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ABSTRACT

In this study, we simulated space flight of the nematode, Caenorhabditis elegans, on the ground and examined how it is
affected by space radiation and G-forces. We simulated G-forces during launch in a gravity acceleration laboratory de-
vice in order to identify and isolate the effects of the G-forces. Following this, we irradiated C. elegans with accelerated
protons (MC-50 Cyclotron) and gamma rays (iR 222 machine) at the same physical dose. We calculated the expected
radiation dose according to Reitz [1] and simulation programs (NASA AP8MIN [2], NASA AE8MAX [2], and
CREAMS6 [3]) for 1 month (dose rate: 6 x 10~ Gy; 2.8 x 1072 Gy), 6 months (dose rate: 36 x 107 Gy; 16.8 x 102 Gy),
and 2 years (dose rate: 144 x 107 Gy; 67.2 x 107> Gy) of space flight. There have been several trials that aimed to take
C. elegans into orbit on US space shuttle missions including a mission on the shuttle Columbia. In this study, we simu-
lated longer duration space flights and performed a whole-genome microarray analysis to observe phenotype variations
whereas most such experiments were carried out during short duration space flights and focused on mutations and
genotypic variations. We expect that the results of this study will be useful to predict the effects of long-term exposure

of space radiation on living organisms.
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1. Introduction

There are many risks to humans when they explore space,
and many researchers have studied the effects of space
radiations. Radiations exert several effects on living or-
ganisms, such as mutations, apoptosis, death, and behav-
ioral changes [4]; however, the specific mechanisms un-
derlying these effects are still unclear.

In this study, we analyzed the effects of space radia-
tion and G-forces on the nematode Caenorhabditis ele-
gans a ground simulation of the long duration space
flight. The nematode, C. elegans, has a variety of fea-
tures that make it an attractive model for space experi-
ments. In particular, C. elegans is easy to culture and is a
self-fertilizing organism. Above all else, many of the de-
velopmental and biochemical pathways of C. elegans are
conserved in humans [5]. Some space flight experi-
ments involving live C. elegans have been carried out in
space. On STS-42, C. elegans was examined in terms of
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how it is affected by space radiation. An 8-fold increase
in the mutation rate was observed with large chromoso-
mal rearrangements being found at a higher frequency in
space-flown worms compared to ground controls [6,7].
On STS-76, increased mutations induced by low earth
orbit space radiation were observed and were shown to
be the direct consequence of space radiation. A 3.3-fold
increase in the mutation rate in that region alone and the
mutations were occurred due to large-scale alterations in
their chromosome structure. In addition, G-forces exerted
only a marginal effect [6]. On STS-95, all of the species
died, therefore, no results were obtained. On STS-107,
the Columbia space shuttle crashed and only 3 canisters
with living C. elegans were found [8]. ICE-First has new
organism hardware, CeMM, so Biologist wants to check
new hardware performance. And they confirmed CeMM
validates. The effects on nematodes that were grown for 3 -
4 generations in CeMM media and in space for 10 d were
analyzed. In this experiment, space-faring animals un-
derwent normal development, apoptosis [9], and DNA

1JAA



292 S.YI

repair [10], but experienced altered muscle development
[11]. Because it can sustain a high degree of radiation
damage, C. elegans can be used as a potential biological
dosimeter [12]. There are many changes in genes that are
associated with ageing, oxidative stress, and muscle
growth were observed, using C. elegans habitat hardware
[13], because of long term flight. Our study examines the
influence of space radiation on C. elegans for long-dura-
tion space flight, and the effects of G-force during launch
on C. elegans.

2. Materials and Methods
2.1. Preparation of C. elegans

Caenorhabditis elegans was cultured according to stan-
dard methods [14]. Worms were cultured on nematode
growth medium (NGM) agar plates that were spread with
Escherichia coli K-12 strain MG1655 as a food source.
The worms were grown at 20°C. Three hundred young
adult worms were used for each experiment.

