepted to provide tracks for vesicle delivery (Mathur, 2004; 77 

Hussey et al., 2006), but connections have also been made between certain actin 78 

arrays and plant growth (ex., Nick et al., 2009; Higaki et al., 2010a; Smertenko et al., 79 

2010; Dyachok et al., 2011; Yang et al., 2011, Yanagisawa et al., 2015), resulting in 80 
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various hypotheses about actin’s role and/or the significance of specific actin arrays, 81 

each with a degree of supporting evidence, much of it circumstantial (Li et al., 2015a; 82 

Szymanski and Staiger, 2017).  83 

Actin arrays form an apparently “organized” orientation, with actin bundles 84 

roughly parallel to the longitudinal axis of the cell in rapidly growing root epidermal cells 85 

in the light (Dyachok et al., 2011). In the dark, where cell expansion is substantially 86 

slower, actin exhibits what appears to be a state of “disorganization”: filaments are 87 

substantially less aligned relative to the longitudinal axis of root cells (Dyachok et al., 88 

2011). However, data substantiating cause-and-effect are missing from the literature. 89 

Whether a longitudinal array is necessary for, coincides with, promotes, or (conversely) 90 

is the product of, cell expansion—or whether the “disorganized” array inhibits or 91 

coincides with a cessation of expansion—is not understood and is largely unexamined. 92 

In addition to longitudinal actin orientation, various actin arrays have been 93 

correlated with cell length or cell expansion. However, there does not seem to be 94 

consensus on whether more longitudinal bundles inhibit (Gilliland et al., 2003; Holweg et 95 

al., 2004; Rahman et al., 2007) or stimulate (Kandasamy et al., 2009; Yang et al., 2011; 96 

Li et al., 2014a) axial cell expansion and tissue growth. Many previous studies linking 97 

specific actin organizations with growth or growth inhibition are based on actin or 98 

actin-binding protein mutant phenotypes (Gilliland et al., 2003, Kandasamy et al., 2009, 99 

Yang et al., 2011; Li et al., 2014a). Others are based on actin responses to drug or 100 

hormone treatments (Holweg et al., 2004; Rahman et al., 2007). Therefore, some of the 101 

reported actin–cell growth models may be generalized from what might in fact be more 102 

discrete responses: cytoskeletal response to a specific external stimulus (drug or 103 
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hormone) that affects growth via downstream mechanisms; or filament array changes 104 

due to an actin-binding protein whose role could be in only one of many aspects of 105 

growth.  106 

In fact, what tasks, exactly, actin undertakes during cell expansion and how 107 

these tasks drive or participate in expansion are unclear. Bundles potentially inhibit 108 

growth by inhibiting transport of growth hormone-related proteins (Nick, 2010). On the 109 

other hand, long actin bundles presumably stimulate growth because they provide 110 

tracks for vesicle delivery (Szymanski and Cosgrove, 2009; Thomas, 2012). Actin 111 

bundles could play a role in regulating osmotic pressure in the vacuole by altering turgor 112 

pressure (Higaki et al., 2010a,b; 2011), the main driver of plant cell expansion 113 

(Szymanski and Cosgrove, 2009). A recent paper shows that auxin, a known modulator 114 

of plant growth that has opposite effects on root or shoot growth (inhibition and 115 

stimulation, respectively), constricts vacuolar shape in long-term treatments (6+ h) on 116 

root cells, and does so by inducing altered actin arrays (Scheuring et al., 2016). 117 

Although this work describes the long-term effects of auxin on actin (Scheuring et al., 118 

2016), what connects short-term auxin treatments with actin rearrangements is not 119 

understood. Interactions between auxin signaling pathways and actin are abundant in 120 

the literature (reviewed in Zhu and Geisler, 2015), but the mechanics of how the 121 

hormone affects the cytoskeleton on a timescale of minutes, and how these interactions 122 

stimulate or inhibit growth, are largely unknown.  123 

The molecular players that connect the actin cytoskeleton to auxin perception 124 

during short-term responses are unidentified. Auxin reception by AUXIN BINDING 125 

PROTEIN 1 (ABP1) was previously suspected to be upstream of cytoskeletal changes 126 
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in both roots (Chen et al., 2012; Lin et al., 2012) and epidermal pavement cells (Xu et 127 

al., 2010; Nagawa et al., 2012; Xu et al., 2014); however, recent works demonstrate that 128 

a CRISPR abp1-c1 mutant exhibited root growth inhibition in the presence of both the 129 

known root growth inhibitor, the auxin indole-3-acetic acid (IAA) and the membrane 130 

permeable auxin 1-naphthylacetic acid (NAA), just like wildtype plants, indicating that 131 

ABP1 likely does not play a significant role in auxin signaling (Dai et al., 2015; Gao, et 132 

al., 2015). AUXIN RESISTANT 1 (AUX1) is a plasma membrane-bound auxin/H+ 133 

symporter in the Amino acid/auxin permease (AAAP) family that is ubiquitous among 134 

Eukaryotes. AUX1 appears to be present in all plants as well as some algae, indicating 135 

that the protein likely evolved before land plants (reviewed in Swarup and Péret, 2012). 136 

Unlike wildtype, aux1 plants grow in the presence of, IAA but undergo growth inhibition 137 

by NAA (Marchant et al., 1999), and AUX1 binds both IAA and NAA with high affinity 138 

(Yang et al., 2006; Carrier et al., 2008) and is responsible for 80% of IAA uptake by root 139 

hairs (Dindas et al., 2018). AUX1 contributes to short-term, auxin-induced increases in 140 

cytosolic H+ and, together with the intracellular auxin receptor complex SCFTIR1/AFB, 141 

increases in cytosolic Ca2+ (Dindas et al., 2018). The auxin molecule itself is the signal 142 

that SCFTIR1/AFB perceives (Dharmasiri et al., 2005a,b; Kepinski and Leyser, 2005), 143 

driving both rapid increases in Ca2+ (Dindas et al. 2018) and transcriptional 144 

reprogramming (Ulmasov et al., 1999). 145 

To correlate actin arrays with degree of cell expansion, we used quantitative 146 

tools to establish a baseline of actin architecture and orientation and individual filament 147 

behaviors in root epidermal cells under control circumstances. By plotting 148 

measurements of each cell’s actin array against its length, we found that cell length was 149 
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highly predictive of actin array. We then used acute treatments with IAA to determine 150 

the actin response in presumed non- or very slow-growing cells and documented the 151 

first short-term actin responses to these growth-inhibitory doses of IAA. Upon analyzing 152 

the actin arrays in two aux1 alleles (the T-DNA insertion mutant aux1-100 and the null 153 

point mutant aux1-22), we found that actin failed to reorganize in response to IAA and 154 

actin reorganization was only partially restored by NAA. Our data substantiate that 155 

AUX1 and cytosolic auxin play a significant role upstream of actin reorganization in 156 

auxin signaling.  157 

RESULTS 158 

Actin Organization Correlates with Cell Length 159 

Actin organization in living epidermal cells of the root elongation zone, examined with 160 

variable angle epifluorescence microscopy (VAEM), displayed a consistent pattern of 161 

organization (Baluška et al., 1997; Figure 1A, Supplemental Figure 1A). The actin array 162 

in thin, rectangular cells closest to the root apex—the root cap—comprised haphazardly 163 

arranged bundles. About 200 µm from the apex, in short, square cells emerging from 164 

under the root cap, there appeared to be a marked increase in the abundance of actin 165 

filaments, with fewer bundles. Array organization appeared to become gradually more 166 

bundled, longitudinal, and sparse as cells increased in length, until reaching the end of 167 

the root elongation zone (a demarcation indicated by the first visible root hair initiations). 168 

Although this pattern has been observed previously (Baluška et al., 1997; Baluška and 169 

Mancuso, 2013), we wondered whether there were quantitative differences in actin 170 

organization that could be correlated with cell size, and, potentially, with developmental 171 

stage. After plant cells are generated in the root meristem, they spend approximately 172 
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4 d progressing through the meristematic region (including the root transition zone) 173 

before progressing to the zone of rapid elongation, where they spend mere hours 174 

(Beemster and Baskin, 1998, 2000; van der Weele et al., 2003). The consistent 175 

progression of aging, growing cells allows comparison and quantification of actin arrays 176 

in cells in both the slower-growing late meristematic/transition zone and the zone of 177 

rapid elongation. Whether actin bundles inhibit (Gilliland et al., 2003; Holweg et al., 178 

2004; Rahman et al., 2007) or promote (Kandasamy et al., 2009; Yang et al., 2011; Li et 179 

al., 2014a) cell expansion remains controversial. We hoped to gain insight into the role 180 

of actin bundling in expansion of root epidermal cells, since it is the root epidermis that 181 

drives cell expansion in all root layers (Savaldi-Goldstein et al., 2007 [shoots]; Hacham 182 

et al., 2011).  183 

To test quantitatively whether actin array organization varies over the course of 184 

the root, we took overlapping VAEM images of GFP-fABD2–labeled (green fluorescent 185 

protein fused to the second actin-binding domain of Arabidopsis FIMBRIN1) actin 186 

filaments from the root apex through the end of the elongation zone. The demarcation 187 

between the root cap (here called “Region 1”) and what appeared to be the visible 188 

transition zone (here called “Region 2”) was drastic. Isotropic cells that delineate the 189 

late meristematic/early transition zone clearly emerge from under the rectangular cells 190 

of the presumed root cap. The distinction between Region 2 and what we call 191 

“Region 3” was not nearly so definitive as between Region 1 and Region 2, so we first 192 

delineated Region 3 by an observable decrease in actin filament abundance 193 

(admittedly, a subjective criterion). Representative images showed conspicuous 194 

differences in actin arrays in Region 2 and Region 3 (Figure 1B; Region 1, i.e., the root 195 
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cap, in Supplemental Figure 1A). Aspects of actin organization were quantified as 196 

described previously (Higaki et al., 2010b; Ueda et al., 2010; Henty et al., 2011; Li et al., 197 

