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International Caenorhabditis elegans Experiment First Flight-Aging (ICE-First-
Aging) 
Principle Investigator(s): Shuji Honda, Yoko Honda, Tokyo Metropolitan Institute of Gerontology, 
Tokyo, Japan 

               Expedition 8 
Research Area Animal Biology-Invertebrate 
 
International Caenorhabditis elegans Experiment - First - Aging (ICE-First-Aging) 
performs an analysis of the aging related protein aggregation and the effects of aging in 
muscle cells. C. elegans (nematode worms) are relatively simple organisms that are used as 
a model for a wide variety of biological processes. The ICE-First investigation is a 
collaborative effort conducted by scientists from several countries which have the 
opportunity to work as a team to design related experiments that would produce valuable 
results for scientists across multiple disciplines.  
 
By understanding fundamental processes in C. elegans, scientists can better understand 
the human counterparts. This study can lead to a further understanding of the implications 
of altered protein homeostasis in aging.  
 
The possibilities for longer-term space flights are increasing. These types of experiments 
give scientists an insight into the effect that the environment of space will have on 
organisms at the genetic level.  
 

RESULTS ICE-First-Aging performs an analysis of the 
aging related protein aggregation and the effects of 
aging in muscle cells of C. elegans worms during ISS 
Expedition 8.  
 
The researchers found that seven genes were down-
regulated in the space flown worms.  They also found 
that the inactivation of these seven genes extended 
lifespan on the ground. These result indicated that 
aging in C. elegans was slowed through neuronal and 

endocrine response to space environmental cues (Honda 
2012). 
 
 

 
To examine the effect of space flight on muscle protein aggregation, space-exposed and 
ground control nematodes were compared during the larval and young adult stages from 
the ICE-First investigation. The polyglutamine (portion of protein) aggregation in the 
space-flown organisms was less than that in the ground control ones. These findings 
suggest that the protein aggregation rate of the space-flown nematodes was slower than 
that of the ground controls (Higashibata 2007). 
 
Szewczyk 2008, indicated that the total stowage space required for the eight type I 
cassettes to house the ICE-First investigation was minimal. Despite this limited size, mass 
experiments for investigators from four space agencies were returned, a total of 53 



independent samples, each of which contained more than 100 individual animals. The 
concept of accommodating a number of experiments within a limited available volume and 
upmass appears to have merit.  
 
By setting flight constraints first and bringing together established C. elegans researchers 
second, it was possible to design and successfully execute the flight portion of these 
experiments within one year. In the past, the time from flight grant solicitation to 
completion of a flight experiment has been longer than 3 years (Szewczyk 2008). 
 
PUBLICATION(S) 
Honda et al. Scientific Repot 2012 
 
Higashibata A, ET AL. Biochemical and Molecular Biological Analyses of space-flown nematodes in 
Japan, the First International Caenorhabditis elegans Experiment (ICE-First). Microgravity Sci 
Technol. 2007 Sep;19(5-6):159-163. 
 
Szewczyk NJ, et al. Description of International Caenorhabditis elegans Experiment first flight 
(ICE-FIRST). Adv Space Res. 2008 Sep 15;42(6):1072-9. 
 
Honda Y, Higashibata A, Matsunaga Y, Yonezawa Y, Kawano T, Higashitani A, Kuriyama K, 
Shimazu T, Tanaka M, Szewczyk NJ, Ishioka N, Honda S. Genes down-regulated in spaceflight are 
involved in the control of longevity in Caenorhabditis elegans. Sci Rep. 2012;2:487. doi: 
10.1038/srep00487. Epub 2012 Jul 5. 
 
The Investigation has been completed and publication is finished. The series experiment “Space 
Aging” will be performed on the International Space Station not earlier than Increment 40.   



Typical morphology of apoptotic cells in 
the pachytene region of dissected gonads 
of C. elegans. Gonads were dissected from 
ced-1 mutants of spaceflight sample and 
DNA were stained with DAPI (blue 
fluorescent). Apoptotic cells without the 
fluorescent are indicated as arrows. 

International Caenorhabditis elegans Experiment First Flight-Apoptosis (ICE-
First-Apoptosis) 
Principle Investigator(s): Atsushi Higashitani,Tohoku University, Sendai, Miyagi, 
Japan 

               Expedition 8 
Research Area Animal Biology-Invertebrate 
 
International Caenorhabditis elegans Experiment First Flight-Apoptosis (ICE-First-
Apoptosis) studies the germ line development including meiotic (process of cell division that 
produces reproductive cells) chromosomal dynamics and germ cell apoptosis (programmed 
cell death) under microgravity conditions. The ICE-First investigation is a collaborative 
effort conducted by scientists from several countries which have the opportunity to work as 
a team to design related experiments that would produce valuable results for scientists 
across multiple disciplines. 
 
By understanding the cellular function processes in C. elegans, scientists can gain insight 
that could ultimately lead to the development of effective medical regimens for illnesses 
such as cancer. 
 
It is important for human life in space to study the effects of environmental factors during 
spaceflight on a number of physiological phenomena. Apoptosis plays an important role in 
normal multicellular development; such as the elimination of cells that have suffered DNA 
damage which could either lead to cancer, or heritable genetic disorders associated with 
germ cells. Apoptosis could be an extremely important process for the maintenance of 
human health on spaceflights due to the increased exposure to cosmic and solar radiation 
accompanied by an increase in DNA damage. 
 

RESULTS 
Checkpoint-induced apoptosis is involved in maintaining 
genomic stability through the elimination of cells that have 
failed to repair DNA damage. However, the occurrence of 
checkpoint-induced and other types of physiological 
apoptosis in animals during or as a result of space flight has 
not been documented.  
 
Approximately 300 germ cells of C. elegans undergo 
apoptosis (programmed cell death) during normal 
development. DNA damage-induced checkpoint apoptosis 

also occurs in germ cells, at the meiotic pachytene nucleus 
stage (stage of chromosomal crossover). Results indicate 
that pachytene checkpoint apoptosis and physiological 
apoptosis in germ cells occurred normally in the space 
exposed nematodes. Thus, the normal occurrence of several 
kinds of apoptosis, including checkpoint apoptosis, during 

space flight supports the hypothesis that humans would retain the ability to eliminate cells 



that have failed to repair DNA lesions introduced by cosmic radiation during spaceflight 
(Higashitani 2005; Higashibata 2007; Adenle 2009). 
 
Szewczyk 2008, indicated that the total stowage space required for the eight type I 
cassettes to house the ICE-First investigation was minimal. Despite this limited size, mass 
experiments for investigators from four space agencies were returned, a total of 53 
independent samples, each of which contained more than 100 individual animals. The 
concept of accommodating a number of experiments within a limited available volume and 
upmass appears to have merit. By setting flight constraints first and bringing together 
established C. elegans researchers second, it was possible to design and successfully 
execute the flight portion of these experiments within one year. In the past, the time from 
flight grant solicitation to completion of a flight experiment has been longer than 3 years.  
 
In summary, these data demonstrate that physiological apoptosis and checkpoint apoptosis 
occurred normally in spaceflown C. elegans. This suggests that animals, human beings 
included, retain the ability to eliminate cells that failed to repair DNA lesions caused by 
cosmic radiation during the space flight. 
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The investigation is complete and publication is finished..  



