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Abstract 18 
Gravitropism and phototropism play a primary role in orienting root growth. Tropistic responses of roots 19 
mediated by gravity and light have been extensively investigated, and a complex mutual interaction 20 
occurs between these two tropisms. To date, most studies have been conducted in 1g, microgravity, or 21 
simulated microgravity, whereas no studies investigated root phototropism in hypergravity. Therefore, 22 
we studied the effects of several gravity treatments with those of different light wavelengths on root 23 
orientation. Here, we report growth and curvature of Brassica oleracea roots under different g levels, 24 
from simulated microgravity up to 20g, and unilateral illumination with different spectral treatments 25 
provided by light emitting diodes. Microgravity was simulated with a random positioning machine 26 
whereas hypergravity conditions were obtained using the Large Diameter Centrifuge at the laboratories 27 
of the European Space Agency in the Netherlands. Four light treatments (white light, blue light, red 28 
light, and dark) were used in these studies. Overall, roots of seedlings grown in the dark were longer 29 
than those developed under unilateral light treatments, regardless of the gravity level. Unilateral blue 30 
light or white light stimulated a negative phototropism of roots under all g levels, and root curvature 31 
was not affected by either hypergravity or simulated microgravity compared to 1g. Results also 32 
confirmed previous findings on the effect of light intensity on root curvature and highlighted the 33 
relevance of blue-light photon flux density in root phototropism. Roots illuminated with red light 34 
showed a slight curvature in 1g and simulated microgravity but not in hypergravity. Moreover, root 35 
curvature under red light was similar to dark-grown roots in all g levels, suggesting a possible 36 
involvement of surface-dependent phenomena in root skewing under either red light or dark. Molecular 37 
pathways of root phototropism of B. oleracea will be clarified in further studies, which can confirm 38 
phototropic responses in the weightless environment of orbiting spacecraft. Nevertheless, according to 39 
our findings, directional lighting represents an effective stimulus to guide plant growth in altered gravity 40 
conditions. 41 
 42 
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1. Introduction 49 

Gravitropism and phototropism are directional growth responses of plant organs to gravity and light, 50 

respectively. Numerous studies have focused on plant tropisms since those of Darwin who pioneered 51 

modern research on gravitropism and phototropism (Darwin and Darwin, 1880). During the water-to-52 

land transition, higher plants faced the constant action of gravity and evolved rapid gravitropic responses 53 

of roots which facilitated the adaptation to the terrestrial environment (Zhang et al., 2019). Generally, 54 

to harvest light while anchoring to the substrate, plants orient shoots toward the light (positive 55 

phototropism) and away from the gravity vector (negative gravitropism) and, conversely, orient roots 56 

into the soil, away from light (negative phototropism) and toward the direction of gravity (positive 57 

gravitropism) (Gilroy, 2008). Plant roots have also evolved several other tropisms (e.g., hydrotropism, 58 

chemotropism, thigmotropism, magnetotropism, electrotropism, and phonotropism) to orient their 59 

growth according to a wide range of environmental stimuli, and phototropism is among the most studied 60 

together with gravitropism (Muthert et al., 2020). 61 

 62 

As already reported in the late 1800s by Darwin and Darwin (1880), the root tip acts as a “brain” in 63 

governing organ orientation by actively perceiving and responding to tropistic stimuli. To date, four 64 

different zones with distinct cell populations in the root tip of Arabidopsis thaliana have been reported 65 

(Verbelen et al., 2006; Baluška et al., 2010), as well as the location of all known sensor and action 66 

regions involved in root tropisms (Muthert et al., 2020). Specifically, sensors for root gravitropism and 67 

phototropism are in the root cap and in the elongation zone, whereas action regions for root gravitropism 68 

and phototropism are the transition zone and the elongation zone, respectively (Blancaflor et al., 1998; 69 

Briggs and Christie, 2002; Mullen et al., 2002; Sakamoto and Briggs, 2002; Wolverton et al., 2002; Kiss 70 

et al., 2003). Although gravitropism and phototropism have completely different sensors for tropistic 71 

stimuli (i.e., statoliths for gravity, phototropins and phytochromes for light), their transduction pathways 72 

exhibit a complex interaction in the control of organ orientation (Correll and Kiss, 2002). According to 73 

the Cholodny-Went theory, the accumulation of auxin in the root tip on the side closest to the direction 74 

of gravity inhibits cell elongation within the basal zone, causing the root to bend in the direction of the 75 

gravity vector (Geisler et al., 2014; Krieger et al., 2016). Similarly, root phototropism acts through 76 

differential auxin distribution mediated by asymmetrical distribution of PIN FORMED 2 (PIN2) 77 

proteins upon PHOTOTROPIN 1 (PHOT1) activation (Pedmale et al., 2010; Zhang et al., 2014). In this 78 

model, NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3) influences PIN2 distribution and is a point of 79 

interaction for gravitropic and phototropic signaling (Wan et al., 2012). Nevertheless, a study on A. 80 

thaliana by Kimura et al. (2018) suggests that the asymmetrical increase in auxin on the illuminated 81 

side of the root is a gravitropic reaction following the initial phototropic bending. 82 

 83 

Interaction of root gravitropism and phototropism also involves the phytochrome-dependent regulation 84 

of PHYTOCHROME KINASE SUBSTRATE 1 (PKS1) which negatively regulates gravitropism and 85 
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contributes to phototropin-mediated phototropism (Boccalandro et al., 2008). Phytochromes are also 86 

directly involved in the regulation of root phototropism and the different responses of phytochrome A 87 

and phytochrome B allow the integration of multiple environmental stimuli including gravity (Kiss et 88 

al., 2003). Phytochromes are involved in several responses of plants and their photosensory activity 89 

relies on a reversible switching between inactive and active form mediated by red and far-red light 90 

(Quail, 2002). However, phytochromes are photoreceptors that also absorb blue light, which can 91 

influence the phytochrome photoequilibrium with implications in plant photomorphogenesis (Smith, 92 

2000; Meng and Runkle, 2017; Kong et al., 2018; Kong et al., 2019), possibly affecting also phototropic 93 

responses. 94 

 95 

Although positive gravitropism of roots is ubiquitous in higher plants (e.g., Ge and Chen, 2016), root 96 

phototropic responses exhibit considerable variability. Systematic studies on a total of about 300 species 97 

reported that about a half did not react to unilateral white light, whereas the other half showed a negative 98 

phototropism of roots, and a few species displayed a positive response (Schaefer, 1911; Hubert and 99 

Funke, 1937). More recently, tropism research has focused on disentangling the molecular pathways in 100 