2012; Cai et al, 2014; Cao et al., 2016). Parameters measured include: percent 198 

occupancy or density, the extent of bundling of actin filaments (measured as 199 

“skewness” of pixel intensity distribution in an image), parallelness of filaments to each 200 

other, and average filament angle relative to a cell’s longitudinal axis (Higaki et al., 201 

2010b; Ueda et al., 2010; Henty et al., 2011; Li et al., 2012; Cai et al, 2014; Cao et al., 202 

2016). These quantitative analyses showed (Supplemental Figure 1B–E) the cortical 203 

actin array in root Region 2 was significantly more dense and less bundled than 204 

Region 3 (longer cells closer to the first visible root hair initiations). Region 1 was similar 205 

in density to Region 2, but more bundled. The filaments and bundles in cells of Region 3 206 

were substantially more longitudinal than those in Region 1 or Region 2. Since cells of 207 

the root cap do not follow in the same cell files as Regions 2 and 3 and do not follow the 208 

same cell expansion gradient, and since we sought to learn about differences in actin 209 

organization over the course of cell expansion, we eliminated Region 1 from further 210 

analysis. 211 

Because of the substantial differences in actin organization among epidermal 212 

cells within the elongation zone, we hypothesized that if certain actin arrays correlate 213 

with expanding cells, cell size should predict actin organization and vice versa. A root 214 

cell’s shape (length and width) or its actin array should correctly place the cell at a 215 

certain point in the expansion gradient of the elongation zone. While cell width could not 216 

predict any of the actin measurements—there was no predictive relationship between 217 

cell widths and actin filament density, skewness, angle, or parallelness (Figure 1C; 218 
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Supplemental Figure 2)—cell lengths were highly predictive of each actin metric, using 219 

the descriptive statistical analysis bivariate fit (Figure 1D–G; Supplemental Figure 3). 220 

Short cells exhibited higher actin density (Figure 1D), lower bundling (Figure 1E), and 221 

what might be perceived as “disorganized” actin, with higher average filament angles 222 

(Figure 1F) and lower parallelness (Figure 1G) compared with long cells. These highly 223 

predictive relationships between cell length and each aspect of actin organization held 224 

when we examined actin organization in the Wassilewskija (WS) ecotype expressing 225 

GPF-fABD2 and in a T-DNA insertion mutant for the auxin transport protein AUX1 226 

(aux1-100, WS background; Supplemental Figure 7), whose average root epidermal cell 227 

lengths are significantly longer than either wildtype. Although we were unable to 228 

accurately and consistently measure cell growth rates (based on literature such as 229 

Beemster and Baskin, 1998; van der Weele et al., 2003), and so have not determined 230 

whether bundles promote or even precede expansion, it is clear that a higher incidence 231 

of actin bundling occurred in long cells (Supplemental Figures 3, 7, and 9).  232 

The parameter that adhered to a fairly linear relationship with cell length is 233 

parallelness (R2 = 0.68; Figure 1G; Supplemental Figure 3D)—how parallel filaments 234 

are to each other. Although these data cannot establish increased filament parallelness 235 

as the cause of cell elongation, they demonstrate that filament parallelness is the 236 

parameter most directly correlated with cell length. To determine whether any particular 237 

combination of the measured parameters (cell length, cell width, filament density, 238 

skewness, angle, and parallelness) explains the most variance from the mean for each 239 

cell, we performed principal component analysis on each data set, finding that the 240 

interactions between cell length, filament parallelness, and to a lesser extent, skewness, 241 
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explain most of our observations for both wildtype ecotypes (Col-0 and WS) and the 242 

aux1-100 mutant (see Supplemental Tables 1–6).  243 

Aside from investigating correlations between actin organization and cell size, 244 

our intent was to find a more objective way of categorizing cells into “Region 2” or 245 

“Region 3” for wildtype plants. By plotting each cell’s specific actin metrics against its 246 

length or width, we defined maximum cell sizes for each region. The maximum length of 247 

a cell included as Region 2 became 85 µm, the mean cell length (57 µm) plus one 248 

standard deviation (28 µm); the minimum length of a cell included as Region 3 became 249 

94 µm, the mean cell length (128 µm) minus one standard deviation (34 µm). These 250 

cutoffs were used in assigning “region” in all further experiments on the 251 

Col-0;GFP-fABD2 lines (see Methods).  252 

Cortical Actin Array Dynamics and Individual Filament Behaviors Differ between 253 

Short and Long Cells 254 

Cortical actin arrays constantly remodel depending on the needs of a cell (Staiger et al., 255 

2009; Henty et al., 2011; Henty-Ridilla et al., 2013; Henty-Ridilla et al., 2014; Cao et al., 256 

2016). Arrays in isotropically-growing cotyledon pavement cells are observed to exhibit 257 

“more random” and “more dynamic” arrays than the anisotropically-growing cells of the 258 

root elongation zone (Smertenko et al., 2010). We hypothesized that the actin network 259 

in cells in Region 3 would be less dynamic than in Region 2. We collected 100-s 260 

timelapse movies from short and long cells in the same roots and calculated the 261 

pairwise correlation coefficient among all possible temporal intervals (Vidali et al., 262 

2010). We found that the actin array dynamicity in Region 2 cells was significantly 263 

reduced compared to Region 3 (Supplemental Figure 4). The array of Region 2 cells 264 
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was very dense, so we considered that a general comparison of pixel intensities and 265 

occupancies among temporal intervals of timelapse movies might not account for the 266 

true dynamic behavior of the array.  267 

To determine what specific behaviors contribute to the overall filament array in 268 

cells, we quantified individual actin filament behaviors (Li et al., 2015b). We expected 269 

increased turnover in short cells and a higher frequency of bundling events in long cells. 270 

On average, filaments in short and long cells behaved similarly, except that longer cells 271 

exhibited longer, faster-growing filaments (Figure 2; Table 1). Upon measuring bundling, 272 

unbundling, and annealing frequencies, we were surprised to observe no differences in 273 

frequency of bundling or unbundling, but there was a multifold increase in annealing in 274 

shorter cells (Figure 2; Table 1).  275 

Actin Organization Responds to Short-Term IAA Treatments 276 

To decipher which actin parameter(s) coincided with cell expansion, and to find stronger 277 

indicators of causality, we treated roots with a known inhibitor of root growth, the 278 

naturally occurring auxin, IAA, which has been shown to inhibit root growth within 279 

minutes of application (Hejnowicz and Erickson, 1968; Fendrych et al., 2018). Auxin 280 

affects actin organization and dynamics and inhibits root growth (reviewed in Zhu and 281 

Geisler, 2015; Fendrych et al., 2018), known to depend on an intact cytoskeleton 282 

(reviewed in Hussey, 2006 and Li et al., 2015a). Yet, actin response following short-283 

term auxin treatments, i.e., a way to directly link the two, has not been determined. If 284 

decreased actin density and increased bundling are indeed hallmarks of growth, and if 285 

auxin works by modulating the actin cytoskeleton, then IAA, an agent that inhibits 286 

growth, should induce the opposite actin phenotype: after IAA treatment, density should 287 
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increase and bundling decrease. Further, if a lower average filament angle and higher 288 

parallelness are indicative of rapidly growing cells (described in Dyachok at al., 2011, 289 

and a natural assumption given that we found increasingly longitudinal actin arrays in 290 

longer cells), applying IAA should increase filament angle and decrease parallelness 291 

(i.e., there should be a decrease in both longitudinality and apparent “organization”).  292 

As expected, 20–30 min IAA treatments induced significant increases in actin 293 

filament density and decreases in extent of bundling (Figure 3), linking actin abundance 294 

and a reduction in bundling with plant response to IAA. We were surprised, however, to 295 

observe a dose-dependent increase in apparent actin organization after IAA treatments 296 

(Figure 3A,D–E, Supplemental Figure 5). In another, time series experiment, we 297 

established that the IAA-induced increase in parallel longitudinality is maintained for at 298 

least 60 min after initial treatment (Supplemental Figure 6). Strong changes in filament 299 

angle and orientation generally appeared more slowly than the increase in density. 300 

Together, these are the first data that quantitatively document actin’s short-term 301 

response to moderate doses of IAA. 302 

Actin Filaments Unbundle in Response to IAA 303 

Links between auxin and actin clearly exist (reviewed in Zhu and Geisler, 2015) but the 304 

specific components of these pathways—and actin’s role in them—are unresolved, so 305 

we evaluated actin’s role in IAA perception by measuring whether individual filament 306 

behaviors change in the minutes immediately following IAA treatment.  307 

Since substantial increases in actin density and parallel longitudinality occurred 308 

within 20–30 min of treatment with IAA, we hypothesized that individual filaments would 309 

respond quickly to treatment and might undergo increased severing, faster filament 310 
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elongation rates, increased unbundling, and/or increased annealing (a result of 311 

decreased end-capping; Li et al., 2012). We tested this prediction by quantifying actin 312 

dynamics in epidermal cells in Region 2 and Region 3 within 7 min of 10 nM IAA 313 

treatment. Surprisingly, we observed no changes in most individual filament behaviors 314 

in either shorter or longer cells within this 7-min timeframe (Table 2). Though the 315 

differences in filament elongation rates and maximum filament length we previously 316 

observed between regions (Table 1) were reproduced, 10 nM IAA did not affect any of 317 

the measured stochastic dynamics parameters: overall filament length, lifetime, 318 

elongation rate, or severing frequency within a region. However, when we measured 319 

frequency of bundling, unbundling, and annealing, we observed an IAA-induced 320 

doubling of unbundling events in both short and long cells (Figure 4, Table 2). In long 321 

cells, IAA induced a near 5-fold increase in annealing (Figure 4D, Table 2). Actin 322 

filaments unbundled and altered annealing frequencies within 7 min of IAA treatment, 323 

demonstrating that actin participates in short-term responses to the hormone. 324 