This image shows a magnified image of 2 adult 
worms and 1 juvenile worm crawling in the 
liquid media that was used for the ICE-First 
mission 
 

International Caenorhabditis elegans Experiment First Flight-Cells (ICE-First-
Cells) 
Principle Investigator(s): Hiroaki Kagawa, Okayama University, Okayama, Japan 

               Expedition 8 
Research Area Animal Biology-Invertebrate 
 
International Caenorhabditis elegans Experiment First Flight-Cells (ICE-First-Cells) 
studies the effect of space flight on cell migration and muscle cells in C. elegans 
development. C. elegans (nematode worms) are relatively simple organisms that are used 
as a model for a wide variety of biological processes. The ICE-First investigation is a 
collaborative effort conducted by scientists from several countries which have the 
opportunity to work as a team to design related experiments that would produce valuable 
results for scientists across multiple disciplines. 
 
With certain genetic techniques used in this experiment, highlighting the genes where 
differences occur in comparison to Earth data can further provide scientists with a direction 
of where to develop research in the future, either on similar organisms or humans. By 
understanding fundamental processes in C. elegans, scientists can better understand the 
human counterparts. This study can lead to a further understanding of muscle function and 
development. 
 
The possibilities for longer-term spaceflights are increasing. These types of experiments 
give scientists an insight into the effect that the environment of space will have on 
organisms down to the genetic level. 
 

RESULTS 
ICE-First-Cells studies the effect of space flight on cell 
migration and muscle cells in C. elegans development. 
 
The analyses of paramyosin mutant unc-15 (e73) in 
nematodes showed results that were different from 
those of the wild-type organisms. After the space flight, 
atrophy of the body-wall muscle and an increase in 
thick filament proteins were observed in the unc-15 
nematodes. This result indicated that the mutant with 
abnormal muscles responded to microgravity by 
increasing the total amount of muscle protein in order 
to compensate for the loss of muscle function 

(Higashibata 2007). 
 
ICE-First Cells investigated the effect of microgravity during space flight on body-wall 
muscle fiber size and muscle proteins in the paramyosin mutant of C. elegans. Both mutant 
and wild-type strains were subjected to 10 days of microgravity during space flight and 
compared to ground control groups. No significant change in muscle fiber size or quantity of 
the protein was observed in wild-type worms; whereas atrophy of body-wall muscle and an 
increase in thick filament proteins were observed in the paramyosin mutant unc 15(e73) 



animals after space flight. It is concluded that the mutant with abnormal muscle responded 
to microgravity by increasing the total amount of muscle protein in order to compensate for 
the loss of muscle function (Adachi 2007). 
 
Szewczyk 2008, indicated that the total stowage space required for the eight type I 
cassettes to house the ICE-First investigation was minimal. Despite this limited size, mass 
experiments for investigators from four space agencies were returned, a total of 53 
independent samples, each of which contained more than 100 individual animals. The 
concept of accommodating a number of experiments within a limited available volume and 
upmass appears to have merit. By setting flight constraints first and bringing together 
established C. elegans researchers second, it was possible to design and successfully 
execute the flight portion of these experiments within one year. In the past, the time from 
flight grant solicitation to completion of a flight experiment has been longer than 3 years.  
 
Together the histologic and Western Blot data from unc-15 animals suggest that altered 
muscle development, induced by space flight, allows partial rescue of the defects induced by 
the mutation. A direct elucidation of the functional consequences and the mechanism 
underlying the rescue remains to be demonstrated. If space flight does indeed rescue the 
functional consequences of mutations in muscle proteins, this suggests that muscles 
damaged in flight may be better able to repair than muscle damaged on Earth, a view that 
runs counter to the current conventional wisdom. However, while scientists have presented 
the unc-15 data as space flight having “rescued” the effects of the mutation, the 
investigators have correctly pointed out that there may be concerns with this apparent 
rescue. Specifically, their data can also be interpreted to show that increased muscle 
protein degradation, a required component of muscle atrophy, is found in the mutants vs. 
wild-type. If the investigators are correct, this reinforces the currently widely held view 
that muscles damaged during space flight may not be properly able to repair.  Future 
studies are clearly needed. 
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The investigation is complete and publication is finished.  



C. elegans RNAi Space Experiment （CERISE） 
Principle Investigator(s): Atsushi Higashitani, Ph.D., Tohoku University, Sendai 

               Expeditions 20/21 
Research Area Cellular Biology 
 
To evaluate the efficacy of RNA interference (RNAi) in space environment, we performed 
RNAi space experiment using an experimental model animal, the nematode Caenorhabditis 
elegans.  We also study the effects of microgravity on the C. elegans muscular cells.  
 
Overcoming spaceflight-induced (patho) physiologic adaptations is a major challenge 
preventing long-term deep space exploration. RNA interference (RNAi) has emerged as a 
promising therapeutic for combating diseases on Earth; however the efficacy of RNAi in 
space is currently unknown. Muscle atrophy of crew members occur with prolonged space 
flight becomes a serious health risk. Moreover, the exercise countermeasures employed are 
incapable of maintaining the skeletal muscle mass. 
 
RESULTS 
C. elegans were prepared in liquid media on Earth using standard techniques and treated 
acutely with RNAi or a vector control upon arrival in Low Earth Orbit. After culturing 
during 4 and 8 days spaceflight, experiments were stopped by freezing at −80°C until 
analysis by mRNA and microRNA array chips, microscopy and Western blot, and proteome 
analysis on return to Earth. Ground controls (GC) on Earth were simultaneously grown 
under identical conditions. 
 
After 4 days and 8 days spaceflight, mRNA expression levels of components of the RNAi 
machinery were not different from that in ground control (GC) (e.g., Dicer, Argonaute, Piwi; 
P>0.05). The expression of 228 microRNAs, of the 232 analyzed, were also unaffected 
during 4 and 8 days spaceflight (P>0.05). In spaceflight, RNAi against green fluorescent 
protein (gfp) reduced chromosomal gfp expression in gonad tissue, which was not different 
from GC. RNAi against rbx-1 also induced abnormal chromosome segregation in the gonad 
during spaceflight as on Earth. Finally, culture in RNAi against lysosomal cathepsins 
prevented degradation of the muscle-specific α-actin protein in both spaceflight and GC 
conditions. 
 
Treatment with RNAi works as effectively in the space environment as on Earth within 
multiple tissues, suggesting RNAi may provide an effective tool for combating spaceflight-
induced pathologies aboard future long-duration space missions. Furthermore, this is the 
first demonstration that RNAi can be utilized to block muscle protein degradation, both on 
Earth and in space. We are now attempting to analyze the effect of microgravity on the C. 
elegans muscular cells using transcriptome and proteome analyses.  
 
PUBLICATION(S) 
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The experiment is continuing ground analysis and more results are pending publication. 
 
PAO Summary  
Here we report that the effectiveness of RNA interference (RNAi) at silencing target genes 
is maintained during spaceflight. Additionally, we showed that RNAi can be used to alter 
the sub-cellular localization of green fluorescent protein (GFP)-tagged proteins. We believe 
this study provides the necessary proof in principle that mechanistic and interventional 
studies are feasible during spaceflight. Specifically, we have demonstrated that two, Nobel 
prize-winning techniques can be utilized during spaceflight: RNAi for studying the 
functional effects of gene knock-down and fluorescent protein-tagged molecules for studying 
in vivo sub-cellular changes in specific proteins. The very simple experimental design 
employed to demonstrate the efficacy of RNAi and GFP technologies in space illustrates the 
relative ease with which these important tools can be incorporated into future experiments 
to study the molecular mechanisms underpinning the biological alterations induced by 
spaceflight.  
 

 
Jeffrey Williams: working on the CERISE experiment. 
 
