
 
Supplemental Table I: Reported membrane potential values for various plant species and tissues under an array of physiologically relevant conditions published in the 

literature 

Plant species Tissue Conditions Reported MP range  Reference  

Arabidopsis thaliana (WT) Root epidermis Control -114 – 125 mV Bose et al (2015) Ann Bot 

Arabidopsis thaliana (WT) Root epidermis Control 

50 mM NaCl 

-124 -128 mV 

-62 – 68 mV 

Shabala et al (2005) Planta 

Arabidopsis thaliana (GABA mutants) Root epidermis Control 

100 mM NaCl 

-92 -105 mV 

- 32 - 58 mV 

Su et al (2019) J Exp Bot 

Arabidopsis thaliana (HY mutants) Root epidermis Control 

100 mM NaCl 

-128-135 mV 

-25 – 52 mV 

Bose et al (2013) J Exp Bot 

Arabidopsis thaliana (WT) Root epidermis Control -100 – 106 mV Wu et al (2021) Plant Comm 

Arabidopsis thaliana (WT) Root epidermis 80 mM NaCl - 48 – 93 mV Cuin and Shabala (2007) Planta 

Barley (various genotypes) Root epidermis Control 

80 mM NaCl 

-108 -110 mV 

-55 – 60 mV 

Shabala et al (2016) Plant Physiol 

Barley (>100 HD lines) Root epidermis Hypoxia -40 -115 mV Gill at el (2018) Frontiers Plant Sci 

Barley (various genotypes) Root epidermis Control 

80 mM NaCl 

-118-122 mV 

-60 -78 mV 

Bose et al (2014) Plant Cell Environ 

Barley (various genotypes) Root epidermis Control 

80 mM NaCl 

- 122 – 129 mV 

- 46 – 82 mV 

Chen et al (2007) Functional plant phys 

Barley Root stele Control 

20 mV NaCl 

-116 – 118 mV 

- 70 – 80 mV 

Shabala et al (2010) Plant J 

Maize Root epidermis Control 

100 mM NaCl 

-114 – 118 mV 

-52 – 60 mV 

Shabala et al (2009) Plant Cell Environ 

Maize Root stele Control 

100 mM NaCl 

-121 – 138 mV 

-36 – 42 mV  

Wegner et al (2011) Plant Cell Environ 

Wheat Root epidermis control 

80 mM NaCl 

-120 -124 mV 

-60 - 64 

Cuin et al (2008) J Exp Bot 

Wheat Root epidermis Control  

50 M Al3+ 

-110 – 114 mV 

-102 -118 mV 

Wherrett et al (2005) Funct Plant Biol 

Atriplex Root apex Control 

100 mM NaCl 

-130 -132 mV 

30 - 36 mV 

Bose et al (2015) Ann Bot 

Quinoa Root apex Control 

100 mM NaCl 

- 128 -130 mV 

-38 to - 42 mV 

Bose et al (2015) Ann Bot 

Thinoporium ponticum  Root epidermis Control 

Anoxia 

-105 – 100 mM 

-88 – 92 mV 

Teakle et al (2013) Env Exp Bot 

Bean Mesophyll Control -106 -123 mV Shabala et al (2000) J Exp Bot 

Bean Mesophyll Control -110 – 118 mV Shabala et al (1999) Plant Physiol 

Bean Mesophyll 50 mM NaCl - 38 - 42 mV Percey et al (2014) Planta 

Carpobrothus rossii Mesophyll 

Storage parenchyma 

Control 

Control 

-62 -64 mV 

-68 -72 mV 

Zeng et al (2018) Plant Cell Environ 
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Figure S1. a,b) Effect of DISBAC2(3) staining (0µM and 15µM) on primary root elongation (µm/minute) measured b) every 

30 minutes over 10 hours grown on agar surface and b) measured every 5 minutes over 40 minutes and imaged using the spinning 

disk microscope. c) DISBAC2(3) fluorescence in response to a KCl gradient (0.01 to 100mM by x10 increments). d,e) Effect of sucrose 

in ½ MS on Col0 membrane potential measured by d) microelectrode and e) DISBAC2(3). Scale bars = 50µm.  n= are indicated on 

figures. (c) Representative microscopy pictures of two independent experiments (median measured values). ***: p-value<0.0005. *: 

p-value<0.05. Statistical analysis for (a,b,d,e) were conducted with a two-sided non-parametric Student test. ***: p-value<0.0005, **: 

p-value<0.005, *: p-value<0.05.  

  



 

Figure S2. a,b) Schematic of the closable PDMS microfluidic chip. c) Effect of an IAA gradient on Col0 membrane potential 
after 20 minutes of treatments. Representative microscopy images from two independent experiments (median measured values), 
fluorescence lookup table indicated next to images. Scale bar = 50µm. 

  



 

Figure S3. a-e) Effect of 10nM IAA on the rapid response of Col0, aux1, pin2 and aux1pin2.  a) Representative images of 
the membrane potential reporter in time. b) Mean change in membrane potential (in %) over 5 minutes of treatment and c) delta of 5 
minutes treatment over 5 minutes control media. d) Root elongation over 10 minutes of treatment, mean change (in %) over 5 minutes 
of treatment and e) delta of 5 minutes treatment over 5 minutes control media. Application of treatments is indicated by a black arrow. 
For b and d, standard errors were not added to simplify reading. The selected microscopy pictures are representing the median 
fluorescence value. Fluorescence look up table indicated next to images, scale bar = 50µm. n= is indicated on figures. ***: p-
value<0.0005. Statistical analysis for (c,e) were conducted with a two-sided non-parametric multiple comparison with Dunnett contrast 
and logit approximation. ***: p-value<0.0005, **: p-value<0.005, *: p-value<0.05. 