The Actin Array in aux1 Mutants is Insensitive to IAA but Partially Responds to 325 

NAA 326 

The auxin importer AUX1 was identified in an ethyl methanesulphonate (EMS) mutant 327 

screen for resistance to IAA and 2,4-D (Maher and Martindale, 1980; Pickett et al., 328 

1990), and the protein has been shown to bind IAA with extremely high affinity (Yang et 329 

al., 2006; Carrier et al., 2008). AUX1 mutants are agravitropic and exhibit root 330 

elongation in the presence of the natural auxin IAA (whereas wildtype roots are growth-331 

inhibited under this condition), but mutant root growth is inhibited to wildtype levels in 332 

the presence of the membrane permeable auxin NAA (Maher and Martindale, 1980; 333 
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Pickett et al., 1990; Bennett et al., 1996; Marchant et al., 1999). Cells in aux1 mutants 334 

take up significantly less IAA (Rashotte et al., 2003; Hayashi et al., 2014; Rutschow et 335 

al., 2014, protoplasts; Dindas et al., 2018) and are larger compared with wildtype cells 336 

(Ugartechea-Chirino et al., 2010; Supplemental Figures 7 and 9). Intracellular auxin 337 

concentrations correlate with cell length, where IAA concentrations are higher in longer 338 

root epidermal cells (Brunoud et al., 2012), possibly because IAA concentration 339 

regulates the amount of time cells spend in the elongation zone (Rahman et al., 2007). 340 

We hypothesized that AUX1 might have a previously uncharacterized role in short-term 341 

auxin signaling to the cytoskeleton.  342 

We expressed GFP-fABD2 in the T-DNA insertion mutant for AUX1, aux1-100 343 

(WS background) and in the point mutant aux1-22 (Col-0 background; Feldmann, 1991; 344 

Roman et al., 1995; Bennett et al., 1996), with the hypothesis that if AUX1 were 345 

upstream of cytoskeletal rearrangements in response to IAA, the mutants’ actin 346 

cytoskeleton would not respond to 20–30 min IAA treatments: neither density nor 347 

parallelness would increase, and neither skewness nor average filament angle would 348 

decrease. Because root epidermal cells in aux1 plants were significantly longer than 349 

wildtype (Supplemental Figures 7 and 9), analyzing actin response by separating cells 350 

into standard “regions” seemed imprecise. For example, a 120 m-long cell that will 351 

grow to a final length of 140 m in a wildtype plant is at a different point in its 352 

development than a 120 m-long aux1-100 cell that will reach a final length of 290 m. 353 

Therefore, we quantified changes in actin array on a per cell basis (see Methods). 354 

Both aux1 mutants had average cell lengths longer than wildtype, as well as 355 

overall actin array organization that differed from wildtype under control conditions 356 
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(Figure 5 and Supplemental Figures 7, 8, and 9). When each mutant was compared to 357 

its respective wildtype ecotype, both alleles of aux1 exhibited significantly lower average 358 

filament density and increased skewness/bundling. Filaments were overall more 359 

longitudinal and parallel to one another. Mutants’ longer cells and “more organized” 360 

actin filament organization fits the model that higher levels of apparent “organization” 361 

are coincident to cell expansion. 362 

Actin organization in wildtype WS plants expressing GFP-fABD2 responded to 363 

short-term IAA treatments almost identically as had Col-0. Actin filament density 364 

significantly increased, as did parallelness, and average filament angle significantly 365 

decreased (Figure 5). Interestingly, when actin response was quantified on a per cell 366 

basis, WS did not exhibit the small but statistically significant decrease in 367 

skewness/bundling (Figure 5E and Supplemental Figure 7) that we had previously 368 

observed in Col-0 (Figure 3), perhaps because the ecotype itself is slightly resistant to 369 

auxin (Dharmasiri et al., 2005b). The aux1-100 mutant’s actin array did not significantly 370 

reorganize in response to IAA treatment (Figure 5), indicating that actin cytoskeleton 371 

response to IAA required the transporter. To confirm the importance of AUX1 in IAA-372 

triggered actin cytoskeleton rearrangements, we tested a second allele, the null point 373 

mutant aux1-22. The actin array in aux1-22 also failed to reorganize in response to IAA 374 

treatments (Supplemental Figure 8).  375 

To understand whether the auxin hormone itself drives cytoskeletal 376 

reorganization, or if there is an intermediary between auxin, AUX1, and actin response, 377 

we tested the mutant’s response to the membrane permeable auxin NAA. If AUX1’s role 378 

is restricted to transporting IAA into the cell and auxin itself merely needs to enter the 379 
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cell to stimulate actin reorganization, NAA should be sufficient to induce a wildtype 380 

response in aux1-100 and we should see denser, more parallel, and more longitudinal 381 

arrays. But if NAA should fail to induce the established reorganization pattern, we could 382 

deduce that the presence of auxin inside the cell is not enough and that the AUX1 383 

protein is required for short-term auxin to actin signaling. Figure 5 shows that WS 384 

responds to NAA similarly as to IAA. Interestingly, NAA only partially restores in 385 

aux1-100 a wildtype response to IAA. NAA stimulates increased actin filament density 386 

(Figure 5D) in the mutant, but has no effect on filament angle or parallelness 387 

(Figures 5F–G).  388 

To confirm AUX1’s importance in cytoskeletal responses to NAA, we tested the 389 

membrane permeable hormone’s effects on actin organization in aux1-22 and its 390 

wildtype, Col-0. Recapitulating aux1-22’s lack of response to IAA, actin organization in 391 

this mutant was largely impervious to NAA, with a sizeable but statistically insignificant 392 

reduction in average filament angle. Upon testing the effect of NAA on actin 393 

reorganization in Col-0, we found that NAA stimulated an increase in actin filament 394 

density in Col-0, but were surprised that, when measured on a per cell basis, Col-0 395 

exhibited neither a decrease in average filament angle nor an increase in filament 396 

parallelness (Supplemental Figure 8). The Col-0 and WS ecotypes are likely genetically 397 

divergent enough to explain why their NAA-prompted actin reorganization is not 398 

identical; indeed, previous work identified transcriptional responses for several genes 399 

that differ among the two ecotypes under various environmental conditions, including for 400 

other proteins involved in hormone signaling (Schultz et al., 2017). Actin organization in 401 

both aux1-100 and aux1-22 failed to respond to IAA and only partially responded to 402 
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NAA. These results are the first that place AUX1 upstream of actin in short-term auxin 403 

signaling events, as well as demonstrate that the import protein is required for a 404 

complete actin response to auxin.  405 

DISCUSSION 406 

We correlated specific actin architecture and orientation to cell lengths in expanding root 407 

epidermal cells and report the first quantitative assessment of actin responses to short-408 

term IAA treatments in roots. Under control conditions, short epidermal cells (Region 2) 409 

are characterized by dense actin arrays with high annealing frequencies, whereas long 410 

cells (Region 3) exhibit more bundled, more parallel, more longitudinal actin arrays in 411 

which filaments elongate faster and grow longer. We found that this same pattern of 412 

actin organization occurs in the WS ecotype and aux1 mutants, indicating that there 413 

may be a causal relationship among cell length, skewness/bundling, and filament 414 

parallelness. We documented actin responses to growth-inhibitory doses of IAA and 415 

were surprised to find that filaments became more dense, parallel, and longitudinally 416 

oriented (i.e., lower average filament angle) within 20–30 min, demonstrating that the 417 

relationship between higher levels of actin “organization” and increased cell expansion 418 

is not as direct as previously hypothesized. Upon analyzing the actin array response to 419 

auxin in two aux1 mutants (the T-DNA insertion mutant aux1-100 and the null point 420 

mutant aux1-22), we found that actin failed to reorganize in response to IAA and actin 421 

reorganization was only partially restored by NAA. Although none of our results 422 

establishes a cause-and-effect relationship between increased actin bundling and 423 

elongating cells, they disprove the hypothesis that actin bundles inherently inhibit cell 424 

expansion. Although some specific actin characteristics correlate with longer cells, 425 
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“more organized” filament arrays do not universally correlate with rapidly growing root 426 

cells. We also provide the first evidence that the auxin import protein AUX1 is critical for 427 

the actin cytoskeleton’s full response to short-term auxin treatments, presumably 428 

because it imports the bulk of IAA into cells, and that cytoplasmic auxin is sufficient to 429 

trigger some aspects of actin reorganization. 430 

Studies on the long-term (6+ hours) effects of high doses of auxin on actin 431 

filaments (Li et al., 2014a; Scheuring et al., 2016) report that actin becomes more 432 

bundled after treatment. Several studies (Holweg et al., 2004; Nick et al., 2009) 433 

examining the effect of short-term, high dose IAA treatments on m-Talin–bundled actin 434 

filaments in dark-grown rice coleoptiles demonstrate that relatively high doses of auxin 435 

(10 µM NAA, or 50 µM IAA) induced filament unbundling. Auxin transport inhibitors 436 

appear to have the opposite effect on actin filaments. Auxin transport inhibitors such as 437 

2,3,5-triiodobenzoic acid (TIBA) induce actin bundling within minutes (Dhonukshe et al., 438 

2008) and inhibit cell elongation (Rahman et al., 2007). Here, we demonstrated that 439 

short-term treatment with IAA, closer to endogenous levels (Band et al., 2012), induced 440 

an increase in filament density, parallelness, and longitudinality, and decrease in 441 

bundles within 20–30 min, as well as an increase in unbundling events in cells 442 

throughout the visible root elongation zone within 7 min (Table 2). These results indicate 443 

that, like their role in microbe-associated molecular pattern (MAMP) perception 444 