Earth Benefits  
In addition to RNAi experiment, we have performed to study the molecular effect of 
microgravity on the C. elegans muscular cells using transcriptome and proteome analyses. 
The current results indicate alterations in muscular, cytoskeletal, and mitochondrial 



proteins of spaceflown C. elegans. These data will lead to clarify the molecular mechanism 
of human muscle atrophy by aging and unloading.  
 
Space Benefits  
The equal efficacy of RNAi and GFP technologies in space illustrate the relative ease with 
which these important tools can be incorporated into future experiments to study the 
molecular mechanisms underpinning the biological alterations induced by spaceflight. In 
addition, we would like to resolve molecular mechanisms of spaceflight-induced muscle 
atrophy in a significant risk for astronaut health and mission performance from CERISE 
data.



Cbl-b-Mediated Protein Ubiquitination Downregulates the Response of Skeletal 
Muscle Cells to Growth Factors in Space (MyoLab) 
Principle Investigator: Takeshi Nikawa, MD and Ph.D., The University of Tokushima, Tokushima 

 Expeditions 23/24 
Research Area Cellular Biology 
 
Skeletal muscles are unique in their sensitivity to lack of use induced by mechanical 
unloading (e.g., bed rest, paralysis, microgravity). Regardless of the initiating event, 
unloading results in loss of muscle mass and function. The mechanisms by which skeletal 
muscle senses and responds to unloading stress are not well established. Therefore, no 
effective treatment exists to reverse the disabling muscle wasting that follows muscle 
disuse. 
Impairment of growth factor signaling is a near universal feature of skeletal myopathies 
induced by unloading; clinical trials have established that muscle tissue fails to respond 
normally to the predominantly myotrophic hormone insulin-like growth factor-1 (IGF-1). 
Under normal conditions and in response to hypertrophic stimuli, IGF-1 promotes muscle 
growth and suppresses muscle loss largely through the Akt-dependent phosphorylation and 
cytosolic sequestration of Forkhead box O (FOXO) transcription factors in skeletal myocytes, 
which leads to the inhibition of FOXO-dependent gene expression. In contrast, IGF-1-
dependent Akt signaling is impaired during muscle atrophy, giving rise to reduced 
phosphorylation and increased transactivation of FOXO target genes. In particular, FOXO 
regulates the expression of atrophy-related genes (atrogenes) that encode atrogin-1 
(MAFbx) and MuRF-1, which are RING-type ubiquitin ligases that play major roles in 
atrophic myopathies in vivo. Atrogin-1 and MuRF-1 regulate the degradation of critical 
proteins involved in striated muscle growth and differentiation, including MyoD, 
calcineurin and troponin-I. Although diminished growth factor responsiveness and 
enhanced proteolysis are both major atrophy-related processes, there is little information 
on the mechanisms by which skeletal muscle senses unloading stress, and in turn becomes 
refractory to the trophic actions of muscle growth factors. Here we show that the early 
growth response genes (Egrs) in skeletal myocytes are the primary cis-activating 
transcription factors that regulate the Cbl-b gene in response to unloading stress. Moreover, 
the results showed that induction of Cbl-b in vivo is required for the sensing and loss of 
muscle mass in response to unloading. 
 
RESULTS 
The Cbl-b gene is highly sensitive to mechanical stress (unloading). Therefore, we reasoned 
that some of the components of the signal transduction pathways which regulate the 
expression of Cbl-b are likely to be important sensors of mechanical stress. We investigated 
the transcription factors that regulate Cbl-b expression using rat L6 myoblasts and 
differentiated myotubes. The biological relevance of Cbl-b expression as a sensor of 
unloading is strengthened by the finding that both oxidative stress and 3D-clinorotation 
induced Cbl-b expression in L6 myoblasts and myotubes. These findings suggest that 
increased levels of ROS link mechanical stress to downstream signaling pathways. In the 
present study, we observed that H2O2 treatment promoted the binding of Egr to the 5'-
franking region of Cbl-b gene. Moreover, 3D-clinorotation and H2O2 each induced the 
expression of Cbl-b, in a manner accompanied by the early expression of Egrs 1-3. 
Consistent with the findings of another laboratory using Egr-2 or Egr-3 knockout mice, our 
results obtained in Egr knockdown studies (siRNA) confirm that Egr transcription factors 



play a major role in 3D-clinorotation-mediated Cbl-b induction. Together, these data 
uncover the molecular mechanism through which mechanical unloading is transduced into 
biochemical signaling in skeletal muscle.  
Several lines of evidence in diverse cell types point to the involvement of Egr transcription 
factors in the response to mechanical stress. Egr expression induced by 3D-clinorotation 
occurs within 90 min of stimulation, indicating that the Egr genes are in close temporal 
proximity to the mechanical stress “receptor”. Consistent with the role of oxidants as the 
second messengers of Egr activation and downstream unloading responses, the ERK1/2 
pathway, a common target of oxidative signaling, was activated by 3D-clinorotation and 
H2O2. Together, these results are consistent with the findings of other laboratories and our 
own which showed that immobilization or tail suspension increased oxidative stress-
dependent signaling in rat skeletal muscle. Recent studies have identified several signaling 
molecules, such as ASK1, that mediate oxidative stress-dependent activation of MAPK 
signaling. An important future line of investigation will be to identify the molecules that 
regulate ROS production in distinct cellular compartments (plasma membrane, 
mitochondria) in response to unloading. It is anticipated that these molecules may be the 
direct receptors/sensors for unloading stress. This hypothesis is supported by our previous 
finding that the disrupted expression of cytoskeletal genes, especially mitochondria-
anchoring protein genes, is associated with large imbalances in the expression of genes 
encoding diverse members of the electron transport system in the mitochondria of space-
flown skeletal muscle.  
 
PUBLICATION(S) (2012<) 
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       The experiment is continuing ground analysis and more results are pending 
publication. 
 
PATENTS 

1. Ubiquitin ligase inhibitor (Cblin): Pat No 5113346, Registration date: October 19, 
2012,  

Submission date: May 25, 2006 
2. Ubiquitin ligase inhibitor (Inhibitor in soy protein): Pat No. 4963044, Registration 
date:  

April 6, 2012, Submission date: July 5, 2006 
 

 
PAO Summary: 
Skeletal muscle unloading during prolonged bed rest, paralysis, and spaceflight results in mechanical 
stress that can lead to debilitating atrophy. This atrophic response is characterized by both decreased 
responsiveness to myogenic growth factors IGF-1/insulin and increased proteolysis. Here we show that 
unloading stress activated a redox-dependent atrophic signaling pathway that ultimately led to the 
induction of the ubiquitin ligase Cbl-b downstream of Egr transcription factors. Upon induction, Cbl-b 
interacted with and degraded the IGF-1 signaling intermediate IRS-1, leading to FOXO3-dependent 
induction of atrogin-1, a dominant mediator of proteolysis in atrophic muscle. Cbl-b expression alone 
was sufficient to induce IRS-1 ubiquitination and atrophy in rat tibialis anterior muscle. In contrast, Cbl-
b-deficient mice were resistant to unloading-induced atrophy, weakness (tetanic force), and loss of 
coordination. Together, our results indicate that the ROS-Egr-Cbl-b signal transduction pathway is a 
critical dual mediator of both the growth refractory and proteolytic arms of the atrophic response 
through the Cbl-b-dependent destruction of IRS-1. 
 