A. thaliana (Muthert et al., 2020), whose roots show negative phototropic responses to white and blue 101 

light like most species of the Brassicaceae family tested by Schaefer (1911) and Hubert and Funke 102 

(1937). To date, it is known that A. thaliana roots can exhibit negative and positive phototropism to blue 103 

and red light respectively (Kiss et al., 2012), but also that phototropic responses may not be predictable 104 

in altered gravity as in the case of the blue-light positive phototropism discovered in microgravity 105 

(Vandenbrink et al., 2016). Specifically, the blue-light positive phototropism of roots was only 106 

detectable at gravity levels below 0.3 g and pre-treatment with 1 h of red light enhanced the response 107 

(Vandenbrink et al., 2016). Similarly, other tropisms have been revealed in microgravity such as the 108 

chemotropism of Daucus carota roots toward disodium phosphate (Izzo et al., 2019), and the red-light 109 

phototropism of A. thaliana hypocotyls (Millar et al., 2010; Kiss et al., 2012), indicating that the 110 

relatively strong gravitropic responses typically mask other tropisms. 111 

 112 

According to the vector hypothesis, the actual degree of root bending in A. thaliana depends on the 113 

phototropic response and a counteracting gravitropic response, resulting as the sum of gravity and light 114 

vectors (Okada and Shimura, 1992; Vitha et al., 2000). Phototropic responses involve deviation of the 115 

growth direction from the gravity vector and generate a gravitational stimulus that partially counteracts 116 

phototropism. Consequently, mutants with deficient gravitropic response show enhanced root 117 

phototropism (Okada and Shimura, 1992; Vitha et al., 2000). Similarly, it has been shown that 118 

attenuating the effects of gravity or using mutants that are impaired in gravisensing, the red-light positive 119 

phototropism of roots can be revealed (Ruppel et al., 2001; Kiss et al., 2003; Kiss et al., 2012). Tropism 120 

research has also shown that both positive and negative phototropic responses of A. thaliana roots are 121 

dependent on photon flux density at very low values and saturate at about 10 μmol m-2 sec-1, whereas 122 
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responses are constant at higher photon flux densities for both blue- and red-light phototropism (Sakai 123 

et al., 2000; Kiss et al., 2003). 124 

 125 

Overall, these findings suggest that changes in the quality and magnitude of light and gravity stimuli 126 

can influence the interaction of gravitropism and phototropism in roots. Despite the extensive research 127 

conducted under gravity conditions ranging from microgravity to 1g, few experiments investigated root 128 

tropisms in hypergravity (Muthert et al., 2020). It has been shown that an acceleration of 5g is required 129 

for the restoration of root gravitropism in starchless mutants of Arabidopsis and this response was 130 

associated with increased sedimentation of plastids (Fitzelle and Kiss, 2001). Still, no studies 131 

investigated the interaction of gravitropism and phototropism of roots under hypergravity conditions. It 132 

remains to be verified whether the same relationship between root gravitropism and phototropism holds 133 

when increasing the magnitude of gravity using different light spectra. Furthermore, it is necessary to 134 

expand the knowledge on plant tropisms to other species, particularly considering candidate crops for 135 

cultivation in space where gravity conditions can alter the interaction between the different tropisms 136 

(Izzo et al., 2021a). Recently, the increasing possibility of performing experiments in altered gravity, 137 

together with the development of narrow-band Light Emitting Diodes (LEDs), is paving the way toward 138 

a better understanding of gravitropism and phototropism interaction (Borst and van Loon, 2009; Gómez 139 

and Izzo, 2018). 140 

 141 

In this study, we tested the hypothesis that changes in light quality and magnitude of gravity can 142 

influence the net effectiveness of root gravitropism and phototropism of Brassica oleracea seedlings. 143 

We analyzed growth and curvature of roots under different g levels, from simulated microgravity up to 144 

20g, in combination with different spectral treatments provided by LEDs and dark conditions. 145 

 146 

2. Materials and methods 147 

 148 

2.1. Experimental design and facilities 149 

The experiment was performed using the Ground Based Facilities at the European Science and 150 

Technology Center in Noordwijk (NL) (Frett et al., 2016) in the framework of the ROOTROPS project 151 

funded by the European Space Agency. The experiment consisted of two runs, each including 6 gravity 152 

levels (1g, 5g, 10g, 15g, 20g, and simulated microgravity) and 4 light treatments (white light, blue light, 153 

red light, and dark). Conditions of 1g and hypergravity were obtained within gondolas of the Large 154 

Diameter Centrifuge (LDC) (van Loon et al., 2008), whereas a Random Positioning Machine (RPM) 155 

(Fokker / Dutch Space / EADS, Leiden, the Netherlands) was used to simulate microgravity. The 156 

experiment was performed using square Petri dishes (12 × 12 × 1.5 cm) as seedling experimental 157 

container (EC) and specifically developed external hardware to hold the seedling-containers for both 158 

RPM and LDC (Aronne et al., under review). The external hardware consisted of a multi-slot box with 159 
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an adjustable LED system to provide a stable housing for the ECs, gravity direction according to the 160 

seedling root/shoot axis and unilateral light treatments perpendicular to the gravity vector (Figure 1A). 161 

Each box housed five ECs per light treatment for a total of 20 ECs which were randomly distributed 162 

within the box.  163 

 164 

 165 

Figure 1. Experimental device used for the ROOTROPS experiment. A) multi-slot box with light-emitting diodes 166 
(LEDs) and the experimental container (EC). White arrows labeled g and L indicate the direction of gravity and 167 
light vectors, respectively; B) strip of white filter paper punctured and folded to hold the seedlings; C) experimental 168 
container with five seedlings (Aronne et al., under review). 169 

 170 

2.2. Plant material and EC setup 171 

Seeds of B. oleracea (Bavicchi S.p.A., Italy, batch n. 181654) were surface sterilized in 3% (v/v) sodium 172 

hypochlorite/water solution for 5 min and then rinsed with sterile water. Seeds were subsequently 173 

germinated on wet filter paper (cellulose; 67 g/m2) in a growth chamber at 26 °C under continuous 174 

fluorescent white light for 24 h. During germination, seeds were placed within Petri dishes on a 45° 175 

inclined plane to facilitate a straight downward protrusion of roots.  176 

 177 

The ECs were lined with black paper (cellulose; 21 g/m2) which was successively wetted with deionized 178 

water. Seedlings with a root length of approximately 10 mm were placed in the ECs using a strip of 179 

filter paper punctured in five aligned points and folded to form a pocket aimed to insert the roots and 180 

anchor the seedlings (Figure 1B).  Five seedlings of B. oleracea were then placed within each EC (Figure 181 