2.2. Calculation of Space Radiation

We used 2 methods to calculate the space radiation dose.
First, based on a paper of the G. Reitz group [1], the
space radiation dose on the International Space Station (ISS)
was estimated to be 151 uGy to 231 puGy per day, and
then we assumed an average dose rate of 200 uGy per
day. Second, we simulated the space radiation with the
programs NASA APSMIN [2], NASA AESMAX [2],
and CREAMS6 [3]. Through this method, we estimated
the dose rate to be 100 Rad for 3 y. We simulated over-
sampling radiation using assumptions for aluminum thick-
ness. In addition, we assumed the duration of a space
flight such as a shuttle mission of 30 d, a Soyuz mission
of 180 d (6 months), and a Mars mission of 730 d (2
years), and used the estimated radiation dose rates noted
in Table 1.

We used 2 types of radiation: accelerated protons and
gamma rays. Following irradiation, we compared the
common expressed genes for the protons and gamma
rays. In addition, we analyzed the effects of G-forces and
space radiation, which was composed of protons and
gamma rays, on commonly expressed genes.

First, we carried out irradiation using 3 types of accel-
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we only experimented with 3 types of radiation. Second,
we carried out irradiation using 6 types of gamma rays 6 X
107 Gy, 36 x 107 Gy, 144 x 107 Gy, 2.8 x 107 Gy,
16.8 x 10* Gy, and 67.2 x 107> Gy, on C. elegans using
an iR 222 machine. We carried out experiments on C.
elegans by varying the exposure distance at the same
time. Figure 1 shows our experiment setup and Table 2
shows the gamma rays produced by iR 222 machine.
After exposure to radiation, C. elegans was collected, fro-
zen in liquid nitrogen, and kept at —70°C until the RNA
extraction procedure was carried out.

2.3. G-Force Experiment

We performed experiments on C. elegans according to
private communication Soyuz User’s manual-Issue3 (2002),
as shown in Figure 2, by using the acceleration equip-
ment shown in Figure 3.

2.4. Microarray Analysis

RNA was extracted by following the Trizol method of
the Trizol Molecular Research Center. For control and
test RNA, the synthesis of target cRNA probes and hy-
bridization were carried out using Agilent’s Low RNA
Input Linear Amplification kit (Agilent Technology, USA)
according to the manufacturer’s instructions. Briefly, 1
ug of total RNA and T7 promoter primer were mixed and

Figure 1. MC-50 cyclotron (left), iR 222 machine (right).

Table 2. Gamma radiations produced by the iR 222 ma-
chine.

erated protons, 144 x 10~ Gy, 16.8 x 107 Gy, and 33.6 x Total P(;’ys)e Rate D(‘gsﬂ‘jj;e Distance (cm)  Time (s)
107 Gy, on C. elegans using an MC-50 Cyclotron. The 6 x 107 O 207 s
. . X X
MC-50 Cyclotron could not adjust to a tiny dose rate so :
o 36 %107 720 1 154.5 18
Table 1. Space radiation dose.
28x107 5.60 x 1 176.6 18
Paper of G. Reitz Group (Gy) Simulated (Gy)
144 x 107 2.88 x 10 71.3 18
1 Month 6x10° 28107
-2
6 Months 36 x 107 16.8 x 1072 16.8 x 10 3.36 x 10 65.0 18
2 Years 144 x 1073 67.2 %1072 672x 107 13.44 x 10 30.8 18
Copyright © 2013 SciRes. 1JAA
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Figure 2. G-force profile for Soyuz launch.

Figure 3. Acceleration equipment.

incubated at 65°C for 10 min. The cDNA master mix (5 X
First strand buffer, 0.1 M DTT, 10 mM dNTP mix,
RNAe-Out, and MMLV-RT) was prepared and added to
the reaction mixture. The samples were incubated at
40°C for 2 h, and then dsDNA synthesis was terminated
by incubating at 65°C for 15 min. The transcription mas-
ter mix was prepared according to the manufacturer’s
protocol (4 x transcription buffer, 0.1 M DTT, NTP mix,
50% PEG, RNAe-Out, inorganic pyrophosphatase, T7-
RNA polymerase, and Cyanine 3/5-CTP). Transcription
of dsDNA was performed by adding the transcription
master mix to the dsDNA reaction samples and incubat-
ing them at 40°C for 2 h. The amplified and labeled
cRNA was purified using a cRNA Cleanup Module (Agi-
lent Technology) according to the manufacturer’s proto-
col. Labeled cRNA target was quantified using a ND-
1000 spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE). After checking the labeling efficien-
cy, fragmentation of the cRNA was performed by adding
10 x blocking agent and 25 x fragmentation buffer and
incubating the mixture at 60°C for 30 min. The frag-
mented cRNA was re-suspended with 2 x hybridization
buffer and directly pipetted onto an assembled Agilent’s
C. elegans Oligo Microarray (44 K). The arrays were
hybridized at 65°C for 17 h using an Agilent Hybridiza-
tion oven (Agilent Technology, USA). The hybridized

Copyright © 2013 SciRes.
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microarrays were then washed according to the manu-
facturer’s protocol (Agilent Technology, USA).

