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ABSTRACT 15 

In the “Space Seed” experiment performed in Kibo module of the International Space Station, 16 

growth direction of the inflorescence stem of arabidopsis was examined under space 1 G, μG, and 17 

ground 1 G conditions in the presence of light. The stems grew almost upright (vertical to the 18 

surface of seedbed) under ground 1 G. Although the stems were primarily upright both under space 19 

1 G and μG, they tilted slightly. The tilting of the stems under space 1 G was indicated to be due to 20 

tilting of the artificial gravitational acceleration vectors produced on the centrifuge. The tilting of 21 

the stems under μG was suggested to be due to the pressure of directional airflow produced by 22 

ventilation. 23 
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 25 

1. INTRODUCTION 26 

Among various environmental factors, gravity and light play a crucial role in regulating growth 27 

direction of plant shoots. In the absence of gravity, light has been considered to be able to mimic 28 

the effect of gravity on growth direction of plant shoots. It has been shown that plant shoots have 29 

grown toward light source under microgravity (μG) conditions [1] [2]. However, the growth 30 

direction of the stem has not yet examined precisely under μG in the light. It is important to 31 

understand how form of plants is regulated in the absence of gravity for designing efficient plant 32 

cultivation systems in space including light conditions. In the “Space Seed” experiment [3], a 33 

centrifuge has been installed to produce artificial gravity, which enables to investigate effects of 34 

gravity acceleration by comparing precisely between μG and 1 G on orbit. In the present study, we 35 

attempted to determine the precise direction of shoot growth under μG conditions in the light. 36 

 37 

2. MATERIALS AND METHODS 38 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2020. ; https://doi.org/10.1101/2020.09.30.320051doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.30.320051


The “Space Seed” experiment was performed on board KIBO module from 2009 to 2010. Seeds of 39 

Arabidopsis thaliana (L.) Heynh. ecotype Columbia-0 were sterilized and glued to surface of a 40 

rockwool slab, which was placed in a plant growth chamber made of transparent polycarbonate (H 41 

x W x D = 60 x 60 x 50 mm, outer size). The chamber was installed in a plant growth apparatus 42 

called Plant Experiment Unit (PEU) [3]. An LED plate was placed on the chamber for continuous 43 

illumination (red and blue radiation in a ratio of 3:1) at the intensity of 110 μmol m-2s-1 at the 44 

surface of stainless plate placed on the surface of seedbed. A CCD camera was used to obtain45 

images of the inside of the chamber. PEUs were installed in an incubator called the Cell Biology 46 

Experiment Facility (CBEF) [3] onboard the Kibo module. The CBEF was equipped with a 47 

centrifuge generating artificial gravity to perform 1-G control experiment as well as microgravity 48 

experiment on board. A ground control experiment was simultaneously performed in Toyama, 49 

Japan. Digital photographs were taken and downlinked on a daily basis to monitor growth of 50 

arabidopsis plants. Using digital images, the growth directions of inflorescence stems were assessed 51 

by analyzing tilt angles between each inflorescence stem and the vertical line, which was 52 

perpendicular to the surface of the stainless plate. The growth direction was determined before each 53 

inflorescence stem reached ceiling of a growth chamber. Positive and negative angles represent 54 

clockwise and counterclockwise inclination of the stems from the vertical line, respectively. 55 

 56 

3. RESULTS AND DISCUSSION 57 

Judging from the downlinked images, inflorescence stems grew primarily upward under μG in 58 

space. This indicates that phototropism replaces gravitropism in the absence of gravity. When the 59 

growth directions of inflorescence stems were carefully observed, however, they appeared to be 60 

tilted slightly in the clockwise direction both under space 1 G and μG when compared to Toyama 61 

(ground) 1 G. Precise tilting angles of inflorescence stems were examined (Fig. 1).  The tilt62 

angle of the stem was - 0.1 ± 0.4 degree (mean ± SE, n=45) under Toyama 1 G, while that was - 3.9 63 

± 0.8 degree (n=35) under space 1 G. Interestingly, negative angle of - 3.0 ± 1.0 degree (n=38) was 64 

observed also under μG. When the data were pooled, a significant difference was found in the 65 

angles between Toyama 1 G and space 1 G (Kruskal-Wallis test, P <0.001). 66 

 67 

 68 

Fig. 1. Effects of microgravity on the mean tilt angle of the inflorescence stem of arabidopsis in the 69 

light. Values are mean ± SE. Numbers of samples (n) are shown in parenthesis. Negative angles 70 
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represent clockwise tilting of the stems from the vertical line. Values for mean, SE, and n were 71 

calculated across all plants 72 

 73 

 The area of seedbed was divided into three subareas (left, center, right) and distribution of 74 

tilt angles of inflorescence stems was examined. The stems tilted more in the clockwise direction in 75 

the left subarea compared to the other subareas both under space 1 G and μG (Fig. 2). The overall 76 

distribution of space 1 G and μG appeared broader than Toyama 1 G. Actually, significant 77 

differences were found in the variance between Toyama 1 G and space 1 G or μG (F-test, two-78 

tailed, P <0.01) when the data were pooled. 79 

 80 

 81 

Fig. 2. Effects of microgravity on the distribution of tilt angle of inflorescence stems of arabidopsis. 82 

Surface of a seedbed was divided into three subareas (left, center, right). The schematic illustration 83 

shows positions of each plant and the subareas viewed from the top of a chamber 84 

 85 
 Both under space 1 G and μG, the tilt angle of the stem became smaller (more clockwise) 86 

when the position was closer to the left side. As a matter of fact, the direction and the magnitude of 87 

gravitational acceleration vector was different at every location in a chamber because the artificial 88 

gravitational acceleration was produced using a centrifuge (Fig. 3). Tilt angle of the vector from the 89 

vertical line became larger when the position was closer to the left side. Therefore, it is possible that 90 

the tilting of the stem observed in space 1 G was due to the tilting of the artificial gravitational 91 

acceleration vectors produced in PEUs on the centrifuge.  92 

 On the other hand, negative tilt angle of the stem was also observed under μG. This cannot 93 

be explained by the artificial gravitational acceleration. One of possible explanations for this94 

negative tilting angle may be the effect of the pressure of directional air flow caused by ventilation. 95 

Air inlets and outlets for ventilation were located along the upper part of the left sidewall and the 96 

lower part of the right side wall of a chamber, respectively. Therefore, air flowed from the upper 97 

left side to the lower right side. This directional flow of air occurred under each gravity condition. 98 

Slight clockwise tilting of the stem was observed in the left subarea even under Toyama 1 G, which 99 
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is possibly due to this directional airflow. Therefore, the direction of the growth (clockwise tilting)100 

is possibly caused by the pressure of this directional airflow also under space 1 G. 101 

 102 

Fig. 3. A schematic diagram showing the direction and the magnitude of gravity acceleration 103 

vectors (arrowheads) in a chamber of space 1 G viewed from the camera side of a chamber 104 

 105 
 The fact that the overall tilt angle of the stem was close to zero degree under Toyama 1 G106 

indicates that gravitropism masks the effect of directional airflow in the present experimental 107 

condition. The tilting of the stem under space 1 G was indicated to be primarily due to the tilting of 108 

the artificial gravitational acceleration vectors. Under μG, the direction of the stem growth should109 

primarily be determined by light. However, the pressure of directional airflow produced by 110 

ventilation is suggested to affect substantially the growth direction of the stem. 111 

 112 
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