 
  



 

Figure S4. a) Effect of pico-cvxIAA on root elongation ratio of 16-20 minutes treatment over 5 minutes control media during 
microfluidics experiment. b,c) Effect of IAA and pico-cvxIAA on the steady state response of Col0 and ccvTIR1 b) root tip membrane 
potential and c) primary root elongation (µm/minute). Steady state corresponds to the fluorescence of roots after 20 minutes of 
treatment in agar medium and root elongation measured over 40 minutes. n= is indicated on figures. ***: p-value<0.0005, *: p-
value<0.05. Statistical analysis for (a) were conducted with a two-sided non-parametric Student test. ***: p-value<0.0005, **: p-
value<0.005, *: p-value<0.05. For (b,c) statistics were conducted with a two-sided non-parametric multiple comparison with Tukey 
contrast and logit approximation. Letters indicates the significantly different statistical group with a p-value<0.05 minimum. 

  



 

Supplemental 5. a) Schematic of the setup for high spatio-temporal resolution measurements of gravitropic bending with a 
vertical stage microscope. b),c) Effect of DISBAC2(3) staining (0µM and 15µM) on means +/- SD bending (SD represented as shaded 
areas) gravitropic root bending b) root tip angle measured every 30 minutes over 10 hours with a flatbed scanner setup and c) 
measured every 5 minutes over 40 minutes grown in the imaging chamber on the spinning disk microscope. d) Schematic 
representing the gravitropic experiment: After 25 minutes of recovery, chamber was turned 90° clockwise and imaged for 12 minutes. 
e),f) Quantification of e) Col0 and f) afb1-3 transition zone membrane potential ratio S2/S1 after 90° clockwise rotation and S2/S1 
after 180° anticlockwise rotation. For (e,f) statistics were conducted with a two-sided non-parametric multiple comparison with Tukey 
contrast and logit approximation. Letters indicates the significantly different statistical group with a p-value<0.05 minimum. 

 
  



Supplementary method 
Root bending angles for high spatiotemporal gravibending experiments were semi-automatically measured with an 

ImageJ macro and an R script. 
Estimation of the root surface was obtain using an ImageJ macro with manual and automated processes for critical steps. First, 
the stack of images was stabilized on the root tip (a). Then, the stack was corrected by various image treatments (Bleach correction, 
Enhance contrast and Creating background,b-e) for more accurate thresholding. The stack was then transformed into a binary 
image (f) and manually cropped (g). Finally, the root surface (x,y) coordinates of each time frames were exported as a text file (h). 
Once the root surface coordinates were imported into R by a R script (i), every time frame was individually automatically 
manipulated to calculate the root bending angle. First, the root perimeter was detected by searching for the maximum (upper 
side of the root) and minimum (lower side of the root) y values for each individual x values. Root perimeter was represented by 
one upper and one lower side curve (j). Then, to ensure that all roots and time frames were treated in the same space we 
normalized the coordinates in space by applying a translation of yminimum and ymaximum to x0 (k). From these two perimeter curves, we 
estimated the middle of the root by using a polynomial regression of the third degree and its prediction over the [xminimum:xmaximum] range 
(l). Using the upper and lower curves and their intersection points at the root tip, we drew a horizontal line cutting the root tip in 
two equal parts. The line was passing by the first coordinates of the middle fitting curve (at the root tip) and a point 600 pixels 
further (shootward) (magenta line, m). The same principle was applied on the mature zone side by drawing a line passing by the 
maximum middle model value MZ side and a value 600 pixels before (n). This last line was then rotated by 90° and translated in 
space to be in the middle of the root (o). These last steps ensured that the script could measure both arbitrary negative (upward 
bending) and positive (downward bending) values. The reference line was only calculated on the first time frame and was used as 
a reference for each individual root. This translation does not affect is not relevant for root angle per se but is important to have 
the line into the output graphic. Finally, using the package LearnGeom, the angle (indicated in red on p) between the root tip line 
(blue line) and the perpendicular line (orange line) was measured. This process was carried out on each root, individually. Once 
all the angles for one root were calculated, the first angle was subtracted from all the subsequent angles to obtain the relative 
root bending.  
The scripts used for this measurement are available at https://sourceforge.net/projects/gravifast. 



 
a) Imported original tiff stack 
b) Manual rectangular selection of the root tip to automatically apply root tip stabilization 
c) Bleach correction to make the background between time frames homogeneous 
d) Enhance contrast 
e) Pixel averaging 10x10 into one 
f) Thresholding 
g) Binary and manually cropped image 
j) Export of coordinates covering the area of the root in each time frame individually 
i) Raw coordinates from ImageJ export plotted in R 
j) Isolation of the root perimeter coordinates 
k) Normalization by translation to x0 
l) Green line represents the middle of the root obtained by fitting lower and upper side curves with a polynomial of the third degree 
m) Blue line is cutting root tip in two equal surfaces 
n) Magenta line is cutting the shootward side of the root in two equal surfaces 
o) Orange line is a perpendicular line to the green one. The red angle is the calculated angle 