2.5. Data Acquisition and Analysis

The hybridized images were scanned using Agilent’s
DNA microarray scanner and quantified by using Feature
Extraction Software (Agilent Technology, Palo Alto, CA).
All data normalization and selection of fold-changed
genes were performed using GeneSpringGX 7.3 (Agilent
Technology, USA). The averages of the normalized ra-
tios were calculated by dividing the average of the nor-
malized signal channel intensity by the average of the
normalized control channel intensity. Functional annota-
tion of the genes was performed according to Gene On-
tology™ Consortium [14] by GeneSpringGX 7.3. Gene
classification was based on searches done by Bio-Carta
[15], GenMAPP[16], and DAVID[17]. We identified the
functions of genes based on WormBase.

3. Results and Discussion

3.1. Effects of Estimated Long-Term Exposure of
Space Radiation in C. elegans

We analyzed the effect of estimated long-term exposure
to space radiation on the global gene profiles of C. ele-
gans. To gain insight into the biological processes asso-
ciated with the regulated genes, we determined which
GO annotation terms were over-represented. Further, we
categorized these effects 3 groups: DNA repair, oxidative
stress, and cell death. We analyzed all of the genes that
were regulated upon proton and gamma ray, and set the
fold cut-off value at 2.0. Later we compared the 2-fold
up/down-regulated common genes between proton and
gamma ray-irradiated C. elegans.

3.2. Changes in C. elegans Genes Due to the
Effects to Protons Radiation

We examined 1 month, 6 months and 2 years radiation
dose according to paper of Reitz and simulation program.
However, there are few changes 1 month and 6 months
radiation dose according to Reitz group and 1 month ra-
diation dose according to simulation program. Therefore
we only show 2 years radiation dose according to Reitz
group and 6 months and 2 years radiation dose according
to simulation program.

3.2.1. DNA Repair

We analyzed the changes in the C. elegans genes that
were induced by the effects to protons irradiation on as
shown in Table 3 and found that 3 up-regulated genes
are related to DNA repair functions. This category in-
cludes rad-23, msh-5, and rpt-4. rad-23 encodes a pro-
teasomal ubiquitin receptor that is related to axon
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Table 3. Results of a microarray analysis that shows how genes influenced by proton irradiation that are related to DNA re-
pair were up/down-regulated after one dose of simulated radiation at each dose rate.

Gene Symbol 2 Years (G*) 6 Months (S*) 2 Years (S¥%) Gene Name Brief Identification
rad-23 1.5 gaAdllja_trl:II; tiznsmvny abnormal/yeast RAD23 protein homolog?2 like
lig-1 Ligase DNA ligase I
mei-1 Defective meiosis MEI-1 meiotic spindle formation protein
Y50D7A.2 Hypothetical protein
msh-5 MSH (MutS Homolog) family Yeast DNA mismatch
cdc-48.2 Cell division cycle related P97 protein
rpt-4 Proteasome regulatory particle, ATPase-like
rpt-4 Proteasome regulatory particle, ATPase-like
CO04E6.7 Hypothetical protein

G*: Calculated by paper of G. Reitz group as shown in Table 1; S*: Simulated using programming NASA AP8MIN, NASA AESMAX, and CREAMS86 as
shown in Table 1; *Color index of the analyzed genes in Tables 3-12.

Table 4. Results of a microarray analysis that shows how genes that are related to oxidation repair were up/down-regulated
after one dose of simulated gamma ray irradiation at each dose rate.