 



 
 
Earth Benefits:  
Our space experiment elucidates the mechanism of unloading-mediated muscle atrophy 
that ubiquitin ligase Cbl-b is a critical mediator for unloading caused by microgravity. On 
the basis of the results, we are developing inhibitors (Cblin-associated reagents) and 
nutrients (soy protein-derived peptides, polyphenols) against ubiquitin ligase Cbl-b. 
Especially, we are performing several clinical trials using soy protein-derived peptides, 
polyphenols and getting interesting results. Furthermore, clarification of microgravity-
induced Cbl-b expression leads to identification of a novel mechanosensor. 
 
Space Benefits:  
The data collected during this investigation leads to the mechanism of muscle atrophy 
caused by microgravity and develops novel countermeasures (ubiquitin ligase inhibitors 
and nutrients) against muscle atrophy. In future, astronauts could stay in space and 
perform various projects without muscle atrophy. 
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Gene Expression of p53-regulated genes in mammalian cultured cells after 
exposure to a space environment (Rad Gene) 
Principle Investigator(s): Takeo OHNISHI, Scientific Prof., Nara Med. Univ., Kashihara, Nara, Japan. 

     Expeditions 18 
Research Area Radiation Biology 

 
The space environment contains two major factors consisting of space radiations and microgravity (µg). 
The tumor suppressor gene p53 has been generally thought to contribute to the genetic stability from 
DNA damage. We propose to study the expression of p53-regulated genes in human cultured mammalian 
cells during or after space flight.  We also compared with the ground control samples.  We succeeded the 
visualization as a linear track of Double Strand Breaks (DSBs) in cell nuclei induced by space radiations. 
The dose rate during space flight for 133 days was detected to be about 0.7 mSv per day by biological 
dosimetry of the frequency of DNA damage. We also analyzed p53-dependent-induced or -depressed 
gene expression under µg and 1 g in the cultured cells flown in ISS. In addition, we found the radio-
adaptive response in the space-flown samples after X-ray-irradiation on the ground.  We expect that the 
data from these experimental results will contribute to physiological protection against the serious effects 
of space radiations during long-term stays to keep healthful life in space. 

 
RESULTS 

1. Physical dosimetry: The total dose was about 66.5 mSv for 133 day in space by small dosimeters of 
thermoluminescence dosimeter (TLD) and CR39. The dose rate was about 0.5 mSv per day, though that 
has been understood to be about 1.0 mSv (1). 

2. Space radiation-induced DSBs in nuclei: In the frozen cells during 133 days in space, we measured that 
DSBs were detected as γH2AX-positive foci with the shape of tracks (Fig. 1). From the induced frequency 
of γH2AX-positive foci, we measured about 93.1 mSv in the total dose. The dose rate was about 0.7 mSv 
per day. This biological dosimetry was performed to be the first finding in the world (1). This value is very 
close to the value of 0.5 mSv per day by the physical dosimetry. 

 
 
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 1. Visualization of ionizing radiation tracks in 
nucleus by γH2AX staining. a, space samples; b, 
ground controls; c, large scale(x 5) of a; d, ground 
samples irradiated by X-rays (3 Gy); e, ground 
samples irradiated by 20 kev/mm Fe-ion beams 
(0.5 Gy). a-c, wtp53; d and e, mp53 cells. 



 

3. p53-Dependent induced and depressed genes in cultured cells in space: We previously published the 
induction of p53 gene product in muscle and skin of the flown rat in space.  The p53 gene product has 
been understood to control apoptosis, cell cycle and DNA repair as a genome guardian that depresses 
gene instability and induction of mutation, chromosome aberration and carcinogenesis. We prepared 
two kinds of human cultured cell lines of lymphoblastoid cells bearing wtp53 and mp53 gene statuses.  
Since we cultured human cells for 9 days in space from frozen state, we can neglect the condition of 
launch and landing of flight.  We analyzed about 41,000 genes by DNA array through mRNA extraction 
and RT-PCR methods.  We compared the gene expression among µg and 1g in space and the ground 
control (Fig. 2).  We found many new kinds of p53-regulated genes induced by space radiations, by µg 
and space environment (2), though we did not find the induction of p53 gene product itself. Although 
some genes written in Figure 2 were found already in the previous reports, we found many other genes.  
In addition, we detected that the space radiations synergistically induced 209 genes by µg.  On the other 
hand, the synergistic depression genes by µg were detected to be 166 genes. 
4. p53-Dependent induced and depressed proteins in cultured cells in space: We also analyzed p53-
dependent protein synthesis by protein chips in the cultured cells in space. These reports were the first 
findings in the world (5).  
5. p53-Dependent induced and depressed genes in the exposed to space radiations: The flight samples 
were exposed to space radiations for 133 days in space at frozen state. After space flight, the cells were 
cultured on the ground. We analyzed the p53-dependent gene expression in these cells. Induced and 
depressed genes were 50 and 94, respectively.  We also found heat shock protein (HSP) genes which 
were reported to be induced by radiations at low dose (4). 
6. Radio-adaptive response in space flown cells at frozen state: The flight samples were exposed to 
space radiations for 133 days in space at frozen state. After space flight, the cells were cultured on the 
ground and then irradiated by X-rays at 2 Gy. Thereafter, the cells were cultured again for measurement 
of radio-adaptive response of cell survival, apoptosis and chromosomal aberration (Fig. 3). We detected 
the radio-adaptive response in wtp53 cells, but not mp53 cells (3).  These results suggested that the 
flown cells in space were exposed by space radiations at the range of 20-100 mSv, because we already 
reported that the radio-adaptive response was found in those specific radiation doses as a window. 

Fig. 2. p53-Dependent gene expression in cultured 
cells in space. A, up-regulated genes; B, down-
regulated genes. a, d and f, space radiation; b, d, e 
and f, space environment; c, e and f, microgravity. 

Fig. 3. Radio-adaptive response. The flown cells in 
space at frozen state were irradiated by X-ray at 2 
Gy and then cultured on ground.  a and b, survival 
number ratio (%); c and d, apoptosis (%); e and f, 
chromosomal aberration (di-cent-rics/cells). a, c and 
e, wtp53 cells; b, d and f, mp53 cells. 



 
PUBLICATION(S) 
We published quite important papers with high evaluation as original articles in International Journals. Other six 
review articles were published (not listed). 
(1)Ohnishi T, Takahashi A, Nagamatsu A, Omori K, Suzuki H, Shimazu T, Ishioka N: Detection of space radiation-
induced double strand breaks as a track in cell nucleus. Biochem. Biophys. Res. Commun., 390: 485-488, 2009. 
(2)Takahashi A, Suzuki H, Omori K, Seki M, Hashizume T, Shimazu T, Ishioka N, Ohnishi T: The expression of p53-
regulated genes in human cultured lymphoblastoid TSCE5 and WTK1 cell lines during spaceflight. Int. J. Radiat. 
Biol., 86: 669-681, 2010. 
(3)Takahashi A, Su X, Suzuki H, Omori K, Seki M, Hashizume T, Shimazu T, Ishioka N, Iwasaki T, Ohnishi T: p53-
Dependent adaptive responses in human cells exposed to space radiations. Int. J. Radiat. Oncol. Biol. Phys., 78: 
1171-1176, 2010. 
(4)Takahashi A, Suzuki H, Omori K, Seki M, Hashizume T, Shimazu T, Ishioka N, Ohnishi T: Expression of p53-
regulated genes in human cultured lymphoblastoid TSCE5 and WTK1 cell lines after spaceflight in a frozen 
state. Adv. Space Res., 47: 1062-1070, 2011. 
(5)Takahashi A, Suzuki H, Omori K, Seki M, Hashizume T, Shimazu T, Ishioka N, Ohnishi T: Expression of p53-
regulated proteins in human cultured lymphoblastoid TSCE5 and WTK1 cell lines after spaceflight in a frozen 
state. J. Radiat. Res., 53: 168-175, 2012. 
 