1C) for a total of 1200 seedlings tested during the two experiment runs (5 seedlings × 5 ECs × 4 light 182 

treatments × 6 gravity levels × 2 experiment runs). The ECs with the seedlings were then placed within 183 

the multi-slot box and kept in vertical position for 12 h under dark conditions to promote root anchoring 184 

to the black paper. Each run was then performed at an ambient temperature of 26 °C for 24 h. The 185 

experiment was monitored by means of internal cameras which also provided a time-lapse video of 186 
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seedling growth (Video S1). 187 

 188 

2.3. Gravity treatments 189 

Four different hypergravity levels were tested using the gondolas of the LDC. Overall set up of the 190 

gondolas was defined to achieve the nominal gravity values, namely 5g, 10g, 15g, and 20g, at the center 191 

of the holder boxes. The 1g control treatment was set up using a static gondola placed in the same room 192 

as the centrifuge to have the same environmental conditions.  193 

 194 

Simulated microgravity was tested using RPM with a configuration of five ECs per treatment. All 195 

seedlings were located less than 10 cm from the center of rotation to reduce residual centrifugal force 196 

due to rotation (van Loon, 2007; Hasenstein et al., 2015). Running at a maximum random speed of 60°/s 197 

the residual acceleration was less than 10-4g. The system was also set to random direction and interval. 198 

 199 

2.4. Light treatments 200 

Four light treatments were tested in this study: white light, blue light, red light, and dark conditions. A 201 

spectroradiometer (SS-110, Apogee Instruments Inc.) was used to determine the emission spectrum of 202 

each LED source in the range of 340 to 820 nm and to generate a light-intensity map within the EC for 203 

each light treatment (Figure 2). The blue and red LED lamps had peak wavelengths of 443 nm and 632 204 

nm, respectively, whereas white light provided a broad spectrum consisting of 25% blue (400 to 500 205 

nm), 53% green (500 to 600 nm), and 21% red (600 to 700 nm) (Figure 2).  206 

 207 
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 208 

Figure 2. Normalized spectral power distribution of the light-emitting diode lamps used in this study: (W) white 209 
light; (B) blue light; (R) red light. Spectral scans were recorded at 5 cm distance from the light sources with a 210 
spectroradiometer. 211 

 212 

Light intensity was controlled using dimmers connected to the LED light sources. Light treatments using 213 

white, blue, and red LEDs had an average photon flux density (PFD) of 79, 49, 40, 36, and 32 μmol m−2 214 

s−1 at 2, 4, 6, 8, and 10 cm distance from the light source, respectively (Figure 3). Dark conditions were 215 

assured by wrapping ECs with aluminum foil and the light mixing between spectral treatments was 216 

avoided separating the ECs with a black foam. To test root phototropic responses, unilateral light 217 

treatments were provided by LEDs placed on the side of the ECs with light direction perpendicular to 218 

the direction of gravity (Figure 1 and Figure 3). The configuration of the light source and the EC 219 

determined a range of light intensity decreasing from ≈ 80 μmol m−2 s−1 (seedlings placed at 2 cm 220 

distance from the LEDs) to ≈30 μmol m−2 s−1 (seedlings placed at 10 cm distance from the LEDs) for 221 

all light treatments (Figure 3). For additional details please see Aronne et al. (under review). 222 

 223 
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 224 

Figure 3. Light-intensity map for white, blue, and red LEDs within square Petri dish (12 × 12 cm) used in this 225 
study. The values reported in the tables refer to the photon flux density (μmol m−2 s−1). Green letters indicate the 226 
different positions of seedlings according to their distance from the light source (a = 2 cm; b = 4 cm; c = 6 cm; d 227 
= 8 cm; e = 10 cm). White arrows labeled g and L indicate the direction of gravity and light vectors, respectively. 228 
 229 

2.5-Image analysis and measurement of root curvature 230 

At the end of each experiment run, the samples were photographed using a camera (α7 II, SONY) 231 

mounted on a photographic workstation keeping track of ECs orientation with respect to the direction 232 

of gravity and light. Images were analyzed using the package NeuronJ within the software ImageJ 233 

v1.53e (Schneider et al., 2012).  234 

 235 

The image analysis traced a line for each root developed within the ECs providing the root length and 236 

the spatial coordinates (x, y) of the points forming the line (Figure 4). The starting point of each root 237 

was set as origin (x = 0; y = 0) considering the Y axis parallel to the gravity vector and perpendicular to 238 

the direction of light. We then calculated the angles between the Y axis and each vector between two 239 

consecutive points of the root tracing (Figure 4). For each root, the degree of curvature was then 240 

averaged based on measurements on the last ten vectors starting from the root tip. The plus (+) or minus 241 

(-) sign preceding the degree of curvature indicates whether the phototropic response was positive or 242 

negative, respectively. 243 
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 244 

Figure 4. Image analysis of root growth and curvature. Red dots represent the points of the root tracing. Green 245 
arrow indicates the direction of gravity vector (Y-axis). Red arrows represent the vectors between two consecutive 246 
points of the root tracing. Angles (αi) were calculated between Y-axis and each vector. 247 
 248 

2.7-Data analyses 249 

The influence of gravity and light, and their interaction on growth and curvature of B. oleracea roots 250 

was analyzed by means of generalized linear mixed model. We set the experimental replications and 251 

their interaction with treatments as random effects for the model. Pairwise comparisons were performed 252 

using Tukey’s post-hoc test (P<0.05) to identify differences among individual treatments.  253 

For each light treatment, a regression analysis was then used to evaluate the quantitative response of 254 

root curvature to light intensity (PFD) or gravity (g), setting the treatment of simulated microgravity as 255 

0g. All data were processed and analyzed using Excel ver. 16 (Microsoft Corp.) and SPSS Statistics ver. 256 

21 (IBM Corp.). 257 

 258 

3. Results 259 

 260 

Light treatments significantly affected the degree of curvature of B. oleracea roots grown under all 261 

gravity conditions tested in this study (Figure 5). Unilateral blue or white light stimulated a negative 262 

phototropic response of roots. The effect was similar between blue and white light with a mean response 263 

ranging from -40° to -41° among the six gravity treatments tested in this study. Differently, roots grown 264 

under unilateral red light showed an average degree of curvature approximately equal to 0° under 265 

hypergravity conditions (5 to 20 g), an angle of 13° under simulated microgravity and 5° at 1g. Similar 266 

to roots under red light, dark-grown roots showed a straight growth under hypergravity, and an average 267 

degree of curvature of 16° and 5° under simulated microgravity and 1g, respectively. 268 