(Cárdenas et al., 1998; Henty-Ridilla et al., 2014; Li et al., 2015b), actin filaments are 445 

potentially involved in the initial intracellular perception of IAA. Interestingly, unbundling 446 

actin filaments to build a dense array in auxin signaling/response is a different cellular 447 

mechanism used to increase filament density vs. the increased density observed in 448 
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responses to MAMPs in Arabidopsis hypocotyls, where MAMPs inhibit actin 449 

depolymerizing factor (ADF)-mediated severing and downregulate capping protein- (CP) 450 

mediated barbed end capping to build a denser array (Henty-Ridilla et al., 2014; Li et 451 

al., 2014b). This indicates that, despite similar actin readouts of “increased density” after 452 

MAMP or 20 min IAA treatment, actin participates in discrete roles in each of these 453 

signaling–response pathways, and each stimulus distinctly modulates actin regulation 454 

towards separate, precise outcomes.  455 

We found that the auxin import protein AUX1 is required for short-term changes 456 

in actin organization in response to auxin. Previously the role of “auxin receptor” was 457 

attributed to ABP1 (Chen et al., 2001; Chen et al., 2012; Lin et al., 2012; Nagawa et al., 458 

2012; reviewed in Sauer and Kleine-Vehn, 2011), but immediate cytoskeletal 459 

reorganization was never directly linked to the protein because though actin response in 460 

roots was implied (Lin et al., 2012), it was never directly visualized. The aux1 mutants’ 461 

actin arrays are impervious to IAA, likely because auxin cannot enter cells in sufficient 462 

quantities, and are only partially responsive to the membrane-permeable NAA, 463 

indicating that while auxin itself elicits some actin rearrangements, AUX1 is necessary 464 

for full response. Having an established baseline of auxin’s short-term effects on actin 465 

filaments in wild-type and aux1 root epidermal cells will enable further testing of models 466 

of actin’s role in auxin signaling pathways. 467 

Actin Organization Predicts Cell Length Under Control Conditions but Not 468 

Otherwise 469 

Actin’s role in cell expansion is established but not understood (reviewed in Li et al., 470 

2015a). It has been generally accepted that cell expansion requires a degree of 471 
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observable actin “organization” (Smertenko et al., 2010; Dyachok et al., 2011). The 472 

hypothesis that an “organized” actin array corresponds with cell growth appeals to an 473 

intuitive understanding of growth as a methodical process that requires coordinated 474 

elements. However, “organization” can take many forms and exactly what form drives 475 

growth is unknown. Indeed, we found in two ecotypes—and in an auxin signaling 476 

mutant with significantly longer cells—that filament parallelness, cell length, and 477 

skewness affect one another to a similar extent to produce predictable organization 478 

across the root elongation zone. By showing that, under control conditions, actin 479 

bundling increases as cell length increases, we present definitive evidence that filament 480 

bundles do not inhibit cell expansion. Our observation, substantiated by quantitative 481 

evidence, that the cytoskeleton changes to a higher level of apparent actin 482 

“organization”, namely longitudinality and filament parallelness, in response to IAA, a 483 

treatment known to inhibit growth within minutes (Hejnowicz and Erickson, 1968; 484 

Fendrych et al., 2018), definitively demonstrates that increases in filament 485 

“organization” do not, inherently, contribute to cell expansion. Furthermore, the IAA-486 

induced decrease in overall filament bundling (Figure 3c) and increase in unbundling 487 

events (Table 2) that occurs in Col-0 indicates that an absence of longitudinal bundling 488 

does not necessarily coincide with expanding cells. Thus, although our data cannot 489 

divulge a cause-and-effect relationship, our correlative study has eliminated two 490 

hypotheses for the relationship between actin organization and cell expansion and 491 

determined that there is no absolute relationship between actin bundling and cell 492 

expansion.  493 
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Actin Behaviors Differ in Short and Long Epidermal Cells of the Root Elongation 494 

Zone 495 

We evaluated individual filament behaviors in short and long cells to gain insight into 496 

what filament behaviors might contribute to cell growth. Although several aspects of 497 

individual filament dynamics were previously measured in root epidermal cells in 498 

Arabidopsis (Smertenko et al, 2010), we have examined additional filament behaviors, 499 

bringing knowledge of Arabidopsis up to that of rice (Wu et al., 2015). Region 2 was 500 

significantly denser than Region 3 so we expected a higher rate of filament turnover: 501 

increased severing, shorter filaments and filament lifetimes, and faster elongation rates. 502 

Filament arrays in Region 3’s longer cells were much more bundled than arrays in 503 

Region 2 so it was reasonable to expect either a higher bundling frequency in longer 504 

cells, a higher incidence of unbundling in shorter cells, or a lower incidence of 505 

unbundling in longer cells. In this study, both short and long cells exhibited similar 506 

individual filament behaviors (Table 1), the only major differences being a reduced 507 

maximum filament length and elongation rate in shorter cells, and a multifold increase in 508 

incidents of annealing in shorter cells. In etiolated hypocotyls, increased filament 509 

lengths and lifetimes correlate with longer cells (Henty-Ridilla et al., 2013; Li et al., 510 

2014b). Although shorter root epidermal cells have shorter average filament lengths, 511 

lifetime is statistically equivalent to that of filaments in longer cells, demonstrating that 512 

the connection between longer lifetime and increased cell length is not evident in roots.  513 

The most marked difference in individual filament behaviors between short cells 514 

and long cells was the up to–10-fold increase in annealing frequency observed in 515 

shorter cells. Although the correlation coefficient algorithm found Region 2 to be less 516 
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dynamic than Region 3, pixels occupied by fluorescence do not change as much during 517 

annealing events as, for example, when an entirely new filament polymerizes, so it is 518 

possible that this method failed to capture the full range of dynamic behaviors in Region 519 

2 cells’ actin arrays. The substantial increase in annealing on a per-filament basis 520 

indicates there is likely a purpose behind this phenomenon. Annealing in vitro is 521 

generally a function of actin concentration, filament length, and/or filament end 522 

availability (Adrianantoandro et al., 2001), and in vivo is down-regulated by capping 523 

protein (Henty-Ridilla et al., 2014; Li et al., 2014b). Annealing is a way to build filaments 524 

quickly and without intensive energy inputs (Smertenko et al., 2010; Li et al., 2014b). 525 

Since maximum filament length is reduced in shorter cells that have a higher annealing 526 

frequency compared with maximum filament length in longer cells, and since these 527 

seem to be transient annealing events that for the most part hold for only a few frames, 528 

the purpose of these events does not appear to be building longer filaments. Perhaps 529 

these shorter cells, which are located in the subsection of the elongation zone known as 530 

the transition zone, are undergoing more cytoplasmic changes in preparation for rapid 531 

elongation.  532 

AUX1 is Necessary for Actin Response to Auxin  533 

It is well-established that signaling between auxin and actin occurs (Kleine-Vehn and 534 

Friml, 2008; Nick et al., 2009; Nick, 2010; Lin et al., 2012; Nagawa et al., 2012; Li et al, 535 

2015a; Scheuring et al., 2016; Zhu et al., 2016), but how auxin affects growth, how 536 

auxin affects actin, and how auxin affects actin to influence cell expansion are far from 537 

being understood. The multiple auxin–actin pathways (reviewed in Overvoode et al., 538 

2010 and Grones and Friml, 2015) assign various roles to actin in auxin response (for 539 
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example, repositioning auxin transport proteins, or inhibiting endocytosis of auxin 540 

transporters), and the pathway thought to link auxin and actin in the very short-term was 541 

via the plasma membrane auxin receptor ABP1 (Xu et al., 2010, 2011; Nagawa et al., 542 

2012). Now that ABP1’s role in auxin–actin signaling is in doubt (Dai et al., 2015; Gao et 543 

al., 2015), the mechanism of auxin–actin signaling and how actin rapidly perceives 544 

auxin—through an upstream receptor, second messenger(s) modulating actin binding 545 

proteins, and/or perhaps direct interaction with the hormone itself—remains 546 

undetermined.  547 

Before this current work, AUX1 was not suspected of playing a “transceptor” role 548 

in signaling upstream of actin organization. AUX1 is an established transporter of auxin 549 

(Bennett et al., 1996; Dindas et al., 2018), has homologs in all plants (reviewed in 550 

Swarup and Péret, 2012), is necessary for root gravitropism (Maher and Martindale, 551 

1980; Marchant et al., 1999; Swarup et al., 2004), and is responsible for 80% of IAA 552 

uptake in root hairs (Dindas et al., 2018) and rapid growth inhibition by IAA (Fendrych et 553 

al., 2018). Auxin-induced transcriptional regulation requires that auxin binds to the 554 

intracellular auxin receptors SCFTIR1/AFB, which complex then binds to AUXIN/INDOLE-555 

3-ACETIC ACID (Aux/IAA) transcriptional repressors (Dharmasiri et al., 2005a,b; 556 

Calderón Villalobos et al., 2012). However, the SCFTIR1/AFB pathway is also responsible 557 

for short-term intracellular responses to auxin. Within the first 10 min of receiving an 558 

auxin signal, there is both an initial influx of H+ (depolarizing the plasma membrane and 559 

reducing cytosolic pH) and, shortly thereafter, increased intracellular Ca2+ that 560 

propagates through the root (Dindas et al., 2018). Both IAA and NAA are substrates of 561 

AUX1 (Yang et al., 2006; Carrier et al., 2008), and of the SCFTIR1/AFB–Aux/IAA complex, 562 
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though both AUX1 and the protein complex have a higher affinity for IAA (Dharmasiri et 563 

al., 2005b; Calderón-Villalobos et al., 2012; Dindas et al., 2018).  564 

Actin in wildtype cells reorganizes to increase filament density in response to 565 

both IAA and NAA. Surprisingly, NAA stimulated different effects on actin reorganization 566 

in Col-0 and WS: WS responded to NAA as it had to IAA but Col-0 underwent only 567 

increased actin filament density, and no changes in parallel longitudinality at 20–30 min. 568 