Investigation is complete and publication is finished. 
 
Earth Benefits 
We succeed in the biological dosimetry for space radiations by visualization of DNA damage during 133 
days in space flight. These techniques are quite useful for dosimetry of low dose-rate and low dose 
radiation. They are applicable to the accidents such as Fukushima nuclear power plant accident. The 
measurement of DSBs induced by heavy-ion beams can be also applied to heavy-ion cancer therapy. 
 
Space Benefits 
We determined p53-dependently induced genes under microgravity and/or space radiations in human 
cultured cells in space. The frozen cells exposed to space radiations were analyzed from aspects of bio-
dosimetry, gene expression and adaptive response. All data indicated that flown cells in space were 
exposed by space radiations including heavy ion-particles. These results gave the important information 
to protect space radiations during long term space flight. From these different studies, we succeeded in 
the space radiation exposure in human cultured cells.  
 
  



Detection of changes in LOH Profile of TK mutants of Human Cultured 
cells (LOH) 
Principal Investigator(s): Fumio Yatagai, Ph.D., RIKEN Institute, Wako-shi, Saitama 

     Expeditions 18 
Research Area Radiation Biology and Cell Biology 
 
To estimate the space-radiation effects separately from the microgravity effects, frozen human 
lymphoblastoid TK6 cells were sent to the “Kibo” module of the International Space Station (ISS), 
preserved under frozen condition during the mission, and finally recovered to Earth (14 November 2008 
to 28 March 2009, a total of 134 days flight, 54 mSv). Biological assays were performed on the cells 
recovered to earth for elucidating both direct- and indirect-effects of space-radiation. Before the 
recovery to Earth (100 days passed), a part of cell samples (40 mSv) were incubated for 8 days under 1G 
or µG conditions in a CO2 incubator of “Kibo” module. The incubated cells were then refrozen, returned 
to Earth for elucidatiing the influence of microgravity on direct effects of space-radiation. Direct and 
indirect effects were determined by LOH analysis of mutation at the thymidine kinase (TK) gene locus 
and radioadaprtation assay after the recovery, respectively. 
 
RESULTS  
We observed a tendency of increase (2.3-fold) in thymidine kinase deficient (TK-) mutations 
over the ground control. Loss of heterozygosity (LOH) analysis on the mutants also 
demonstrated a tendency of increase in proportion of the large deletion (beyond the TK 
locus) events, 6/41 (in-flight samples) and 1/17 (ground control). Furthermore, in-flight 
samples exhibited 48% of the ground-control level in TK- mutation frequency upon exposure 
to a subsequent 2 Gy X-rays, suggesting a tendency of radioadaptation when compared with 
the ground control samples. The tendency of radioadaptation was also supported by the 
post-flight assays on DNA double-strand break repair: a 1.8- and 1.7-fold higher efficiency 
of in-flight samples compared to ground control via non-homologous end-joining and 
homologous recombination, respectively. These observations suggest that this system can 
be used as a biodosimeter, because DNA damage generated by space radiation is considered 
to be accumulated in the cells preserved frozen during the mission. 

A part of cell samples were incubated for 8-days under 1G or µg in a CO2 incubator, then 
refrozen, returned to Earth, and compared to ground control samples for the determination 
of the influence of microgravity on cell survival and mutation induction. The results for 
both conditions varied from experiment to experiment, yielding a large SD, but the µG 
sample results differed significantly from the 1G sample results for each of 2 experiments, 
with the mean ratio of µG to 1G being 0.55 for the concentration of viable cells and 0.59 for 
the fraction of TK- mutants. Among the mutants, non-loss of zygosity events (point 
mutations) were less frequent (31%) after µG incubation than after 1G incubation, which 
might be explained by the influence of µG on cellular metabolic or physiological function. 
Additional experiments are needed to clarify the effect of µG interferes on DNA repair.  
 



 
Fig. 1.  The Overview of the Space Experiment LOH 

 

Fig.2. The Monitoring of the Experiment in ISS (left) and The View of Crew Training on the ground (right) 
 
 
  



PUBLICATION(S) 
1) Yatagai, F., Honma, M., Ukai, A., Omori, K., Suzuki, H., Shimazu, T., Ohnishi, T., Dohmae, N., 
and Ishioka, N. (2012) Preliminary results of space experiment: Implications for the effects of space 
radiation and microgravity on survival and mutation induction in human cells. Adv. Space. Res. 
49,479-486. [Original Paper] 
2) Yatagai, F., Honma, M., Takahashi, A., Omori, K., Suzuki, H., Shimazu, T., Seki, M., Hashizume, 
Ukai, A., Sugasawa, K., Abe, T., Dohmae, N., Enomoto, S., Ohnishi, T., Gordon, A., and Ishioka, N. 
(2011) Frozen human cells can record radiation damage accumulated during space flight: mutation 
induction and radioadaptation. Radiat. Environ. Biophys. 50, 124-134. [Original Paper] 
3) Yatagai, F., Honma, and Ishioka, N. (2010) Detection of biological influences caused by space 
radiation: ISS experiments and future developments. Bioengineering, 88, 280-284 [Review Paper] 
4) Yatagai, F., Honma, and Ishioka, N. (2009) What influences on the genes are expected under the 
space environments? Medical Bio, July, 54-59.[Review Paper] 
5) Yatagai, F., Takahash, A., Honma, M., Suzuki, H., Omori, K., Seki, M., Hashizume, T., Shimazu, 
T., Enomoto, S., Ohnishi, T., and Ishioka, N. (2009) LOH Analyses for Biological Effects of Space 
Radiation: Human Cell Culture in “Kibo” of International Space. Biol. Sci. Space, 23, 11-16. [Review 
Paper] 
 
Investigation is complete and Publication Status is finished. 
 
Earth Benefits  
The developed system for mutation (LOH) analysis is suggested to be applicable for 
evaluating various cellular-responses to low-dose, low-dose-rate ionizing radiation, 
providing a better estimation of health influences of such radiation. 
 
Space Benefits  

If we plan to bring the frozen cells carrying the DNA damage to the “Kibo” module, we could confirm 
the present observation, difficult DNA repair and reduced induction of mutation under the 
microgravity environment. Furthermore, we could expect to obtain more basic information about DNA 
repair under such condition. 

  



Integrated Assessment of Long-term Cosmic Radiation Through Biological 
Responses of the Silkworm, Bombyx mori, in Space (RadSilk) 
Principle Investigator(s): Toshiharu Furusawa, Ph.D., Kyoto Institute of Technology University, Kyoto 

               Expeditions 21/22 
Research Area Animal Biology-Invertebrate and Radiation Biology 
 
Integrated Assessment of Long-term Cosmic Radiation Through Biological Responses of the 
Silkworm, Bombyx mori, in Space (RadSilk) examines the effects of radiation exposure in 
microgravity on silkworms. 
Radiation effects are critical for biological creatures. The data collected during this 
investigation may lead a greater understanding of how the radiation defense system is 
affected by different factors from space radiation and microgravity environment. This data 
could potentially be used to help develop new treatments and preventative measures for 
radiation effects. 
 