Gene Symbol 2 Years (G*) 6 Months (S*) 2 Years (S*) Gene Name Brief Identification
immt-1 Inner.membrane of mitochodria L96 protein (tipula iridescentvirus
protein homolog TIV) (weak))
F26E4.12 Hypothetical protein Glutathione peroxidase

mit-7 Molting defective Peroxidase
bli-3 Blistered cuticle

skn-1 Skinhead

hsp-60 Heat shock protein

hsp-60 Heat shock protein

hsp-60 Heat shock protein

hsp-60 Heat shock protein

hsp-60 Heat shock protein

hsp-60 Heat shock protein

Table 5. Results of a microarray analysis that shows how genes that are related to cell death were up/down-regulated after
one dose of simulated gamma ray irradiation at each dose rate.

Gene Symbol 2 Years (G¥) 6 Months (S*) 2 Years (S*) Gene Name Brief Identification
gck-1 _ 0.68 0.76 Germinal center kinase family Serine/threonine kinase

lam-1 Laminin related Laminin
clp-7 Calpain family
gsa-1 G protein, subunit alpha Guanine nucleotide-binding protein
icd-1 Inhibitor of cell death Transcription factorBTF3 (human)
hrdl-1 HRD-like (E3 ubiquitin ligase related)  Zinc finger, C3HC4 type (RING finger)
hrdl-1 HRD-like (E3 ubiquitin ligase related)  Zinc finger, C3HC4 type (RING finger)
in-29 Abnormal cell lineage Transcription factor lin-29
cdl-1 Cell death lethal
B0280.17 Hypothetical protein
B0280.17 Hypothetical protein
B0280.17 Hypothetical protein
B0280.17 Hypothetical protein
B0280.17 Hypothetical protein
ant-1.1 Adenine nucleotide translocator ADP/ATP carrier protein
ced-9 Cell death abnormality Apoptosis regulator proteins, Bcl-2 family
ced-9 Cell death abnormality Apoptosis regulator proteins, Bcl-2 family
hda-4 Histone deacetylase
hda-4 Histone deacetylase

Copyright © 2013 SciRes. 1JAA
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Table 6. Results of a microarray analysis that shows how genes that are related to DNA repair were up/down-regulated after

one dose of simulated gamma ray irradiation at each dose rate.

Gene Symbol 2 Years (G*) 6 Months (S*) 2 Years (S¥%) Gene Name Brief Identification
lig-1 Ligase DNA ligase I
mei-1 Defective meiosis MEI-1 meiotic spindle formation protein
CO04E6.7 Hypothetical protein
F56F11.4 Hypothetical protein 268 protease regulatory subunit
nth-1 NTH (endonuclease three like) homolog ~ Endonuclease
YS0D7A.2 Hypothetical protein
cdc-48.1 Cell division cycle related 1{;1;2220}11:1111211132pllez;ngl;cprre;ig?il)lm
cdc-48.1 0.91 0.97 Cell division cycle related 11:;1;1let;o;l;lnzrllg(g)pllzz;rg;cprre;g?;;lm
rpt-4 Proteasome regulatory particle, ATPase-like
rpt-4 Proteasome regulatory particle, ATPase-like

Table 7. Results of a microarray analysis that shows how genes that are related to oxidative stress were up/down-regulated

after one dose of simulated gamma ray irradiation at each dose rate.

Gene Symbol 2 Years (G*) 6 Months(S*) 2 Years(S*)

Gene Name

Brief Identification

Peroxiredoxin

Inner membrane of mitochondria
protein homolog

NTH (endonuclease three like)
homolog

PMR-type golgi ATPase
Skinhead

Heat shock protein
Eating: abnormal pharyngeal pumping
PMR-type golgi ATPase
PMR-type golgi ATPase
PMR-type golgi ATPase
PMR-type golgi ATPase
Heat shock protein

Heat shock protein

Heat shock protein

Heat shock protein

Heat shock protein

Heat shock protein

PINK (PTEN-induced kinase) homolog

L96 protein tipula iridescent virus (TIV) weak

Endonuclease

E1-E2 ATPases

GTP-binding protein
E1-E2 ATPases
E1-E2 ATPases
E1-E2 ATPases
E1-E2 ATPases

Table 8. Results of a microarray analysis that shows how genes that are related to cell death were up/down-regulated after

one dose of simulated gamma ray irradiation at each dose rate.