Col-0 might respond to NAA on a timeframe different from WS and different from its 569 

response to IAA. Natural and synthetic auxins inhibit root elongation to different extents, 570 

depending on ecotype (Delker et al., 2010). Occasionally differential responses to NAA 571 

have been detected across ecotypes, for example NAA stimulates a higher number of 572 

lateral roots in 9-day-old Col-0 plants compared with WS or Landsberg erecta (Falasca 573 

and Altamura, 2003). In addition, IAA and NAA induce in Col-0 different extents of gene 574 

expression (Yoshimitsu et al., 2011). It is quite possible that the two ecotypes are more 575 

different than is commonly acknowledged, a subject that merits further study.  576 

Actin reorganization in both alleles of aux1 was resistant to IAA and exhibited 577 

only partial responses to NAA, implicating AUX1 as a major player in auxin signaling to 578 

actin. After NAA treatments, density increased only in aux1-100 and angle decreased 579 

(although not statistically significantly) only in aux1-22. Our results that show attenuated 580 

actin reorganization in aux1-100’s and aux1-22’s responses to NAA support the Dindas 581 

et al. (2018) model of an intracellular feedback loop that relies on the presence of 582 

AUX1. In the aux1 mutant wav5-33, NAA triggers membrane depolarization (at a level 583 

similar to wildtype) and H+ influx (though substantially delayed and reduced vs. 584 

wildtype), but all aux1 mutants tested are severely or entirely resistant to IAA in these 585 
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responses (Dindas et al., 2018). Nor does IAA treatment in aux1 mutants lead to the 586 

typical increased Ca2+ and although NAA was not directly tested (Dindas et al., 2018), 587 

these results imply that NAA might not induce Ca2+ influx in aux1 mutants. Both H+, 588 

which contributes to membrane depolarization, and Ca2+ are known regulators of 589 

various actin binding proteins (see below). It is possible that import of IAA through 590 

AUX1 is necessary to activate or inhibit other intracellular players which drives, 591 

separately, increased actin density, decreased filament angle, and increased 592 

parallelness. Alternatively, actin reorganization might be delayed in the mutants. In any 593 

case, that previous study (Dindas et al., 2018) and our data showing partial actin 594 

response to NAA in aux1 mutants demonstrate that auxin itself can act as an 595 

intracellular signaling molecule that stimulates some short-term cellular responses, a 596 

deviation from the ABP1 model that relied on IAA being perceived at the plasma 597 

membrane and its signal amplified within the cell. 598 

  599 
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Potential Players in the Actin–Auxin Connection 600 

Long-term (6+ h) auxin responses have been shown in rice to rely on the actin binding 601 

protein RMD (Rice Morphology Determinant; FORMIN5, homolog of Arabidopsis 602 

FORMIN14), which is downstream of auxin response factors (Zhang et al., 2011; Li et 603 

al., 2014a). Less is known about auxin’s effect on actin during cellular activities that 604 

occur on the order of minutes such as polarized growth or gravitropism (Xu et al., 2014; 605 

Zhu et al., 2015). Substantial membrane depolarization, slight acidification of cytosol (in 606 

conjunction with significant alkalinization of extracellular pH), and significant but 607 

transient increases in cytosolic Ca2+ are short-term intracellular responses that were 608 

shown to occur independent of transcriptional responses and are AUX1-dependent 609 

(Monshausen et al., 2011; Dindas et al., 2018). Actin binding proteins that are known to 610 

be modulated by pH or Ca2+, such as ADF/cofilin or villin, would be good candidates for 611 

a target of the hormone and mutants could be evaluated for growth in the presence of 612 

IAA or a lack of actin reorganization in response to 20–30 min IAA treatments. The 613 

drastic auxin-induced actin reorganization could require more than one actin binding 614 

protein; perhaps ecotype-specific differences in actin binding protein expression explain 615 

Col-0 and WS’s dissimilar responses to NAA at 20–30 min.  616 

The Actin–Auxin Connection and Cell Expansion 617 

The mechanisms by which auxin and actin control growth are unknown. Actin could 618 

function by providing tracks for trafficking auxin transporters, altering vacuole 619 

morphology, and/or operating through another mechanism. Auxin efflux carriers (PIN 620 

proteins) and the influx protein AUX1 were previously shown to depend on actin for 621 

targeted subcellular localization (Kleine-Vehn et al., 2006; 2008). However, AUX1 is not 622 
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redistributed in response to NAA (Kleine-Vehn, et al., 2006), to which we observe at 623 

least some actin reorganization in Col-0, WS, and both aux1 mutants. Further, use of a 624 

photoconvertible PIN2 shows that it is not maintained at the root epidermal cell plasma 625 

membrane after auxin treatments, and that most PIN2 in brefeldin A compartments is 626 

newly synthesized rather than recycled (Jasik et al., 2016). These results complicate a 627 

role for actin in trafficking auxin transporters in response to auxin; however, actin 628 

reorganization could provide tracks to transport signaling elements into the nucleus.  629 

Turgor pressure exerted by the vacuole (and a loosened cell wall) is a primary 630 

driver of cell expansion (Cosgrove, 2005; Kroeger et al., 2011; Braidwood et al., 2013; 631 

Guerriero et al., 2014). Six-hour NAA treatments cause actin-dependent vacuole 632 

constriction that ultimately leads to reduced cell lengths (Scheuring et al., 2016). If the 633 

same mechanism impels growth cessation within minutes, the denser, more longitudinal 634 

actin array we detected might effect vacuole constriction. 635 

Auxin-induced actin reorganization could operate primarily in signaling, and be 636 

incidental to changes in growth rate rather than driving growth per se. Whereas wildtype 637 

(Col-0) roots ceased elongating within 30 s of low-dose IAA treatments, IAA did not 638 

significantly affect aux1-100 root elongation, and 100 nM NAA reduced root growth rate 639 

to approximately wildtype levels (Fendrych et al., 2018). At a similar timepoint after 640 

100 nM NAA treatments, we observed that both aux1-100 and aux1-22, exhibited only 641 

partial, and divergent, actin reorganization. If there were direct, causative relationships 642 

between actin organization and cell expansion or vice versa, NAA should have induced 643 

in aux1 the complete complement of actin rearrangements observed in wildtype cells or 644 

at least the same actin response in both mutant alleles.  645 
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Actin reorganization is highly energy intensive, costing as much as 1200 ATP-646 

loaded actin monomers per second during filament elongation (Li et al., 2015b), and 647 

even if there is no causal relationship between auxin-induced increased actin density 648 

and parallel longitudinality, and cell expansion, it seems unlikely that such extensive 649 

reorganization would occur for no functional purpose. It is possible that initial actin 650 

reorganization after auxin treatment occurs primarily to transduce the auxin signal. 651 

Alternatively, cytoplasmic streaming and vesicle delivery could require an exact 652 

equilibrium of available tracks and space in which to move, and any actin array that 653 

disrupts that balance quickly alters cell expansion. Toward this idea, Tominaga et al. 654 

(2013) showed that faster myosins (i.e., faster delivery along actin tracks) grow larger 655 

plants with larger cells, and presumably enhanced cell expansion.  656 

Our IAA treatments provide clear evidence that the actin cytoskeleton in cells 657 

along the entire root elongation zone responds to the growth cessation signal within 658 

minutes by significantly increasing filament abundance as well as, in opposition to the 659 

current view that organization leads to or is necessary for expansion, apparent actin 660 

organization. We show that IAA-induced actin rearrangements require AUX1, while our 661 

NAA results show that auxin itself is able to act as a cytoplasmic signal to modulate 662 

actin cytoskeleton organization. We conclude that, however auxin is acting, the 663 

relationship between actin organization and cell expansion cannot be explained by a 664 

simple model requiring either “organized” or “disorganized” actin, or by a presence or 665 

absence of longitudinal bundles.  666 

  667 
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METHODS 668 

Plant Material and Growth Conditions 669 

Roots for all experiments were from 6-day-old, light-grown seedlings expressing 670 

GFP-fABD2: Col-0, WS, aux1-100, and aux1-22. Seeds were surface sterilized and 671 

stratified at 4C for two days. All plants were grown on 0.5 Murashige and Skoog 672 

medium solidified with 0.6% (w/v) agar and no sucrose, as described previously 673 

(Sheahan et al., 2004; Dyachok et al., 2011; Henty et al., 2011; Li et al., 2014b; Cai et 674 

al., 2014). Seedlings were grown at 21C, vertically and under long-day conditions (16 h 675 

of light, 8 h of darkness). 676 

 Seeds for Arabidopsis thaliana T-DNA insertion mutant aux1-100 (CS2360) and 677 

EMS point mutant aux1-22 (CS9585) were obtained from the ABRC stock center and, 678 

with WS-0 and Col-0, transformed with GFP-fABD2 (Sheahan et al., 2004) using the 679 

floral dip method (Zhang et al., 2006). T1 plants were screened on plates with 680 

hygromycin. Plants of aux1-100 were then genotyped by PCR to confirm homozygosity 681 

using DNA primers WT-forward 5’-GCATGCTATGTGGAAACCACAGAAG-3’ and WT-682 

reverse 5’-tacCTGACGAGCGGAGGCAGATC-3’ and Feldmann/AZ primers for the 683 

mutant: forward 5’-gatgcactcgaaatcagccaattttagac-3’ and reverse 684 

5’-tccttcaatcgttgcggttctgtcagttc-3’. aux1-22 mutants were identified by their agravitropic 685 

phenotype. T2 plants were used for experiments. 686 

  687 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 7, 2019. ; https://doi.org/10.1101/630798doi: bioRxiv preprint 

https://doi.org/10.1101/630798
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 31 