RESULTS 

The International Space Station (ISS) is orbiting the Earth at a height of over 400 km. 
There, its environmental conditions include microgravity and radiation from cosmic rays 
and heavy ion beams. Astronauts who stay in the ISS are always exposed to cosmic 
radiation and therefore a biodosimetric assessment of health risks associated with radiation 
exposure has been requested. Eggs of the silkworm have excellent potential to be developed 
for use as this biodosimeter. 
1) Effect of microgravity (µG) on embryonic development: 

Silkworm eggs that are in a dormant state (called diapause) are optimal for use on the 
ISS. To ensure a stable diapause state, eggs were kept at 25°C for the first 30 days after 
oviposition and then at 5°C for 30 days. These eggs were then transported to the ISS where 
they were kept continuously at 2°C for about 3 months in the incubator in the ISS until 
recovery (µG･2°C). Portions of these eggs were transferred to either µG or G compartments 
in the Cell Biology Experimental Facility (CBEF) of the ISS, and then incubated at 20°C for 
6 days to resume embryonic development. The embryos underwent development normally 
after exposure to µG･2°C and about 50% of embryos exposed to 1G･20°C also performed 
embryonic reversal. In contrast, embryos did not carry out embryonic development after 
exposure to µG･20°C, suggesting that microgravity affects embryonic development in 
silkworm eggs.  
2) Chromosome aberration by cosmic rays: 

 Exposure of heterozygous eggs of the black-striped strain (dominant PS) of the silkworm 
to heavy ion particles resulted in somatic mutations appearing as white spots on the black 
integument during larval stage. The white spots were caused by the loss of a chromosomal 
fragment carrying the PS gene from epidermal cells during growth and development. On the 
basis of the above result, the following experiments were undertaken. The Passive 
Dosimeter for Life Science Experiments in Space (PADLES), estimated that total cosmic 
radiation was 15~20mGy in the ISS over about 3 months. No mutations were seen in the 
integument of the larvae (first filial generation) from these eggs. However, in the second 
generation, the larvae exhibited white spots on the black integument of their dorsal surface, 
and many white spots appeared on the gray dorsal integument of p/p/PS larvae in the third 
generation. This indicates that cosmic rays damage genes in the primordial germ cells 
during embryonic development of the first generation. 



3) Effects of cosmic rays on gene expression? The cosmic radiation seemed to suppress the 
expression of the gene encoding a small heat shock protein among several genes known to 
respond to environmental stress. The extent of gene suppression in each egg was different, 
suggesting that the dose and type of cosmic ray that hit each egg may be quite variable. 
This result opens that the analysis of biological effect of cosmic rays move from mass level 
to one individual level using the silkworm egg. 

Future research will aim to determine what type of cosmic rays and how great a dose is 
needed to cause chromosome aberration and suppression of gene expression.  
 
 
図は別ファイル(Rad_Silk.docx)参照 
 
 
  

 



 
PUBLICATION(S) 
1) Furusawa, T. et al. (2009): Introduction of the proposed space experiments aboard the 

ISS using the silkworm, Bombyx mori. Biological Sciences’ in Space 23(2), 61-69.  
2) Furusawa, T. et al. (2009): Targeted heavy –ion microbeam irradiation of the embryo but 

not yolk in the diapause-terminated egg of the silkworm, Bombyx mori, induces the 
somatic mutation. J. Radiat. Res., 50, 371~375. 

3) Furusawa, T. et al. (2009): Embryonic development in eggs of the silkworm, Bombyx 
mori, under microgravity, Bull. Kinugasa Text. Res. Inst. 13, 21-30. 

 
Pending publication(s) 
 
1) Furusawa, T., Nagaoka, S., Omori, K., Nojima, K., Ichida, M., Sugimura, Y., Suzuki, H., 

Simazu, T., Ishioka, N., Fujii, H. Chromosomal aberration in primordial cells in 
embryos of the silkworm, Bombyx mori, by cosmic rays. Biological Sciences in Space 
(submitted) 

2) Nagaoka, S. et al: Suppression of a heat-shock protein gene expression in the eggs of the 
silkworm, Bombyx mori, exposed to cosmic radiation (in preparation). 

3) Furusawa, T. et al.(2013): A book under the title of “Biological responses in the eggs of 
the silkworm, Bombyx mori, exposed to space environment “ will be published. 

 
Earth Benefits 

We will also explore the molecular mechanisms of the aberration and suppression. As the 
PS gene sequence is revealed, we can be deployed as a ground experiment to study 
mechanisms of chromosome breakage due to low-dose radiation exposure by using the 
artificial- synthesized gene. 
 
Space Benefits 

The positions of eggs were determined on X- and Y-axis on CR-39 film which covered on 
the eggs in the egg container. Since the dose of cosmic radiation on the egg was also 
estimated on the CR-39-film after returning of these eggs on the earth, the relationship 
between dose and mutation occurrence of each egg will be clarified. This will develop Space 
Radiation Biodosimeter using silkworm eggs, and thus will provide fundamental 
information on the effects of cosmic rays on biological systems that can then be applied to 
better protect humans against cosmic radiation.   
 
Investigation is Complete.  The experiment is continuing ground analysis and more 
results are pending publication and more results are pending publication. 
  



Preparation of eggs which were loaded 
into ISS (A and B), and the detection of 
mutation in 5th instar larvae after the 

         
    

       
      

     
     
       
        

        
          

       

Reverse Genetic Approach to Exploring Genes Responsible for Cell Wall 
Dynamics in Supporting Tissues of Arabidopsis Under Microgravity Conditions 
(Cell Wall) 
Principle Investigator(s): Kazuhiko Nishitani, Tohoku University, Sendai, Miyagi, Japan 

               Expeditions 16, 17 
Research Area Plant Biology 
 
The Reverse Genetic Approach to Exploring Genes Responsible for Cell Wall Dynamics in 
Supporting Tissues of Arabidopsis Under Microgravity Condition (Cell Wall) investigation 
will explore the molecular mechanism by which the cell wall (rigid outermost layer) 
construction in Arabidopsis thaliana (a small plant of the mustard family) is regulated by 
gravity. The results of this investigation support future plans to cultivate plants on long-
duration exploration missions.  
 
Data gathered from the Cell Wall study will further the understanding of how plant growth 
and development at a molecular level can lead to significant advancements in agricultural 
production on Earth.  
 
The Cell Wall experiment aimed to explore the molecular mechanism by which the cell-wall 
construction of supporting tissues in land plants is regulated via gravity signal, which can 
benefit space explorers.  
 
RESULTS 
The Cell Wall portion of the experiment on orbit was incomplete due to a failure of the 
water supply system in EMCS, which is now under investigation using limited information 
from only the leaves. 
 

 
 
PUBLICATION(S) 
Koizumi K, Yokoyama R, Nishitani K., “Mechanical load induces upregulation of transcripts for a set of genes 



implicated in secondary wall formation in the supporting tissue of Arabidopsis thaliana”, J. Plant Res.,122(6), 
651-659, 2009. 
 
Yokoyama R, Koizumi K, Nishitani K, “Cell wall-related genes involved in supporting tissue formation and 
transcriptional regulation in Arabidopsis thaliana”, Biol. Sci.Space, 23(3), 121-129, 2009.  
 
Koizumi K, Yokoyama R, Nishitani K, Takeoka H, Kamada M, Omori K, Ishioka N, Shimazu T, “Reverse 
genetic approach to exploring genes responsible for cell-wall dynamics in supporting tissues of Arabidopsis 
thaliana under microgravity conditions”, Biol. Sci.Space, 21(3), 48-55, 2007. 
 
Investigation is complete and publication is finished.. 
  