Autophagy (yeast Atg homolog)

Autophagy (yeast Atg homolog)

LC3, GABARAP and GATE-16 family
Adenine nucleotide translocator
Calmodulin

ADP/ATP carrier protein
Calmodulin

Cell death abnormality Apoptosis regulator proteins, Bcl-2 family
Cell death abnormality
Cell death abnormality

Histone deacetylase

Apoptosis regulator proteins, Bcl-2 family
Apoptosis regulator proteins, Bcl-2 family

Mammalian cell death associated protein related
Mammalian cell death associated protein related
ADP/ATP carrier protein

Adenine nucleotide translocator

Copyright © 2013 SciRes.
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Table 9. Results of a microarray analysis that shows how up/down-regulated genes that are related to DNA repair were in-
fluenced by G-forces. A G-force simulation test was repeated 3 times under the same condition (p value < 0.01 using a hy-

pergeometric test).

Gene Symbol  G-Force Gene Name Brief Identification
immt-1 Inner membrane of mitochondria protein homolog L96 protein (tipula iridescent virus (TIV) (weak))
Y54G2A.17 Hypothetical protein

Table 10. Results of a microarray analysis that shows how up/down-regulated genes that are related to oxidative stress were
influenced by G-forces. A G-force simulation test was repeated 3 times under the same condition (p < 0.01 using a hyper-

geometric test).

Gene Symbol Gene Name

Brief Identification

G-Force
pagn-60

Prion-like-(Q/N-rich)-domain-bearing protein

DAD (Defender against Apoptotic Death) homolog

Table 11. Results of a microarray analysis that shows how up/down-regulated genes that are related to cell death were influ-
enced by G-forces. A G-force simulation test was repeated 3 times under the same condition (p < 0.01 using a hypergeometric

test).

G-Force

Gene Symbol

Gene Name

Brief Identification

agt-1
rpt-4
rpt-4

Alkylguanine DNA alkyltransferase
Proteasome regulatory particle, ATPase-like

Proteasome regulatory particle, ATPase-like

Table 12. Results of a microarray analysis that shows how up/down-regulated genes that are related to muscle were influ-
enced by G-forces. A G-force simulation test was repeated 3 times under the same condition (p < 0.01 using a hypergeometric

test).
Gene Symbol G-Force Gene Name Brief Identification

glb-10 Globin

D1007.4 Hypothetical protein
lim-9 Lim domain family Lim domain containing proteins
unc-26 Uncoordinated Inositol polyphosphate phosphatase, catalytic domain homologues
unc-26 Uncoordinated Inositol polyphosphate phosphatase, catalytic domain homologues
mup-2 Muscle positioning Troponin T-like protein

C43E11.9 Hypothetical protein
mic-2 Myosin light chain

branching and nucleotide excision repair. The msh-5
gene encodes a germline-specific homolog of the yeast
and mammalian DNA mismatch repair protein MSHS5
(MutS-family) that is required for crossing over and chi-
asma formation during C. elegans meiosis. The rpt-4
gene encodes a predicted ATPase subunit of the 19S
regulatory complex of the proteasome. It has been re-
ported that proteasome is related to DNA repair function
and protein degradation. In addition, we found 3 genes
lig-1, mei-1, and cdc-48.2 that were down-regulated by
proton exposure. The mei-1 gene is important for making
the meiosis I spindle, and cdc-48.2 is believed to be a
member of the p97/AAA family, and is particularly es-
sential during C. elegans meiosis. The facts that DNA
repair genes (rad-23, msh-5) had their expression in-
creased and the meiosis genes (mei-1, cdc-48.2) had their
expression decreased further supports the view that a

Copyright © 2013 SciRes.

DNA repair mechanism was reduced due to proton ex-
posure.

3.2.2. Oxidative Stress

We analyzed changes in the genes due to the effects to
protons radiation on C. elegans that were related to the
oxidative stress as shown in Table 4 and only found
down-regulated genes. The skn-1 gene showed decreased
expression according to increased proton radiation. Ac-
cording to other researchers [18], several proteasome
subunit genes are regulated by SKN-1 protein, and it is
known that SKN-1 responds to oxidative stress by up-
regulating genes that detoxify and defend against free
radicals and other reactive molecules. Therefore, in-
creased expression of the stress-resistant gene was in-
creased by SKN-1 and expression of the stress-sensitivity
gene against stress decreased. The hsp-60 gene encodes a

1JAA
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mitochondrial-specific chaperone that imparts resistance
on mitochondria against oxidative stress through increased
expression. In addition, decreased skn-1 and hsp-60 ex-
pression seemed to cause sensitivity to oxidative stress.