10 
 

 269 

 270 

Figure 5. Effect of light treatments (dark conditions = dark-grey symbols; red light = red symbols; blue light = 271 
blue symbols; white light = light-grey symbols) on root curvature of Brassica oleracea seedlings grown at different 272 
gravity levels (RPM, 1g, 5g, 10g, 15g, 20g). Each boxplot represents the measurements of 50 roots. Boxplots span 273 
the first to the third quartiles of the data. Error bars indicate minimum and maximum values. The line in each box 274 
represent the median. Different letters indicate significant differences between light treatments according to an 275 
ANOVA followed by Tukey’s multiple comparison test (P<0.05). 276 
 277 

Root length was not affected by gravity level (P=0.83) but resulted significantly reduced under white, 278 

blue, and red light if compared to dark conditions (Figure 6). Overall, dark-grown roots were 18% longer 279 

compared to roots developed under light. 280 

 281 
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 282 
Figure 6. Effect of light treatments (dark conditions = dark-grey bars; red light = red bars; blue light = blue bars; 283 
white light = light-grey bars) on root length of Brassica oleracea seedlings grown at different gravity levels (RPM, 284 
1g, 5g, 10g, 15g, 20g). Each data represents the mean and the standard deviation of two replications with 25 plants. 285 
Different letters indicate significant differences between treatments according to Tukey’s multiple comparison test 286 
(P<0.05). 287 
 288 

We analyzed data to highlight possible effects of increasing light intensity of white, blue, and red LEDs 289 

on root curvature. For each light treatment, the regression analysis showed no significant effect of the 290 

applied PFD on the degrees of curvature of B. oleracea roots and this occurred under all gravity 291 

conditions tested in this study (Figure 7).  292 

 293 
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 294 

Figure 7. Effect of photon flux density (PFD) of blue light (blue symbols), red light (red symbols), and white light 295 
(grey symbols) on root phototropic response of Brassica oleracea seedlings grown at different gravity levels 296 
(RPM, 1g, 5g, 10g, 15g, 20g). Each data point shows the mean and the standard deviation of two replications with 297 
25 plants. The P-values reported refer to the linear regression analysis.  298 

 299 

 300 
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The quantitative response of root curvature to the magnitude of gravity was tested in the range of 301 

simulated microgravity to 20g. The regression analysis showed no significant effect of gravity on root 302 

phototropic responses stimulated by white light and blue light (Figure 8) and root curvature was not 303 

affected even at 20g (Figure 9). Overall, the degree of curvature of B. oleracea roots was -41° for white- 304 

and blue-light negative phototropism, regardless of gravity. Conversely, root curvature decreased with 305 

increasing gravity under red light with an angle ranging from 13° to 0°. A similar result was also found 306 

for dark-grown roots (Figure 8). 307 

 308 

 309 

Figure 8. Effect of gravity levels on root phototropic response of Brassica oleracea seedlings grown under 310 
different light treatments (dark conditions = dark-grey symbols; red light = red symbols; blue light = blue symbols; 311 
white light = light-grey symbols). Treatment using random positioning machine (RPM) was set as 0g. Each data 312 
point shows the mean and the standard deviation of two replications with 25 plants. The P-values reported refer 313 
to the linear regression analysis. Dotted line represents significant linear regression. 314 

 315 
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 316 

Figure 9. Seedlings of Brassica oleracea grown at 20g under: (A) dark conditions; (B) red light; (C) blue light; 317 
and (D) white light.  Illumination is from the right side of the figure. 318 
 319 

4. Discussion 320 

 321 

It is well known that a complex mutual interaction between gravitropism and phototropism determine 322 

the form and orientation of plant roots under gravity conditions ranging from microgravity to 1g (Kiss 323 

et al., 2003; Kiss et al., 2012; Vandenbrink et al., 2016). To further study this interaction, we evaluated 324 

growth and curvature of B. oleracea roots to unilateral light treatments under different g levels, from 325 

simulated microgravity up to 20g, expanding for the first time phototropism research to hypergravity 326 

conditions.  327 

 328 

Previous studies showed that A. thaliana roots exhibit negative phototropism in response to unilateral 329 

blue or white light, whereas red light can induce a positive phototropism when attenuating the effects of 330 

gravity or using mutants that are impaired in gravisensing (Okada and Shimura, 1994; Sakai et al., 2000; 331 

Ruppel et al., 2001; Kiss et al., 2012). In our study, roots of B. oleracea grown with unilateral white or 332 

blue light showed a negative phototropic response regardless of gravity conditions. Remarkably, the 333 
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negative phototropism of roots was comparable between simulated microgravity, 1g, and hypergravity 334 

conditions, with an average degree of curvature attesting to 41°. Although root curvature was similar to 335 

what was found in previous studies under 1g conditions, our findings do not support the vector 336 

hypothesis reported by Okada and Shimura (1994). Indeed, our data showed that hypergravity did not 337 

affect root phototropism stimulated by blue or white light, which resulted effective in orienting roots 338 

even at 20g (Figure 7). More specifically, Okada and Shimura (1994) reported a degree of curvature of 339 

44° to unilateral illumination in vertically grown A. thaliana roots under 1 g conditions and using a PFD 340 

of 50 μmol m−2 s−1. Indeed, in their study, the light and gravity vectors were at right angles and the mean 341 

root angle was intermediate (44°), suggesting the strength of both tropisms being equal.  342 

 343 

Similarly, in our case, B. oleracea roots showed a degree of curvature of 41° stimulated by blue or white 344 

light under 1 g conditions. However, changes in the magnitude of gravity did not affect root curvature, 345 

suggesting that the gravitropic responses saturate at 1g or even at a lower level, and hypergravity does 346 

not reduce the effectiveness of phototropism in orienting B. oleracea roots. Furthermore, our results 347 

under simulated microgravity differ from previous studies on A. thaliana reporting either an 348 

enhancement of blue-light negative phototropism in microgravity with a significant attenuation at 0.3g 349 

(Kiss et al., 2012) or that a blue-light positive phototropism of roots can be revealed in microgravity 350 