Role of Microtubule-Membrane-Cell Wall Continuum in Gravity Resistance in 
Plants (Resist Wall) 
Principle Investigator(s): Takayuki Hoson, Ph.D., Osaka City University, Osaka 

               Expeditions 16, 17 
Research Area Plant Biology 
 
The Role of Microtubule-Membrane-Cell Wall Continuum in Gravity Resistance in Plants 
(Resist Wall) investigation was conducted to determine the importance of the structural 
connections between microtubules, plasma membrane, and the cell wall as the mechanism 
of gravity resistance. The results of this investigation support future plans to cultivate 
plants on long-duration exploration missions. 
 
Data gathered from the Resist Wall study will further the understanding of how plant 
growth and development at a molecular level can lead to significant advancements in 
agricultural production on Earth. 
 
The Resist Wall experiment aimed to explore the molecular mechanism by which the cell-
wall construction of supporting tissues in land plants is regulated via gravity signal, which 
can benefit space explorers. 
 

RESULTS 
Under microgravity conditions, seeds of the tua6 
mutant were shown to germinate and grow normally 
until they reached the seedling stage. The seedlings 
were naturally air-dried in EMCS due to failure of the 
water supply system. The cell wall mechanical 
properties of rehydrated hypocotyls exhibited typical 
stress-strains and stress-relaxation curves, which is 
normally seen in fixed or frozen materials. There were 
no prominent differences between space-grown 

hypocotyls and the ground controls. 
 
During the final steps in gravity resistance, plants increase their cell wall rigidity by 
modifying their cell wall metabolism and cell wall environment. Under hypergravity 
conditions, the orientation of cortical microtubules is modified, suggesting that they play an 
important role in gravity resistance. The Resist Wall Experiment aims to clarify whether 
the gravity resistance of plants in 1 G gravity, specifically the function of microtubules, is 
the same as the resistance in hypergravity. In 2008, this experiment was carried out on the 
Plant Cultivation Chamber (PCC) in the European Modular Cultivation System (EMCS) on 
the International Space Station (ISS).   
 
Seeds from two Arabidopsis strains, wild-type Columbia and α-tubulin 6 mutant (tua6), 
were prepared and installed in the EMCS. Seeds were watered, and germinated plants 
were grown while daily images were acquired with an automated acquisition system on 
EMCS. Naturally air dried plants were recovered to Earth and were gradually rehydrated 
for 7 days. The intention was to grow all seeds to the reproductive stage and compare their 
growth and development; however, due to failure in the water supply system, only one of 



the four PCCs received a limited supply of water, and no plants reached the expected 
developmental stage. Under microgravity conditions, seeds of both the wild-type and the 
tua6 mutant were shown to germinate and grow normally until they reached the seedling 
stage. The cell wall mechanical properties of rehydrated hypocotyls exhibited typical stress-
strains and stress-relaxation curves, which are normally seen in fixed or frozen materials. 
There were no prominent differences between space-grown hypocotyls and the ground 
controls.  
The mechanism of gravity resistance has often been confused with that of gravitropism. 
Future experiments will take place to further define this mechanism under microgravity 
conditions. Results from this investigation will help scientists to support the growth of 
plants on long-duration space exploration missions, as well as improve agricultural 
methods on Earth (Hoson 2009).   
 
PUBLICATION(S) 
 
Hoson, Takayuki , Matsumoto , Shouhei , Soga, Kouichi , Wakabayashi, Kazuyuki , Hashimoto, 
Takashi , Sonobe, Seiji , Muranaka, Toshiya , Kamisaka, Seiichiro , Kamada, Motoshi , Omori, 
Katsunori , Ishioka, Noriaki , Shimazu, Toru , . Growth and cell wall properties in hypocotyls of 
Arabidopsis tua6 mutant under microgravity conditions in space. . 2009 ; 23(4): 71-76. DOI: . PMID: . 
[] 
 
Investigation is complete and publication is finished. 
 
  



Hydrotropism and Auxin-Inducible Gene Expression in Roots Grown 
under Microgravity Conditions (Hydro Tropi) 
Principle Investigator: Hideyuki Takahashi, Tohoku University, Sendai 

    Expeditions 25 
Research Area Plant Biology 
 
Roots display not only gravitropism but also hydrotropism in determining their growth 
orientation. Accordingly, the constant nature of gravity always renders superimposed effect 
on hydrotropism on Earth, which causes difficulties in discriminating hydrotropism from 
gravitropism. Hydro Tropi uses microgravity environment in space to separate hydrotropism 
from gravitropism and to dissect its mechanism in cucumber (Cucumis sativus) roots.  
 
This experiment has three specific aims. First, it demonstrates that gravitropism interferes 
with hydrotropism. Second, it clarifies the differential auxin response that occurs during the 
respective tropisms, by investigating the auxin-inducible gene expression. Third, it shows 
whether hydrotropism can be used in controlling root growth orientation in microgravity.  
 
RESULTS 
The on-board experiments were successfully carried out, but a period of sample fixation 
with 4% paraformaldehyde / 0.25% glutaraldehyde became longer than the expected one. 
Nevertheless, we could measure the growth and curvature of the seedling roots, and 
analyze CsIAA1 expression by in situ hybridization. The results showed that roots 
hydrotropically bent toward the moistened plastic foam under microgravity conditions, 
whereas they grew straight along the direction of gravitational force under 1G conditions. 
The hydrotropic response in microgravity appeared to be greater in NaCl chamber 
compared with that in H2O chamber, but they did not differ statistically. Furthermore, 
CsIAA1 gene differentially expressed in the hydrotropically bending roots; the expression 
was much greater in the concave side than the convex side. On the other hand, we detected 
no asymmetric expression of CsIAA1 in the roots grown under 1G conditions. These results 
revealed that roots become very sensitive to moisture gradients in microgravity and that 
auxin redistribution and differential auxin response take place during hydrotropic response. 
Also, the results imply that we can use hydrotropic response as a means of root growth 
regulation for plant production in space.  
 

 



 
Astronaut, Shannon Walker, is working on the Hydro Tropi experiment in KIBO module. 
 
PUBLICATION(S) 

Moriwaki, T., Miyazawa, Y., Kobayashi, A. & Takahashi, H. : Molecular mechanisms of 
hydrotropism in seedling roots of Arabidopsis thaliana (Brassicaceae). American 
Journal of Botany 100 (1), 25-34 (2013) 

Miyazawa, Y., Moriwaki, T., Uchida, M., Kobayashi, A., Fujii, N. & Takahashi, H. : 
Overexpression of MIZU-KUSSEI1 enhances root hydrotropic response by retaining 
cell viability under hydrostimulated condition in Arabidopsis thaliana. Plant and Cell 
Physiology 53 (11), 1926-1933 (2012) 

Nakayama, M., Kaneko, Y., Miyazawa, Y., Fujii, N., Higashitani, N., Wada, S., Ishida, H., 
Yoshimoto, K., Shirasu, K., Yamada, K., Nishimura, M. & Takahashi, H. : A possible 
involvement of autophagy in amyloplast degradation in columella cells during 
hydrotropic response of Arabidopsis roots. Planta 236, 999-1012 (2012) 

Moriwaki, T., Miyazawa, Y., Fujii, N. & Takahashi, H. : Light and abscisic acid 
signalling are integrated by MIZ1 gene expression and regulate hydrotropic response 
in roots of Arabidopsis thaliana. Plant, Cell and Environment 35, 1359-1368 (2012) 

Yamazaki, T., Miyazawa, Y., Kobayashi, K., Moriwaki, T., Fujii, N. & Takahashi, H. : 
MIZ1, an essential protein for root hydrotropism, is associated with the cytoplasmic 
face of the endoplasmic reticulum membrane in Arabidopsis root cells. FEBS Letters 
586, 398-402 (2012) 

Watanabe, C., Fujii, N., Yanai, K., Hotta, T., Kim, D-H., Kamada, M., Sasagawa-Saito, 
Y., Nishimura, T., Koshiba, T., Miyazawa, Y., Kim, K-M. & Takahashi, H. : 
Gravistimulation changes the accumulation pattern of the CsPIN1 auxin efflux 
facilitator in the endodermis of the transition zone in cucumber seedlings. Plant 
Physiology 158, 239-251 (2012) 

 
Investigation is complete and more results are pending publication. 
 