3.2.3. Cell Death

We analyzed changes in genes in C. elegans that are re-
lated to death functions due to the effects to protons ra-
diation as shown in Table 5 and found 4 up-regulated
genes. Among the 4 genes, 2 were predicted to have a
clear role in anti-apoptosis. They included icd-1 (C. ele-
gans inhibitor of cell death-1) and ced-9 (C. elegans
cell-death inhibitor Bcl-2). The hrdl-1 gene encodes an
E3 ubiquitin ligase (orthologues of gp78) that plays es-
sential roles in an unfolded protein response (UPR), en-
doplasmic reticulum-associated degradation (ERAD)
pathways, and resistance to ER stress [19]. The fourth
up-regulated gene, gsa-1, encodes an alpha subunit of
heterotrimeric G proteins. gsa-1 is an essential gene: a
loss-of-function due to a mutation in gsa-1 can cause
death during the first stage of larval development if gsa-1
is over-expressed. The expression of a constitutively ac-
tive form of G alpha(s) from an inducible promoter re-
sults in the hyper-contraction of bodywall muscle cells as
well as vacuolization and degeneration of neurons within
hours of induction (Korswagen et al., 1997). On the con-
trary, cdl-1, which is the homolog of human hairpin
(stem-loop) binding proteins (HBP/ SLBP), is down-
regulated. In addition, it is an essential gene for normal
rapid apoptosis. These data suggest that protons reduce
cell death apoptosis based on increased expression of
icd-1 and ced-9 as anti-apoptosis proteins and decrease
the expression of cdl-1. Moreover, increased hrdl-1 will
results in increased ER-stress.

3.3. Changes in C. elegans Genes Due to the
Effects of Gamma Rays

We analyzed changes in the genes of C. elegans due to
the effects of gamma rays as shown in Table 6. lig-1 as
DNA ligase I, nth-1 as endonuclease, C04E6.7, and
F56F11.4 as hypothetical protein expression were de-
creased due to gamma ray irradiation. Compared with
proton irradiation, lig-1 was decreased due to gamma
rays. There were no considerable changes in any other
mechanisms except for lig-1.

3.3.1. Oxidative Stress

We analyzed changes in the genes of C. elegans caused
by the effects of gamma rays on C. elegans that are re-
lated to oxidative stress as shown in Table 7. Among
them, pink-1 is related to PINK-1 (PTEN-induced kinase-1)
and its expression tended to increase along with the
gamma dose rate. The expression of hsp-60, which en-

Copyright © 2013 SciRes.
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codes a mitochondrial-specific chaperone, decreased along
with irradiated proton. Based on the decreasing expres-
sion of pink-1 and hsp-60, we predicted that C. elegans is
more sensitive to oxidative stress.

3.3.2. Cell Death

We analyzed the changes in the genes of C. elegans
caused by the effects of gamma rays as shown in Table 8.
KO8F11.5, which is predicted to be a Ras related/Rac-
GTP binding protein, showed increased expression de-
pending on gamma ray dose. vps-41 encodes the C. ele-
gans homolog of the Saccharomyces cerevisiae vacuolar
sorting protein Vps41p, which is essential for apoptosis.
The expression of vps-41 was increased with increasing
gamma rays. Ndx-4, which encodes a homo-dimeric dia-
denosine tetraphosphatehydrolase, showed increased ex-
pression. ndx-4 has a key role in regulating the intracel-
lular Ap(4)A levels and hence potentially the cellular
response to metabolic stress, differentiation, or apoptosis
via the Ap(3)A/Ap(4)A ratio[21]. NDX-4 contributes to
genomic stability in vivo in C. elegans. Phenotypic ana-
lyses of an ndx-4 mutant reveal that loss of NDX-4 leads
to upregulation of key stress responsive genes [22]. In
addition, crt-1, which encodes an ortholog of calreti-
culin and is induced by stress, showed increased ex-
pression. A deficiency in crt-1 in C. elegans does not
affect it, but it is essential for specific necrosis [23]. We
assumed that cell death mechanism is upregulated. vps-41,
which is a protein that is related to apoptosis; cCrt-1,
which is a protein that is related to necrosis.