VAEM Imaging, Measuring Cell Lengths, and Quantitative Analysis of Cortical 688 

Actin Array Architecture 689 

To measure cell sizes and obtain a corresponding measurement of each actin 690 

parameter, we collected overlapping VAEM images (single optical sections) of cortical 691 

cytoplasm in root epidermal cells expressing GFP-fABD2. Images were collected from 692 

the root apex to the first obviously visible root hair initiations. 693 

VAEM was performed using a TIRF illuminator mounted on an IX-71 microscope 694 

equipped with a 60 1.45–numerical aperture PlanApo TIRF objective (Olympus). 695 

Illumination was from a solid-state 50-mW laser (Intelligent Imaging Innovations) 696 

attenuated to 3–5% power, depending on the day, but kept the same for a single 697 

experiment/replicate. The 488-nm laser emission was captured with an electron 698 

multiplying charge-coupled device camera (ORCA-EM C9100-12; Hamamatsu 699 

Photonics). The microscope platform was operated and images collected with Slidebook 700 

software (version 6; Intelligent Imaging Innovations). A fixed exposure and gain were 701 

selected so that individual actin filaments could be seen but higher order filament 702 

structures were not intensity-saturated.  703 

Two images were collected per field of view: one to capture actin filaments in 704 

focus and one to visualize the cell side and end walls in a higher focal plane, since 705 

these are frequently clearly visible in this higher plane without staining. Each image was 706 

rotated with an image rotating macro so the longitudinal axes of the cells photographed 707 

were parallel to the horizon of the image. All micrographs were cropped and analyzed in 708 

FIJI (https://fiji.sc/). For the analysis, we lined up the overlapping images to recreate a 709 

full view of the root. In a color (RGB) version of the image stack file, we identified, 710 
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marked, numbered, and measured cells whose side and end walls were distinguishable, 711 

generally choosing cells in the middle of the root to avoid including ones that might 712 

present differences in actin architecture due to differences in the cell’s angle relative to 713 

the objective. On the RGB image stack, to better distinguish cells, we frequently 714 

enhanced brightness and contrast; all cropped images used for quantifying actin 715 

architecture and orientation were taken from original 8-bit files. Actin images were 716 

cropped along the entire length of every specified cell, and numbered to correspond to 717 

the specific cell from which they were cropped. Skewness and density were analyzed 718 

according to Higaki et al. (2010b) and Henty et al. (2011); angle and parallelness were 719 

analyzed according to Ueda et al. (2010) and Cai et al. (2014). The size of crops must 720 

be consistent for all images in an experiment and frequently individual crops were 721 

smaller than the entire length of a cell; in such cases an actin measurement was 722 

obtained for each crop and the final scatter-plotted measurement for each actin 723 

parameter for an individual cell was taken as the mean of the measurements from that 724 

cell’s particular set of crops. In Col-0 root characterization, we analyzed cell size and 725 

corresponding actin architecture for more than 180 cells from at least 20 roots total—all 726 

the cells with clearly distinguishable end walls. For effects of IAA on Col-0, cells up to 727 

85 μm were counted as belonging to “Region 2”, cells more than 94 μm were 728 

categorized as “Region 3”, and cells falling between 85–94 μm were counted in both 729 

categories. To quantify actin architecture and orientation on a “per cell” basis for the 730 

WS–aux1-100 and Col-0–aux1-22 analyses (Figure 5 and Supplemental Figures 7, 8, 731 

and 9), we used the mean value from a single cell’s set of crops as the value 732 

representing the actin measurement for that cell. For example, to fully account for all the 733 
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actin in a 160 m-long cell, 10 crops would be needed. Measurements on a per cell 734 

basis would take the mean of the density values for those 10 crops as a single density 735 

value for that cell. In determining aux1 response to IAA and NAA, we analyzed a 736 

minimum of 125 cells (from a total of at least 9 roots) per genotype per treatment. 737 

Relationships between actin parameters and cell dimensions were analyzed in Microsoft 738 

Excel and JMP.  739 

Auxin Treatments 740 

IAA was obtained from Sigma-Aldrich (I2886) and diluted to a 10 mM stock 741 

concentration in ultrapure ethanol (FisherScientific BP2818500). NAA was also from 742 

Sigma-Aldrich (N0640) and diluted to a 10 mM stock concentration in ultrapure ethanol. 743 

For experiments, each auxin was further diluted to appropriate concentrations into 744 

0.5 MS liquid medium without sucrose; for mock solution, ultrapure ethanol was added 745 

to 0.5 MS liquid medium without sucrose to match the highest concentration of IAA or 746 

NAA used. To ensure even IAA or NAA treatment of plants during 20–30 min 747 

treatments, whole seedlings were cut from agar plates and treated by soaking on their 748 

agar block in a 24-well plate. For the very short-term treatments used for 100-s 749 

timelapse movies, plants were treated on slides by being mounted in either mock or IAA 750 

solution. Imaging began almost immediately and both regions were imaged within 751 

7 min. For 20–30 min treatments, all imaging concluded within 30 min. Because 752 

darkness can stimulate degradation of cytoskeletal organizing proteins (Dyachok et al., 753 

2011) and a reorientation of actin filaments in hypocotyls (Breuer et al., 2014), plants 754 

were left under grow lights (while soaking in solution during 20-min treatments) and 755 
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slides were prepared in the light. All IAA and NAA experiments were performed and 756 

analyzed double blind.  757 

  758 
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Individual Actin Filament Dynamics 759 

Individual actin filaments were captured with 100-s timelapse VAEM using a 150 760 

1.45 NA UApoN TIRF objective (Olympus). To determine differences in actin filament 761 

behavior between shorter and longer cells, we documented cell size by taking 762 

snapshots of the entire cells from which the timelapse movies were captured. In 763 

general, movies of Region 2 cells were collected from Region 2 cells close to the root 764 

cap and movies of Region 3 cells were collected from Region 3 cells close to the end of 765 

the elongation zone (i.e., the first cell rootward of the first visible root hair initiation). All 766 

timelapse movies and regions of interest were analyzed in FIJI. To best display the 767 

representative filaments and their dynamics, brightness and contrast were enhanced in 768 

the final montages of Figure 2B and Figure 2C. Occasionally, minimal adjustments to 769 

brightness and contrast were made during analysis to more definitively follow some 770 

filaments or events. Filament severing frequency, maximum filament length, filament 771 

lifetime, and elongation rates were measured as described previously (Staiger et al. 772 

2009; Henty et al., 2011; Cai et al., 2014; Henty-Ridilla et al., 2014). To measure 773 

bundling, debundling, and annealing frequencies, we cropped ≈ 15 μm  15 μm ROIs 774 

(exact size 227.7 μm2). For measuring individual filament responses to IAA, we used 775 

≈ 7 μm  7 μm ROIs (exact size 57.8 μm2). To account for differences in filament 776 

density in short and long cells, bundling, unbundling, and annealing frequencies were 777 

normalized against filament numbers in each ROI. An incident of bundling was counted 778 

as an incident in which filament fluorescence intensity increased, either from an 779 

apparent “catch and zip” event (categorized as a “zippering event”; these events 780 

comprise approximately 90% of observed incidents of bundling) or, simply, a visible, 781 
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unambiguous increase with a minimum three-frame persistence (3 s ≥ 10% filament 782 

lifetime) in fluorescence intensity for which “catch and zip” was not specifically apparent 783 

(these were categorized as “other bundling event” and account for the remaining ≈ 10% 784 

of bundling incidents). Unbundling events were counted as incidents in which a filament 785 

was visible next to a mother filament (usually “unpeeling” over several timelapse 786 

frames) and, frequently, fluorescence intensity decreased. In cases without a visible 787 

decrease in fluorescence intensity, we included only events where the filament clearly 788 

“peeled off” from the mother filament. Incidents of annealing were counted when ends of 789 

two F-actin fragments joined together for a minimum of two frames. It was not highly 790 

unusual to see this annealing behavior join three pieces of recently severed actin 791 

filament; if three distinguishable fragments joined to form an individual filament in the 792 

same frame, this was counted as two annealing events, one between each fragment.  793 

When capturing timelapse movies to document individual filament changes in 794 

response to IAA within 7 min, we applied ≈ 70 μL of either blinded solution (10 nM IAA 795 

or mock) directly to the microscope slide, then the root and coverslip, and imaged 796 

immediately, alternately imaging Region 2 or Region 3 first so the timepoints of each 797 

dataset would average out to 0-7 min from applying the treatment to the slide.  798 

 799 

Accession Numbers 800 

Sequence data from this article can be found in the Arabidopsis Information Resource 801 

database (https://www.arabidopsis.org/) under the following names and accession 802 

numbers: AUX1 (At2G38120). 803 

 804 
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SUPPLEMENTAL MATERIALS 806 

Supplemental Table 1. Eigenvectors for Principal Component Analysis of Cell Size 807 

vs. Actin Parameters in Col-0. 808 

Supplemental Table 2. Eigenvalues for Principal Component Analysis of Cell Size 809 

vs. Actin Parameters in Col-0. 810 

Supplemental Table 3. Eigenvectors for Principal Component Analysis of Cell Size 811 

vs. Actin Parameters in WS. 812 

Supplemental Table 4. Eigenvalues for Principal Component Analysis of Cell Size 813 

vs. Actin Parameters in WS. 814 

Supplemental Table 5. Eigenvectors for Principal Component Analysis of Cell Size 815 

vs. Actin Parameters in aux1-100. 816 

Supplemental Table 6. Eigenvalues for Principal Component Analysis of Cell Size 817 

vs. Actin Parameters in aux1-100. 818 

Supplemental Table 7. Actin Architecture Measurements after IAA Treatments. 819 

Supplemental Figure 1. Epidermal Cells in Different Root Regions Exhibit Distinct 820 

Actin Filament Arrays. 821 

Supplemental Figure 2. Actin Filament Arrays Are Not Predictive of Cell Width. 822 

Supplemental Figure 3. Actin Filament Arrays Are Predictive of Cell Length. 823 

Supplemental Figure 4. Actin Arrays in Region 3 Are More Dynamic than in Region 824 

2. 825 

Supplemental Figure 5. Short-Term IAA Treatments Induce Dose-Dependent 826 

Changes in Actin Filament Organization. 827 
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Supplemental Figure 6. Short-Term IAA Treatments Induce a Time-Dependent 828 