 
PAO Summary  
Plant roots display not only gravitropism but also hydrotropism for water acquisition. On 
Earth, however, gravitropism interferes with hydrotropism. We therefore use microgravity 
environment to separate hydrotropism from gravitropism in cucumber roots. This 
experiment will verify the interaction between hydrotropism and gravitropism, by 



enhancing hydrotropic response in microgravity. It makes possible analysis of mechanisms 
for hydrotropism and its comparison with the mechanisms for gravitropism. In particular, 
we hypothesize that both gravitropism and hydrotropism are attributable to asymmetric 
distribution of auxin in cucumber roots. This hypothesis will be verified by in situ 
hybridization analysis of auxin-inducible gene, CsIAA1, in cucumber roots grown under µG 
and 1G conditions. These analyses in Hydro Tropi experiment will provide us with a clue 
not only to understand the mechanism of hydrotropism and its interaction with 
gravitropism but also to develop new technology to efficiently grow plants in space and arid 
area on Earth. 
 
Earth Benefits  
Water availability is critical matter for plant growth and survival. For example, crop 
cultivation and yield are indeed restricted under drought conditions in arid area. The 
results of Hydro Tropi experiments will provide us with knowledge to develop new 
technology that enables plants efficient uptake of water.  
 
Space Benefits  
Growth orientation of plant organ such as shoots, stems, and roots are well controlled 
mainly by tropisms, which is critical to adapt to surrounding stressful environment. Roots 
that are responsible for water acquisition, control their growth orientation by responding to 
gravity. This phenomenon called gravitropism plays an important role in plant growth and 
development on Earth. For a long-term space exploration, we need to establish a 
sustainable life-support system that includes plant growth unit. In space, however, it is 
difficult to control growth orientation by gravity response plants obtained on Earth. This 
issue needs to be worked out to obtain better yields of plants in space. Hydro Tropi 
experiment demonstrates that plant ability to respond to moisture gradients, hydrotropism, 
is separable from gravitropism and useful for controlling root growth orientation in space. 
Hydro Tropi experiment will give us basic information for creating new plants suitable for 
the hydrotropism-assisted plant growth unit or developing a hydrotropism-controlled 
growth unit itself for future space exploration. 
  



 
Regulation by gravity of ferulate formation in cell walls of rice seedlings 
(Ferulate) 
Principle Investigator(s): Kazuyuki Wakabayashi, Ph.D., Osaka City University, 
Osaka, Japan 

               Expeditions 23/24 
Research Area Plant Biology 
 
The plant cell wall is a specialized form of extracellular matrix that surrounds the 
protoplast and provides the plant cells with the structural rigidity. The cell wall of 
gramineous plants, important grain crops, such as rice, wheat, maize and barley, contains a 
significant amount of phenolic compounds, such as ferulic acid (FA). FA bound to cell walls 
undergoes a coupling reaction to produce diferulic acid (DFA), which cross-links wall 
polymers. The cross-linkage by DFA makes the cell wall mechanically rigid and contributes 
to maintain the cell wall structure. Indeed, the increases in DFA content was closely 
correlated with the cell wall rigidity in some gramineous shoots and also hypergravity 
treatment increased the formation of DFA in cell walls of wheat shoots. From these findings, 
we hypothesized that microgravity reduced the formation of cross-linkage by DFA, which, 
in turn, causes the reduction of mechanical strength of cell walls. The Ferulate experiment 
carried out to examine above hypothesis using dark-grown rice seedlings. The results 
obtained will contribute significantly to our understanding of the mechanisms involved in 
the formation of cell wall architecture, an essential process in the development of higher 
plants.   
 
 
RESULTS  
The sterilized rice seeds were planted on agar medium placed in a black polycarbonate culture dish, and 
stored in a refrigerator to prevent germination before and during the flight until the start of growth 
experiment in the Kibo module of ISS. On orbit, seeds were transferred to the Cell Biology Experiment 
Facility (CBEF) and allowed to germinate and grow under 1 G and microG conditions in the dark. After 
incubation, seedlings were frozen and then collected to the ground. The CBEF has two incubator 
compartments; a microgravity compartment and an artificial gravity compartment with a centrifuge. By 
using the facility, we could obtain plant samples grown under microgravity and artificial 1 G conditions 
simultaneously on orbit.  
The germination rate was more than 90% in both on-orbit 1 G and microgravity conditions. The length of 
1 G-grown rice shoots substantially increased from day 4 to day 5. Microgravity did not affect the shoot 
growth. Analysis of the mechanical properties of cell walls showed that shoot cell walls obtained from 
seedlings grown under microgravity conditions for 5 days were loosened as compared with those under 
1 G conditions. On day 5, the levels of cell wall-bound mono-phenolic acids, such as ferulic acid (FA), in 
micro G-grown shoots were almost comparable to those in 1 G-grown shoots, while the levels of 
diferulic acid (DFA) were lower in micro G-grown shoots than in 1 G-grown shoots. Furthermore, 
measurement of the activity of cell wall peroxidases showed that the activity obtained from micro G-
grown shoots was lower than that from 1 G-grown shoots. These results suggest that microgravity 
conditions reduce the activity of cell wall peroxidases in rice shoots, resulting in the suppression of DFA 
formation, which, in turn, may cause the reduction of mechanical strength of shoot cell walls. 
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Investigation is complete. Ground analys is almost completed and results are ready 
for publication. 
 
 
PAO Summary  
Land plants have evolved in the presence of gravitational force of 1 G. So, they have developed the cell 
wall to support and stand upright their body against the gravity, as do the bones and muscles in an 
animal body. We have shown that network structures (DFA network) within cell wall architecture in 
gramineous (cereal) plants have a load-bearing function and contribute to construct a tough and stable 
cell wall. Furthermore, hypergravity, the gravitational forces more than 1 G, promoted the formation of 
such network structures. So, the opposite changes are expected to occur under microgravity conditions 
in space. The Ferulate experiment examined above possibility by investigating the strength of cell walls 
and the chemical composition of cell wall constituents in rice seedlings. In addition, the experiment 
studied the effects of microgravity on the metabolic processes for the synthesis of DFA network.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
NASA astronaut, Tracy C. Dyson, is working on the Ferulate experiment. 
 
Earth Benefits  
The cell wall is an essential organelle to maintain plant life cycle. The data obtained from the 
investigation may greatly improve understanding of how the gravitational stimuli affect the formation of 
cell wall architecture in higher plants. Furthermore, the basic mechanism of the formation of cell wall 
phenolic components will be clarified in the present investigation, which may contribute to develop 
efficient method for breeding of gramineous (cereal) plants. 
 
Space Benefits 
The information obtained from the investigation could be applied to develop efficient plant production 
system in altered gravity environment, such as planet with altered gravity conditions and on orbit in 
space. The data may also contribute to improve the experimental procedure for plant cultivation on 
orbit.  
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