(Vandenbrink et al., 2016). Nevertheless, it must be considered that the mentioned studies were 351 

performed in the near-weightless environment of the International Space Station (ISS), a condition much 352 

different from that achievable on Earth using RPM where plants constantly change their orientation with 353 

respect to the gravity vector (Kiss et al., 2019). In this regard, further studies are needed to assess 354 

phototropic responses of B. oleracea in real microgravity to shed light on possible differences at species 355 

level. 356 

 357 

The phototropic response stimulated by blue or white light was not affected by light intensity in the 358 

range of 30 to 80 μmol m−2 s−1 PFD. Accordingly, previous studies using A. thaliana found that the 359 

phototropic response increases with increasing PFD up to about 10 μmol m−2 s−1 and has a maximal 360 

curvature in the range of 10 to 100 μmol m−2 s−1 (Sakai et al., 2000; Kiss et al., 2003). Similar results 361 

have also been found in Zea mays by Mullen et al. (2002) who reported that blue-light phototropic 362 

response saturate at 10 μmol m−2 s−1. In our study, white light and blue light showed a similar effect and 363 

this can be explained considering that white LEDs provided 25% blue light which is the main driver for 364 

negative phototropism of roots. Specifically, blue-light photon flux densities of white LEDs were ≈8 365 

μmol m−2 s−1 and ≈20 μmol m−2 s−1 at the maximum and minimum distance from the light source 366 

respectively. It is also known that other wavelengths such as green, which represented more then 50% 367 

of the emission spectrum of the white LEDs, do not affect root phototropism in a significant way 368 

(McCoshum and Kiss, 2011).  369 

 370 
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Therefore, we hypothesize that in the case of white LEDs, the root curvature of B. oleracea was 371 

determined by blue light component and that other wavelengths had negligible effect. Interestingly, 372 

although peak wavelength of blue (443 nm) was similar for blue and white LEDs, the intensity of blue-373 

light photon flux was lower in white compared to blue treatment. This suggests that root curvature was 374 

not affected even at lower PFD (≈8 μmol m−2 s−1). In agreement with previous studies on A. thaliana 375 

and Z. mays (Sakai et al., 2000; Mullen et al., 2002; Kiss et al., 2003), our findings suggest that the 376 

response of root curvature to light intensity might be a conserved trait among numerous plant species. 377 

Nevertheless, further studies using lower PFD in the range of 0 to 10 μmol m−2 s−1 must determine the 378 

light-intensity threshold for root phototropism of B. oleracea and assess whether this response is affected 379 

by altered gravity. 380 

 381 

As discussed above, either blue or white light stimulated a negative phototropic response of roots which 382 

was comparable among gravity treatments and light intensities. Conversely, roots under red light 383 

showed a weak curvature in simulated microgravity that was abolished when increasing the gravity 384 

level. It is known that red light can trigger a weak positive phototropism in A. thaliana roots which is 385 

detectable in microgravity and fractional gravity, or using mutants impaired in gravisensing (Ruppel et 386 

al., 2001; Kiss et al., 2012). However, considering that in our study a weak curvature was observed also 387 

in dark-grown roots under simulated microgravity conditions, an alternate hypothesis to phototropism 388 

is that root curvature might be attributed to a surface-dependent phenomenon referred as root skewing. 389 

This phenomenon involves gravity and touch stimuli resulting in a slanted angle of roots when they are 390 

growing along a nearly-vertical surface (Oliva and Dunand, 2007; Roux, 2012). Moreover, root skewing 391 

can show significant differences in curvature and direction due to helical circumnutation of roots that 392 

can be clockwise or counterclockwise when referring to the direction of root growth (Oliva and Dunand, 393 

2007). Similar to our study, Millar et al. (2011) reported a skew to the right of dark-grown roots of A. 394 

thaliana (ecotype Landsberg) during a spaceflight experiment, and this growth response was largely 395 

masked by the 1g conditions on Earth. Furthermore, the process called automorphogenesis has been 396 

described in seedlings germinated and grown under microgravity conditions. It consists of spontaneous 397 

curvatures of newly sprouted roots followed by straight root elongations in random directions (Hoson 398 

and Soga, 2003; Driss-Ecole et al., 2008). The molecular mechanism of automorphogenesis is still 399 

incompletely understood, as well as the relationships between automorphogenesis and skewing. 400 

 401 

Overall, B. oleracea seedlings exhibited robust development under all gravity conditions with some 402 

differences in terms of growth due to the light treatments. It is known that seedlings are extremely 403 

sensitive to light quality and have evolved specific photomorphogenic responses to blue and red light 404 

which can influence both root and shoot development (Izzo et al., 2020; Izzo et al., 2021b). Still, to date, 405 

very few studies investigated root growth response to direct illumination with spectral treatments, 406 

whereas the effect of light signals perceived by aboveground organs on root growth is more 407 
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characterized (Gundel et al., 2014; Klem et al., 2019). In our study, roots were directly illuminated with 408 

white, blue, or red light from LEDs placed on one side of the EC and no significant difference was found 409 

among spectral treatments. However, dark-grown roots were longer than those grown under light, 410 

regardless of gravity conditions. It has been shown that direct illumination of roots can shorten root 411 

length, also altering plant response to hormones or abiotic stress (Silva-Navas et al., 2015). Flavonoids, 412 

particularly quercetin, are preferentially synthesized in response to light stress and can inhibit the 413 

transport of auxin at cellular and tissue level (Brunetti et al., 2018). Indeed, the different root length 414 

between light- and dark-grown roots could be due to light-induced accumulation of flavonoids which 415 

are auxin-transport inhibitors that ultimately affect root development (Buer and Muday, 2004; Silva-416 

Navas et al., 2016). It is also known that cell proliferation is affected by both microgravity and 417 

hypergravity conditions which could affect root growth and elongation (Matía et al., 2010; Manzano et 418 

al., 2012). However, illumination, either in the form of red-light photoactivation in spaceflight 419 

experiments (Valbuena et al., 2018; Villacampa et al., 2021), or the incorporation of a photoperiod 420 

regime to seedlings grown in simulated microgravity (Manzano et al., 2021), was found to attenuate or 421 

suppress the effects caused by gravitational stress at the cellular level in the root meristem. Nevertheless, 422 

no studies investigated the effect of light quality on cell proliferation under hypergravity conditions and 423 

further research is needed to deepen this subject.  424 

 425 

B. oleracea has been used as model species for tropism research since the studies on plant movements 426 

by Charles Darwin in the late 1800’s. Later studies in the early 1900’s reported a strong negative 427 

phototropism of roots stimulated by white light in most species of Brassicaceae family, including B. 428 

oleracea (Schaefer, 1911; Hubert and Funke, 1937). More recently, tropism research has focused on a 429 

better understanding of the molecular pathways in model species such as A. thaliana, fostered by the 430 

vast database of genetic information and the availability of numerous mutants. Nevertheless, B. oleracea 431 

belongs to the family Brassicaceae as A. thaliana and can represent an ideal alternative organism due to 432 

its larger size which facilitate the sampling of target tissue (Esmon et al., 2006). Moreover, there is a 433 

substantial homology between nuclear genomes of B. oleracea and A. thaliana, and both species exhibit 434 

time-dependent and saturable phototropic and gravitropic responses (Tatematsu et al., 2004). 435 