Increase in Actin Filament Density and Longitudinal Orientation. 829 

Supplemental Figure 7. Actin Filament Organization Plotted with Respect to 830 

Corresponding Cell Length in WS and aux1-100. 831 

Supplemental Figure 8. Actin Organization in aux1-22 Fails to Respond to Short-832 

Term IAA Treatments but Partially Responds to the Membrane-Permeable Auxin 833 

NAA. 834 

Supplemental Figure 9. Actin Filament Organization Plotted with Respect to 835 

Corresponding Cell Length in Col-0 and aux1-22. 836 

Supplemental Figure 10. Hypothetical model of auxin perception by AUX1 837 

upstream of actin cytoskeleton reorganization. 838 
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FIGURE LEGENDS 1207 

Figure 1. Actin Architecture is Predictive of Epidermal Cell Length in the Root 1208 

Elongation Zone. 1209 

(A) Mosaic of root elongation zone in an Arabidopsis seedling expressing GFP-fABD2 1210 

imaged with variable angle epifluorescence microscopy (VAEM). Arrowhead, root apex; 1211 

arrow, first root hair initiation. MosaicJ was used to compile 13 original VAEM images. 1212 

Scale bar, 100 μm. 1213 

(B) Representative images of actin organization in two root regions. Scale bar, 10 μm. 1214 

(C) to (G) Quantification of actin architecture or orientation metrics plotted with respect 1215 

to corresponding epidermal cell length (D), (E), (F), and (G) or cell width (C) in two 1216 

regions within the root elongation zone. Filament architecture and orientation were not 1217 

predictable based on cell width but were highly correlated with cell length. Supplemental 1218 

Figure 2 shows results for skewness, angle, and parallelness vs. cell width, which also 1219 

showed no relationship, and Supplemental Figure 1 shows comparisons of Region 2 1220 

and Region 3 mean measurements. Mean cell length, Region 2 = 57 ± 28 μm. Mean 1221 

cell length, Region 3 = 128 ± 34 μm. Region 2 measurements are shown in purple 1222 

diamonds; Region 3 in blue circles.  1223 

N = 60–120 cells per region from 20 roots. NR, no predictive relationship; ***, 1224 

p ≤ 0.0001, Bivariate fit/ANOVA for all data points for each parameter. Results are from 1225 

one experiment. 1226 

 1227 

Figure 2. Timelapse Imaging of Cortical Actin Filaments in Root Epidermal Cells Shows 1228 

Differences in the Dynamic Behavior between Short and Long Cells.  1229 
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(A) and (C) The cortical actin cytoskeleton in 6-day-old light-grown root epidermal cells 1230 

expressing GFP-fABD2 was imaged with timelapse VAEM. Representative images of 1231 

individual filament dynamics in short cells (up to 85 μm long, Region 2) and long cells 1232 

(over 94 μm long, Region 3). On average, filaments in short cells (A; filament 1233 

highlighted in purple) elongated over 25% more slowly and grew to be nearly 30% 1234 

shorter than filaments in long cells (C; filament highlighted in blue). Severing 1235 

frequencies and filament lifetimes did not vary between regions; see Table 1. Scale bar, 1236 

5 μm. 1237 

(B) and (D) Regions of interest (ROI; 227.7 μm
2
) were selected from the same movies 1238 

as (A) and (C). Annealing occurs 10× more frequently in short cells (B; filaments 1239 

highlighted in purple) compared with long cells (D; filament highlighted in blue). 1240 

Note that four annealing events (white arrowheads) occurred within 6 s in (B) compared 1241 

with only one event in (D). Dots indicate fragments involved in annealing events. 1242 

Quantification of annealing frequencies as well as bundling and unbundling frequencies 1243 

are shown in Table 1. Although actin filament arrays in long cells were substantially 1244 

more bundled compared with short cells (see Figure 1), there were no differences in 1245 

bundling or unbundling frequencies when event frequencies were calculated on a per-1246 

minute, per-filament basis. Scale bar, 2 μm. 1247 

100-s timelapse movies were collected from short and long cells in the same 30 roots.  1248 

Note: Brightness and contrast were enhanced in the montages of Figure 2B and 1249 

Figure 2C to better show the filament and its changes. 1250 

 1251 

Figure 3. Short-Term IAA treatments Induce Changes in Actin Filament Organization. 1252 
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(A) Representative VAEM images of GFP-fABD2–labeled actin in epidermal cells from 1253 

Region 2 (≤ 85 μm long) and Region 3 (≥ 94 μm long), treated for 20–30 min with 1254 

indicated doses of IAA or mock. Scale bar, 10 μm. 1255 

(B) to (E) Quantification of actin architecture and orientation in root epidermal cells: IAA 1256 

triggered an increase in actin filament density (B) and decrease in skewness (C). 1257 

Region 2 measurements are shown in purple; Region 3 in blue. (D) and (E) After IAA 1258 

treatments, actin arrays in both regions were more “organized,” with lower average 1259 

filament angle (D) relative to the longitudinal axis of the cell and filaments generally 1260 

more parallel to each other (E). Changes in actin orientation (D) and (E) were dose-1261 

dependent, see Supplemental Figure 5.  1262 

Cells whose lengths fell between 85 and 94 μm were counted in both regions. N = 8–12 1263 

cells per region per root from at least 10 roots per treatment. ND, no statistical 1264 

differences; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.0001, oneway ANOVA, compared with 1265 

Dunnett’s Method, comparing doses to mock in each Region, in JMP. Results are from 1266 

one representative experiment of 3 similar experiments with similar results. All IAA 1267 

experiments were performed and analyzed double blind.  1268 

 1269 

Figure 4. Short-Term Auxin Treatments Cause Actin Filament Unbundling.  1270 

Representative images of individual filament bundling, unbundling, and annealing in 1271 

Region 2 cells (A) and (B) and Region 3 cells (C) and (D); mock (A) and (C) vs. 10 nM 1272 

IAA (B) and (D). Scale bar, 2 μm. 1273 

(A) and (B) Timelapse series of VAEM images show that 10 nM IAA (B) increased actin 1274 

filament unbundling in Region 2 within 7 min compared with mock (A). Note that one 1275 
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unbundling event (filament unbundling shown as blue and green dots separating) 1276 

occurred in (A) whereas three occurred in the same timespan in (B). There was also a 1277 

small but statistically significant decrease in annealing events (white arrowheads) after 1278 

IAA treatment. Other aspects of individual filament behaviors did not significantly 1279 

change after treatment; for complete quantification of all measured individual filament 1280 

dynamics, see Table 2.  1281 

(C) and (D) Treatment with 10 nM IAA (D) increased actin filament unbundling and 1282 

filament end annealing in Region 3 within 7 min compared with mock (C). Similarly as in 1283 

Region 2, IAA stimulated unbundling of actin filaments: two unbundling events are 1284 

shown in (D) compared with only one event in (C). IAA also stimulated an increase in 1285 

annealing in Region 3, where three annealing events are shown by white arrowheads 1286 

(D). 1287 

Bundling events are shown by either purple and magenta dots coming together 1288 

(zippering of two independent filaments) or a series of magenta dots increasing in size 1289 

(fluorescence intensity increase with no visible filament zippering).  1290 

100-s timelapse movies were collected from short and long cells in the same 28 6-day-1291 

old, light-grown roots.  1292 

 1293 

Figure 5. Actin Organization in aux1-100 Fails to Respond to Short-Term IAA 1294 

Treatments but Partially Responds to the Membrane-Permeable Auxin NAA. 1295 

(A) to (C) Representative VAEM images of GFP-fABD2–labeled actin in epidermal cells 1296 

from wildtype and aux1-100, treated for 20–30 min with mock (A), 10 nM IAA (B), or 1297 

100 nM NAA (C). Scale bar, 5 μm. 1298 
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(D) to (G) Quantification of actin organization in root epidermal cells. IAA failed to trigger 1299 

an increase in actin filament density in aux1-100 (D) but actin density in aux1-100 1300 

increased in response to NAA. Skewness in both genotypes did not significantly 1301 

respond to either treatment (E). Wildtype response is shown in blue and aux1-100 in 1302 

green; mock, solid; 10 nM IAA, dots; 100 nM NAA, stripes. After IAA and NAA 1303 

treatments, actin arrays in wildtype plants were more “organized,” with lower average 1304 

filament angle (F) relative to the longitudinal axis of the cell and filaments generally 1305 

more parallel to each other (G). Average actin filament angle and parallelness in 1306 

aux1-100 failed to reorganize in response to either IAA (dots) or the membrane-1307 

permeable auxin NAA (stripes).  1308 

N = 7–32 cells per root; 9–11 roots per genotype per treatment. Different letters indicate 1309 

statistically significant differences, oneway ANOVA, compared with Tukey-Kramer HSD 1310 

in JMP. Actin measurements were quantified on a per-cell basis; see Methods for 1311 

description and Supplemental Figure 7 for scatter plots. Results are from one 1312 

representative experiment of 2 similar experiments with similar results. All auxin 1313 

experiments were performed and analyzed double blind.  1314 

 1315 
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Table 1. Individual Actin Filament Behaviors in Regions 2 and 3

Parameter Region 2 Region 3

Maximum filament length (μm) 5.7  � 0.3 8.1 � 0.4***

Filament lifetime (s) 23.5 � 1.5 23.5 � 1.2ND

Elongation rate (μm/s) 0.96 � 0.05 1.32 � 0.08***

Severing frequency (breaks/μm/s) 0.04 � 0.004 0.04 � 0.003ND

Event frequency/minute per filament

Bundlinga 0.111 � 0.009 0.103 � 0.009ND

Unbundling 0.030 � 0.004 0.032 � 0.004ND

Annealing 0.100 � 0.009 0.012 � 0.003***

Values are means ± standard error.
aBundling includes both zippering (≈ 90% of observed bundling events) and “other” (remaining ≈ 10% of
observed bundling events); see Methods for more information.