3.4. Changes in C. elegans Caused by the Effects
of Protons

We found 956 up-regulated genes that showed more than
a 2-fold change. The Venn diagram in Figure 4 shows
the number of regulated genes that exhibited increased
expression through exposure to protons or gamma rays.
One hundred eighty-eight genes (20%) were commonly
expressed between proton- and gamma ray-exposed
groups. The number of 2-fold up-regulated genes was large
and therefore, we selected the top 10 GO terms catego-
ries to determine the GO terms that were over-repre-
sented, as shown in Figure 5. In GO terms, embryonic

Proton Gamma\ay

188
302 466

Figure 4. 2-fold up-regulated genes in common between
proton- and gamma-irradiated of C. elegans (p < 0.01 using
a hypergeometric test).
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Figure 5. Two-fold up-regulation of GO term genes in common between proton- and gamma ray-exposed groups.

development ending occurred at a high frequency (35.7%),
and larval development and regulation of the growth
GO term were significantly increased in commonly
expressed genes between proton- and gamma ray-ex-
posed groups.

Out of the 34,037 reliable genes, whose expressions
were found to have been decreased by irradiation, we
found 1122 down-regulated genes that exhibited more
than a 2-fold change. As shown in Figure 6, 122 com-
monly expressed genes were affected by protons and
gamma rays. In the GO term, embryonic development
ending in birth or egg hatching occurred at a high fre-
quency (22.7%) and the other GO term had relatively
few matches with the genes that exhibited decreased ex-
pression after both proton and gamma ray irradiation, as
shown in Figure 7.

In a previous study, 170 of 17,871 genes were up-
regulated and 390 of 17,871 genes were down-regulated
after 3 h of exposure to 3 Gy to protons or gamma rays
(Nelson et al., 2002). When comparing the profile, pro-
tons and gammas existed in different clusters. Therefore,
it is expected that they have different effects on the
properties of C. elegans. Nelson performed an experi-
ment using 3 Gy but that amount of radiation was much
larger than what could be expected for space radiation.
However, our study reached the same conclusion that
protons and gamma rays have different effects on C.
elegans.

3.5. Effects of G-Forces on C. elegans

We analyzed the up- or down-regulated C. elegans genes
that experienced the same force of gravity as that ex-
perienced during a Soyuz rocket launch. Muscle atrophy
during space flight is a serious problem, and therefore,
we added one more GO term, muscle function, compared
to the GO terms in the former analysis of DNA repair,
oxidative stress, and cell death. We then checked if there

Copyright © 2013 SciRes.
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496

Figure 6. Genes that showed 2-fold down-regulation due to
protons and gamma rays in irradiated C. elegans (p value <
0.01 using a hypergeometric test).

were common genes that showed the same changes in
expression due to G-forces and space radiation.

3.5.1. DNA Repair

We analyzed the changes in gene expression in C. ele-
gans that were related to DNA repair during G-force
simulation as shown in Table 9. A DNA repair enzyme,
agt-1, showed decreased expression during G-force si-
mulation. The expression of rpt-4 was increased when
we applied not only proton and gamma ray irradiation
but also simulated G-forces. However, its expression was
significantly increased during G-force simulation com-
pared with proton and gamma ray irradiation. The rpt-4
gene encodes a proteasome 19s subunit and is known to
degrade DNA repair enzymes in yeast [20,24]. As agt-1,
which is a DNA repair enzyme, was only decreased and
rpt-4, which is a proteasome of DNA repair protein, was
increased, we predicted that there would be a marked
decline in DNA repair under the G-force simulation.

3.5.2. Oxidative Stress

We analyzed the changes in gene expression in C.
elegans that were related to oxidative stress caused by
G-force simulation as shown in Table 10 and found only
down-regulated genes. A C. elegans mitofilin homolog,
immt-1, exhibited decreased expression. This gene is
related to reproduction, physiology, and mitochondrial
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Figure 7. Two-fold down-regulated genes in GO terms in common between proton- and gamma-irradiated C. elegans.

cristae formation. Mutations in immt-1 and immt-2 cause
reduced motility, increased levels of reactive oxygen
species, decreased mitochondrial mass, and imparted re-
sistance to oxidative stress [25]. Therefore, we pre-
dicted that the oxidative stress mechanism did not change
much except for immt-1.