 436 

In addition, B. oleracea is also a candidate crop for the production of microgreens as a component of 437 

life support systems in space because of its high content of phytonutrients and minerals to be integrated 438 

into the astronaut diet (Kyriacou et al., 2017). However, to date, no studies investigated growth and 439 

tropistic response of this species in microgravity, and our findings need to be verified in a true weightless 440 

environment such as found in orbiting spacecraft. As already discussed above, either blue or white light 441 

stimulated a negative phototropism in B. oleracea roots which was strong under all gravity conditions. 442 

From an applied science perspective (i.e., using plants as part of bioregenerative life support), the 443 
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phototropic responses of B. oleracea can be exploited to guide root growth in a wide range of gravity 444 

conditions as those of extraterrestrial environments.  445 

 446 

5. Conclusions 447 

Our findings provide a characterization of root gravitropism and phototropism interaction evaluating 448 

responses to different light spectra and g levels. We also extend phototropism research for the first time 449 

to hypergravity conditions. The use of B. oleracea partly confirmed results obtained in other species 450 

suggesting that some tropistic responses may be species-specific. Blue or white light stimulated negative 451 

phototropic responses that were not affected by either simulated microgravity or hypergravity, whereas 452 

roots illuminated with red light showed a slight curvature in 1g and simulated microgravity but not 453 

hypergravity. Significantly, dark-grown roots showed similar responses to red light, indicating that 454 

phototropism was not involved in root curvature under red light in a significant manner and that other 455 

phenomena (including the surface-dependent touch stimuli) need to be considered. In the light of 456 

colonizing extraterrestrial environments, a thorough knowledge of photomorphogenic and phototropic 457 

responses of candidate crops such as B. oleracea is indispensable for plant cultivation in altered gravity. 458 

In this framework, light can represent an effective stimulus to guide plant growth in space. 459 
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Baluška, F., Mancuso, S., Volkmann, D., and Barlow, P. W. (2010). Root apex transition zone: a 473 

signalling–response nexus in the root. Trends in Plant Science, 15(7), 402–408. DOI: 474 

10.1016/j.tplants.2010.04.007  475 

Blancaflor, E. B., Fasano, J. M., and Gilroy, S. (1998). Mapping the functional roles of cap cells in the 476 

response of Arabidopsis primary roots to gravity. Plant Physiology, 116(1), 213–222. DOI: 477 

10.1104/pp.116.1.213 478 



19 
 

Boccalandro, H. E., De Simone, S. N., Bergmann-Honsberger, A., Schepens, I., Fankhauser, C., and 479 

Casal, J. J. (2008). PHYTOCHROME KINASE SUBSTRATE1 regulates root phototropism 480 

and gravitropism. Plant Physiology, 146(1), 108–115. DOI: 10.1104/pp.107.106468 481 

Borst, A. G., and van Loon, J. J. (2009). Technology and developments for the random positioning 482 

machine, RPM. Microgravity Science and Technology, 21(4), 287-292. DOI: 10.1007/s12217-483 

008-9043-2 484 

Briggs, W. R., and Christie, J. M. (2002). Phototropins 1 and 2: versatile plant blue-light receptors. 485 

Trends in Plant Science, 7 (5), 204–210. DOI: 10.1016/S1360-1385(02)02245-8 486 

Brunetti, C., Fini, A., Sebastiani, F., Gori, A., and Tattini, M. (2018). Modulation of phytohormone 487 

signaling: a primary function of flavonoids in plant-environment interactions. Frontiers in Plant 488 

Science, 9, 1042. DOI: 10.3389/fpls.2018.01042  489 

Buer, C. S., and Muday, G. K. (2004). The transparent testa4 mutation prevents flavonoid synthesis 490 

and alters auxin transport and the response of Arabidopsis roots to gravity and light. Plant Cell, 491 

16(5), 1191-1205. DOI: 10.1105/tpc.020313 492 

Correll, M. J., and Kiss, J. Z. (2002). Interactions between gravitropism and phototropism in plants. 493 

Journal of Plant Growth Regulation, 21(2), 89-101. DOI: 10.1007/s003440010056 494 

Darwin, C., and Darwin, F. (1880). The Power of Movement in Plants (London: William Clowes and 495 

Sons). DOI: 10.5962/bhl.title.102319 496 

Driss-Ecole, D., Legué, V., Carnero-Diaz, E., and Perbal, G. (2008). Gravisensitivity and 497 

automorphogenesis of lentil seedling roots grown on board the International Space Station. 498 

Physiologia Plantarum, 134, 191-201. DOI: 10.1111/j.1399-3054.2008.01121.x 499 

Esmon, C. A., Tinsley, A. G., Ljung, K., Sandberg, G., Hearne, L. B., and Liscum, E. (2006). A gradient 500 

of auxin and auxin-dependent transcription precedes tropic growth responses. Proceedings of 501 

the National Academy of Sciences, 103(1), 236-241. DOI: 10.1073/pnas.0507127103 502 

Fitzelle, K. J., and Kiss, J. Z. (2001). Restoration of gravitropic sensitivity in starch-deficient mutants 503 

of Arabidopsis by hypergravity. Journal of Experimental Botany, 52, 265-275. DOI: 504 

10.1093/jexbot/52.355.265 505 

Frett, T., Petrat, G., van Loon, J. J., Hemmersbach, R., and Anken, R. (2016). Hypergravity facilities in 506 

the ESA ground-based facility program–current research activities and future tasks. 507 

Microgravity Science and Technology, 28(3), 205-214. DOI: 10.1007/s12217-015-9462-9 508 

Ge, L., and Chen, R. (2016). Negative gravitropism in plant roots. Nature Plants, 2(11), 1-4. DOI: 509 

10.1038/nplants.2016.155 510 

Geisler, M., Wang, B., and Zhu, J. (2014). Auxin transport during root gravitropism: transporters and 511 

techniques. Plant Biology, 16, 50–57. DOI: 10.1111/plb.12030 512 

Gilroy, S. (2008). Plant tropisms. Current Biology, 18 (7), R275–R277. DOI: 10.1016/ 513 

j.cub.2008.02.033 514 



20 
 

Gómez C., and Izzo L. G. (2018) Increasing efficiency of crop production with LEDs. AIMS Agriculture 515 

and Food, 3, 135–153. DOI: 10.3934/agrfood.2018.2.135 516 

Gundel, P. E., Pierik, R., Mommer, L., and Ballaré, C. L. (2014). Competing neighbors: light perception 517 

and root function. Oecologia, 176(1), 1-10. DOI: 10.1007/s00442-014-2983-x 518 

Hasenstein, K. H., and van Loon, J. J. W. A. (2015). Clinostats and other rotating systems – Design, 519 

function, and limitations. In D. A. Beysens (Ed.), Generation and applications of extra-520 

terrestrial environments on earth (Vol. 6, pp. 147–156). River Publishers. 521 

Hoson, T., and Soga, K. (2003). New aspects of gravity responses in plant cells. International Review 522 

of Cytology, 229, 209-244. DOI: 10.1016/S0074-7696(03)29005-7 523 

Hubert, B., and Funke, G. L. (1937). The phototropism of terrestrial roots. Biologisch Jaarboek, 4, 286–524 