Average number of actin filaments and bundles per 227.7 μm2 ROI: Region 2, 98.7 ± 4.1; Region 3,
64.6 ± 2.4.

Per region, N = at least 50 filaments from more than 25 cells from ≥ 15 roots. Bundling, unbundling, and
annealing events: per root region, N = regions of interest (ROI; 227.7 μm2) from a total of 30–37 cells from
30 roots. ND, no statistical differences; ***, p ≤ 0.001, Student’s t-test.
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Table 2. Actin Filament Dynamics after Treatment with IAA

Region 2 Region 3

Parameter/Treatment MOCK IAA MOCK IAA

Maximum filament length (μm) 5.2 ± 0.2 4.6 ± 0.2ND 9.8 ± 0.6 9.7 ± 0.4ND

Filament lifetime (s) 27.4 ± 1.9 24.9 ± 1.2ND 28.8 ± 2.2 33.9 ± 2.1ND

Elongation rate (μm/s) 0.97 ± 0.14 0.88 ± 0.05ND 1.63 ± 0.06 1.62 ± 0.07ND

Severing frequency (breaks/μm/s) 0.05 ± 0.003 0.06 ± 0.003ND 0.03 ± 0.002 0.03 ± 0.002ND

Event frequency/minute per filament

Bundlinga 0.216 � 0.023 0.170 � 0.015ND 0.239 � 0.023 0.187 � 0.015ND

Unbundling 0.092 � 0.010 0.218 � 0.017*** 0.104 � 0.012 0.208 � 0.025**

Annealing 0.172 � 0.009 0.133 � 0.013* 0.034 � 0.006 0.147 � 0.020***

Values are means ± standard error.
aBundling includes both zippering (≈ 90% of observed bundling events) and “other” (remaining ≈ 10% of observed
bundling events); see Methods for more information. These percentages hold for both mock- and IAA-treated plants.

Average number of actin filaments and bundles per 57.8 μm2 ROI: Region 2, 48.6 � 2.1; Region 2 + IAA, 48.4 � 1.6;
Region 3, 26.9� 1.1; Region 3 + IAA, 28� 1.3; see Methods.

6-day-old roots were treated with 10 nM IAA or mock and epidermal cells were imaged for up to 7 min after treatment.
Per region per treatment, N = at least 50 filaments from ≥ 20 cells from ≥ 12 roots. ND = no statistical differences,
Student’s t-test compared with mock for that region. Bundling, unbundling, and annealing events: per root region per
treatment, N = regions of interest (ROI; 57.8 μm2) from a total of 21–23 cells from 18–22 roots. *, p ≤ 0.05; **, p ≤ 0.001;
***, p ≤ 0.0001; ND, no statistical differences, Student’s t-test.
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Figure 1. Actin Architecture is Predictive of Epidermal Cell Length in the Root Elongation Zone.

(A) Mosaic of root elongation zone in an Arabidopsis seedling expressing GFP-fABD2 imaged with variable
angle epifluorescence microscopy (VAEM). Arrowhead, root apex; arrow, first root hair initiation. MosaicJ was
used to compile 13 original VAEM images. Scale bar, 100 μm.

(B) Representative images of actin organization in two root regions. Scale bar, 10 μm.
(C) to (G) Quantification of actin architecture or orientation metrics plotted with respect to corresponding
epidermal cell length (D), (E), (F), and (G) or cell width (C) in two regions within the root elongation zone.
Filament architecture and orientation were not predictable based on cell width but were highly correlated with cell
length. Supplemental Figure 2 shows results for skewness, angle, and parallelness vs. cell width, which also
showed no relationship, and Supplemental Figure 1 shows comparisons of Region 2 and Region 3 mean
measurements. Mean cell length, Region 2 = 57 ± 28 μm. Mean cell length, Region 3 = 128 ± 34 μm. Region 2
measurements are shown in purple diamonds; Region 3 in blue circles.

N = 60–120 cells per region from 20 roots. NR, no predictive relationship; ***, p ≤ 0.0001, Bivariate fit/ANOVA for
all data points for each parameter. Results are from one experiment.
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Figure 2. Timelapse Imaging of Cortical Actin Filaments in Root Epidermal Cells Shows Differences in the
Dynamic Behavior between Short and Long Cells.

(A) and (C) The cortical actin cytoskeleton in 6-day-old light-grown root epidermal cells expressing GFP-fABD2
was imaged with timelapse VAEM. Representative images of individual filament dynamics in short cells (up to

85 μm long, Region 2) and long cells (over 94 μm long, Region 3). On average, filaments in short cells (A;
filament highlighted in purple) elongated over 25% more slowly and grew to be nearly 30% shorter than

filaments in long cells (C; filament highlighted in blue). Severing frequencies and filament lifetimes did not
vary between regions; see Table 1. Scale bar, 5 μm.

(B) and (D) Regions of interest (ROI; 227.7 μm2) were selected from the same movies as (A) and (C). Annealing
occurs 10× more frequently in short cells (B; filaments highlighted in purple) compared with long cells (D;
filament highlighted in blue). Note that four annealing events (white arrowheads) occurred within 6 s in (B)
compared with only one event in (D). Dots indicate fragments involved in annealing events. Quantification of
annealing frequencies as well as bundling and unbundling frequencies are shown in Table 1. Although actin
filament arrays in long cells were substantially more bundled compared with short cells (see Figure 1), there
were no differences in bundling or unbundling frequencies when event frequencies were calculated on a per-

minute, per-filament basis. Scale bar, 2 μm.

100-s timelapse movies were collected from short and long cells in the same 30 roots.

Note: Brightness and contrast were enhanced in the montages of Figure 2B and Figure 2C to better show the

filament and its changes.
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Figure 3. Short-Term IAA treatments Induce Changes in Actin Filament Organization.

(A) Representative VAEM images of GFP-fABD2–labeled actin in epidermal cells from Region 2 (≤ 85 μm long)
and Region 3 (≥ 94 μm long), treated for 20–30 min with indicated doses of IAA or mock. Scale bar, 10 μm.

(B) to (E) Quantification of actin architecture and orientation in root epidermal cells: IAA triggered an increase in
actin filament density (B) and decrease in skewness (C). Region 2 measurements are shown in purple; Region 3
in blue. (D) and (E) After IAA treatments, actin arrays in both regions were more “organized,” with lower average
filament angle (D) relative to the longitudinal axis of the cell and filaments generally more parallel to each other
(E). Changes in actin orientation (D) and (E) were dose-dependent, see Supplemental Figure 5.

Cells whose lengths fell between 85 and 94 μm were counted in both regions. N = 8–12 cells per region per root
from at least 10 roots per treatment. ND, no statistical differences; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.0001,
oneway ANOVA, compared with Dunnett’s Method, comparing doses to mock in each Region, in JMP. Results
are from one representative experiment of 3 similar experiments with similar results. All IAA experiments were
performed and analyzed double blind.
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Figure 4. Short-Term Auxin Treatments Cause Actin Filament Unbundling.

Representative images of individual filament bundling, unbundling, and annealing in Region 2 cells (A) and (B)
and Region 3 cells (C) and (D); mock (A) and (C) vs. 10 nM IAA (B) and (D). Scale bar, 2 μm.
(A) and (B) Timelapse series of VAEM images show that 10 nM IAA (B) increased actin filament unbundling in
Region 2 within 7 min compared with mock (A). Note that one unbundling event (filament unbundling shown as
blue and green dots separating) occurred in (A) whereas three occurred in the same timespan in (B). There was
also a small but statistically significant decrease in annealing events (white arrowheads) after IAA treatment.
Other aspects of individual filament behaviors did not significantly change after treatment; for complete
quantification of all measured individual filament dynamics, see Table 2.

(C) and (D) Treatment with 10 nM IAA (D) increased actin filament unbundling and filament end annealing in
Region 3 within 7 min compared with mock (C). Similarly as in Region 2, IAA stimulated unbundling of actin
filaments: two unbundling events are shown in (D) compared with only one event in (C). IAA also stimulated an
increase in annealing in Region 3, where three annealing events are shown by white arrowheads (D).

Bundling events are shown by either purple and magenta dots coming together (zippering of two independent
filaments) or a series of magenta dots increasing in size (fluorescence intensity increase with no visible filament
zippering).

100-s timelapse movies were collected from short and long cells in the same 28 6-day-old, light-grown roots.
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Figure 5. Actin Organization in aux1-100 Fails to Respond to Short-Term IAA Treatments but Partially Responds
to the Membrane-Permeable Auxin NAA.

(A) to (C) Representative VAEM images of GFP-fABD2–labeled actin in epidermal cells from wildtype and
aux1-100, treated for 20–30 min with mock (A), 10 nM IAA (B), or 100 nM NAA (C). Scale bar, 5 μm.

(D) to (G) Quantification of actin organization in root epidermal cells. IAA failed to trigger an increase in actin
filament density in aux1-100 (D) but actin density in aux1-100 increased in response to NAA. Skewness in both
genotypes did not significantly respond to either treatment (E). Wildtype response is shown in blue and aux1-100
in green; mock, solid; 10 nM IAA, dots; 100 nM NAA, stripes. After IAA and NAA treatments, actin arrays in
wildtype plants were more “organized,” with lower average filament angle (F) relative to the longitudinal axis of
the cell and filaments generally more parallel to each other (G). Average actin filament angle and parallelness in
aux1-100 failed to reorganize in response to either IAA (dots) or the membrane-permeable auxin NAA (stripes).

N = 7–32 cells per root; 9–11 roots per genotype per treatment. Different letters indicate statistically significant
differences, oneway ANOVA, compared with Tukey-Kramer HSD in JMP. Actin measurements were quantified
on a per-cell basis; see Methods for description and Supplemental Figure 7 for scatter plots. Results are from
one representative experiment of 2 similar experiments with similar results. All auxin experiments were
performed and analyzed double blind.
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