315. 525 

Izzo, L. G., Romano, L. E., De Pascale, S., Mele, G., Gargiulo, L., and Aronne, G. (2019). Chemotropic 526 

vs hydrotropic stimuli for root growth orientation in microgravity. Frontiers in Plant Science, 527 

10, 1547. DOI: 10.3389/fpls.2019.01547 528 

Izzo, L. G., Mele, B. H., Vitale, L., Vitale, E., and Arena, C. (2020) The role of monochromatic red and 529 

blue light in tomato early photomorphogenesis and photosynthetic traits. Environmental and 530 

Experimental Botany, 179, 104195. DOI: 10.1016/j.envexpbot.2020.104195 531 

Izzo, L. G., and Aronne G. (2021a) Root tropisms: new insights leading the growth direction of the 532 

hidden half. Plants, 10(2), 220. DOI: 10.3390/plants10020220 533 

Izzo, L. G., Mickens, MA, Aronne, G, and Gómez, C. (2021b) Spectral effects of blue and red light on 534 

growth, anatomy, and physiology of lettuce. Physiologia Plantarum, 1–12. DOI: 535 

10.1111/ppl.13395 536 

Kimura, T., Haga, K., Shimizu-Mitao, Y., Takebayashi, Y., Kasahara, H., Hayashi, K., Kakimoto, T., 537 

and Sakai, T. (2018). Asymmetric auxin distribution is not required to establish root 538 

phototropism in Arabidopsis. Plant & Cell Physiology, 59(4), 828–840. DOI: 10.1093/ 539 

pcp/pcy018 540 

Kiss, J. Z., Millar, K. D., and Edelmann, R. E. (2012). Phototropism of Arabidopsis thaliana in 541 

microgravity and fractional gravity on the International Space Station. Planta, 236(2), 635-645. 542 

DOI: 10.1007/s00425-012-1633-y 543 

Kiss, J. Z., Mullen, J. L., Correll, M. J., and Hangarter, R. P. (2003). Phytochromes A and B mediate 544 

red-light-induced positive phototropism in roots. Plant Physiology, 131 (3), 1411–1417. DOI: 545 

10.1104/pp.013847 546 

Kiss, J. Z., Wolverton, C., Wyatt, S. E., Hasenstein, K. H., and van Loon, J. J. (2019). Comparison of 547 

microgravity analogs to spaceflight in studies of plant growth and development. Frontiers in 548 

Plant Science, 10, 1577. DOI: 10.3389/fpls.2019.01577 549 

Klem, K., Gargallo-Garriga, A., Rattanapichai, W., Oravec, M., Holub, P., Veselá, B., Sardans, J., 550 

Peñuelas, J., and Urban, O. (2019). Distinct morphological, physiological, and biochemical 551 



21 
 

responses to light quality in barley leaves and roots. Frontiers in Plant Science, 10, 1026. DOI: 552 

10.3389/fpls.2019.01026 553 

Kong, Y., Stasiak, M., Dixon, M. A., and Zheng, Y. (2018). Blue light associated with low phytochrome 554 

activity can promote elongation growth as shade-avoidance response: a comparison with red 555 

light in four bedding plant species. Environmental and Experimental Botany, 155, 345-359. 556 

DOI: 10.1016/j.envexpbot.2018.07.021 557 

Kong, Y., Schiestel, K., and Zheng, Y. (2019). Maximum elongation growth promoted as a shade-558 

avoidance response by blue light is related to deactivated phytochrome: a comparison with red 559 

light in four microgreen species. Canadian Journal of Plant Science, 100(3), 314-326. DOI: 560 

10.1139/cjps-2019-0082 561 

Krieger, G., Shkolnik, D., Miller, G., and Fromm, H. (2016). Reactive oxygen species tune root tropic 562 

responses. Plant Physiology, 172 (2), 1209–1220. DOI: 10.1104/pp.16.00660 563 

Kyriacou, M. C., De Pascale, S., Kyratzis, A., & Rouphael, Y. (2017). Microgreens as a component of 564 

space life support systems: a cornucopia of functional food. Frontiers in Plant Science, 8, 1587. 565 

DOI: 10.3389/fpls.2017.01587 566 

Manzano, A. I., Herranz, R., van Loon, J. J., and Medina, F. J. (2012). A hypergravity environment 567 

induced by centrifugation alters plant cell proliferation and growth in an opposite way to 568 

microgravity. Microgravity Science and Technology, 24(6), 373-381. DOI: 10.1007/s12217-569 

012-9301-1 570 

Manzano, A., Pereda-Loth, V., De Bures, A., Sáez-Vásquez, J., Herranz, R., and Medina, F. J. (2021). 571 

Light signals provide a mechanism of counteracting alterations caused by simulated 572 

microgravity in proliferating plant cells. American Journal of Botany, in press.  573 

Matía, I., González-Camacho, F., Herranz, R., Kiss, J. Z., Gasset, G., van Loon, J. J., Marco, R., and 574 

Medina, F. J. (2010). Plant cell proliferation and growth are altered by microgravity conditions 575 

in spaceflight. Journal of Plant Physiology, 167(3), 184-193. DOI: 10.1016/j.jplph.2009.08.012 576 

McCoshum, S., and Kiss, J. Z. (2011). Green light affects blue-light-based phototropism in hypocotyls 577 

of Arabidopsis thaliana. The Journal of the Torrey Botanical Society, 138(4), 409-417. DOI: 578 

10.3159/TORREY-D-11-00040.1 579 

Meng Q., and Runkle E. S. (2017) Moderate-intensity blue radiation can regulate flowering, but not 580 

extension growth, of several photoperiodic ornamental crops. Environmental and Experimental 581 

Botany, 134, 12–20. DOI: 10.1016/j.envexpbot.2016.10.006 582 

Millar, K. D., Kumar, P., Correll, M. J., Mullen, J. L., Hangarter, R. P., Edelmann, R. E., and Kiss, J. Z. 583 

(2010). A novel phototropic response to red light is revealed in microgravity. New Phytologist, 584 

186(3), 648-656. DOI: 10.1111/j.1469-8137.2010.03211.x 585 

Millar, K. D., Johnson, C. M., Edelmann, R. E., and Kiss, J. Z. (2011). An endogenous growth pattern 586 

of roots is revealed in seedlings grown in microgravity. Astrobiology, 11(8), 787-797. DOI: 587 

10.1089/ast.2011.0699 588 



22 
 

Mullen, J. L., Wolverton, C., Ishikawa, H., Hangarter, R. P., and Evans, M. L. (2002). Spatial separation 589 

of light perception and growth response in maize root phototropism. Plant, Cell & Environment, 590 

25(9), 1191–1196. DOI: 10.1046/j.1365- 3040.2002.00899.x 591 

Muthert, L. W. F., Izzo, L. G., Van Zanten, M., and Aronne, G. (2020). Root tropisms: investigations 592 

on earth and in space to unravel plant growth direction. Frontiers in Plant Science, 10, 1807. 593 

DOI: 10.3389/fpls.2019.01807 594 

Okada, K. and Shimura, Y. 1992. Mutational analysis of root gravitropism and phototropism of 595 

Arabidopsis thaliana seedlings. Australian Journal of Plant Physiology, 19, 439-444. DOI: 596 

10.1071/PP9920439 597 

Oliva, M., and Dunand, C. (2007). Waving and skewing: how gravity and the surface of growth media 598 

affect root development in Arabidopsis. New Phytologist, 176(1), 37-43. DOI: 10.1111/j.1469-599 

8137.2007.02184.x 600 

Pedmale, U. V., Celaya, R. B., and Liscum, E. (2010). Phototropism: mechanism and outcomes. 601 

Arabidopsis Book 8, e0125. DOI: 10.1199/tab.0125 602 

Quail, P. H. (2002). Phytochrome photosensory signalling networks. Nature Reviews Molecular Cell 603 

Biology, 3(2), 85-93. DOI: 10.1038/nrm728 604 

Roux, S. J. (2012). Root waving and skewing-unexpectedly in micro-g. BMC Plant Biology, 12(1), 1-3. 605 

DOI: 10.1186/1471-2229-12-231 606 

Ruppel, N. J., Hangarter, R. P., and Kiss, J. Z. (2001). Red-light-induced positive phototropism in 607 

Arabidopsis roots. Planta, 212(3), 424-430. DOI: 10.1007/s004250000410 608 

Sakai, T., Wada, T., Ishiguro, S. and Okada, K. (2000). RPT2: A signal transducer of the phototropic 609 

response in Arabidopsis. The Plant Cell, 12, 225–236. DOI: 10.1105/tpc.12.2.225 610 

Sakamoto, K., and Briggs, W. R. (2002). Cellular and subcellular localization of phototropin 1. Plant 611 

Cell 14 (8), 1723–1735. DOI: 10.1105/tpc.003293 612 

Schaefer, R. (1911). Heliotropismus der Wurzeln. Charlottenburg: Buchdruckerei Gutenberg. 613 

Schneider, C., Rasband, W., and Eliceiri, K. (2012) NIH image to ImageJ: 25 years of image analysis. 614 

Nature Methods, 9, 671–675. DOI: 10.1038/nmeth.2089 615 

Silva‐Navas, J., Moreno‐Risueno, M. A., Manzano, C., Pallero‐Baena, M., Navarro‐Neila, S., Téllez‐616 

Robledo, B., Garcia-Mina, J. M., Baigorri, R., Gallego, F. J., and del Pozo, J. C. (2015). D‐Root: 617 

a system for cultivating plants with the roots in darkness or under different light conditions. The 618 

Plant Journal, 84(1), 244-255. DOI: 10.1111/tpj.12998 619 

Silva-Navas, J., Moreno-Risueno, M. A., Manzano, C., Téllez-Robledo, B., Navarro-Neila, S., Carrasco, 620 

V., Pollmann, S., Gallego, F. J., and Del Pozo, J. C. (2016). Flavonols mediate root phototropism 621 

and growth through regulation of proliferation-to-differentiation transition. Plant Cell, 28(6), 622 

1372-1387. DOI: 10.1105/tpc.15.00857 623 

Smith, H. (2000). Phytochromes and light signal perception by plants - an emerging synthesis. Nature, 624 

407(6804), 585-591. DOI: 10.1038/35036500 625 



23 
 

Tatematsu, K., Kumagai, S., Muto, H., Sato, A., Watahiki, M. K., Harper, R. M., Liscum, E., and 626 

Yamamoto, K. T. (2004). MASSUGU2 encodes Aux/IAA19, an auxin-regulated protein that 627 

functions together with the transcriptional activator NPH4/ARF7 to regulate differential growth 628 

responses of hypocotyl and formation of lateral roots in Arabidopsis thaliana. The Plant Cell, 629 

16(2), 379-393. DOI: 10.1105/tpc.018630 630 

Valbuena, M. A., Manzano, A., Vandenbrink, J. P., Pereda-Loth, V., Carnero-Diaz, E., Edelmann, R. 631 

E., Kiss, J. Z., Herranz, R., and Medina, F. J. (2018). The combined effects of real or simulated 632 

microgravity and red-light photoactivation on plant root meristematic cells. Planta, 248, 691-633 

704. DOI: 10.1007/s00425-018-2930-x 634 

van Loon, J. J. W. A. (2007). Some history and use of the random positioning machine, RPM, in gravity 635 

related research. Advances in Space Research, 39(7), 1161–1165. DOI: 636 

10.1016/j.asr.2007.02.016 637 

van Loon, J. J. W. A., Krausse, J., Cunha, H., Goncalves, J., Almeida, H., and Schiller, P. (2008). The 638 

Large Diameter Centrifuge, LDC, for life and physical sciences and technology. Proceedings 639 

of the Symposium ‘Life in Space for Life on Earth’, 22-27 June 2008, Angers, France. 640 

http://cdsads.u-strasbg.fr/pdf/2008ESASP.663E..92V 641 

Vandenbrink, J. P., Herranz, R., Medina, F. J., Edelmann, R. E., and Kiss, J. Z. (2016). A novel blue-642 

light phototropic response is revealed in roots of Arabidopsis thaliana in microgravity. Planta, 643 

244(6), 1201–1215. DOI: 10.1007/s00425-016-2581-8 644 

Verbelen, J.-P., Cnodder, T. D., Le, J., Vissenberg, K., and Baluška, F. (2006). The root apex of 645 
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