3.5.3. Cell Death

We analyzed changes in gene expression in C. elegans
due to G-force simulation that are related to cell death.
The pgn-60 gene, which is a glutamine-asparagine (Q/N)-
rich (prion-like) protein that is expressed during germ
line apoptosis, and dad-1, which is an ortholog of human
DADI in apoptosis, exhibited decreasing expression.

3.5.4. Muscle Function

We analyzed changes in gene expression caused by G-
force simulation that are related to muscle function. The
mup-2 gene, which is a troponin T-like protein, showed
increased expression, while many other genes showed
decreased expression. The genes related to muscle func-
tion (glb-10, globin subunit, D100.4, hypothetical protein,
and lim-9, muscle fixation) were decreased in expression.
In addition, unc-26, which acts as a synaptojanin in neu-
ron vesicles, and mlc-2, which is a component of the my-
osin light chain, exhibited decreased expression. Gener-
ally, we found that the genes that are related to muscle
function showed decreasing expression and therefore we
could infer that G-forces influence the motility of C.
elegans.

3.6. Effects of G-Forces and Space Radiation on
C. elegans

We compared common 2-fold up/down-regulated genes
under both space radiation and G-force simulation, and
space radiation including both results for proton and
gamma ray irradiation. We found that 755 genes showed
more than a 2-fold change in expression out of 35,007
reliable genes that exhibited increased expression due to
space radiation and G-forces. As shown in Figure 8, 122
genes were commonly expressed genes that were af-
fected by space radiation and G-force simulation in C.

Copyright © 2013 SciRes.

G-Force

Figure 8. 2-fold up-regulated genes in common between
space radiation and G-force treated C. elegans (p < 0.01 us-
ing a hypergeometric test).

elegans. In the GO term, embryonic development ending
in birth or egg hatching occurred at a high frequency
(25.7%) and the nematode larval development, larval
development, and post-embryonic development GO terms
were increased in commonly expressed genes between
proton and gamma ray irradiation as listed in Figure 9.

We found that 862 genes showed changes in more than
2-fold expression out of 35,007 reliable genes due to
space radiation and G-forces that had expression genes
by the space irradiation. As shown in Figure 10, 104
genes in common showed decreased gene expression due
to both space radiation and G-force simulation. In par-
ticular, in this field, the change in the GO term was rela-
tively low at less than 6% as shown in Figure 11.

4. Conclusions

We used microarrays to identify changes in gene expres-
sion in C. elegans in a simulated space environment:
space radiation during long-term flight and G-forces in a
spacecraft during launch. We examined C. elegans through
ground tests such as irradiating it with protons and
gamma rays to simulate long-term space flight and simu-
lating G-forces by using a mini-centrifuge. Our results
revealed that protons and gamma rays induce similar
genes that are related to DNA damage responses, oxida-
tive stress, and cell death. These 2 types of radiation
regulated (induced and reduced) gene expression that
was related to embryonic development ending in birth or
egg hatching. We confirmed that protons induced
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G-Force

Figure 10. Two-fold down-regulated genes of C. elegans in
common between space radiation and G-force simulation (p
< 0.01 using a hypergeometric test).

expression of genes that are related to the DNA damage
response and anti-apoptosis, whereas gamma rays are in-
duced apoptosis. Therefore, we predicted that C. elegans
experiences some damage due to irradiation during long-
term space flight. When we exposed C. elegans to the
G-forces that occur during spacecraft launch situations,
genes related to muscle function displayed decreasing
expression. In addition, there were common changes in
expression in genes between the G-force and space radia-
tion simulations.

According to Nelson [26], 599 of 17,871 genes ana-
lyzed with a microarray showed differential expression 3
h after exposure to 3 Gy of radiation: protons, iron, and
gamma rays. One-hundred-seventy genes were up-regu-
lated by protons and gamma rays, and 390 genes were
down-regulated. However, the amount 3 Gy was too high
in terms of space radiation aboard the ISS and so we car-
ried out our simulations using less than 3 Gy. We also
confirmed the same results as Nelson found: protons and
gamma rays have different effects on C. elegans gene
pattern through GO analysis. Short term (10 d) exposure
to actual space radiation and microgravity on ICE-FIRST
revealed that apoptosis proceeds normally [9] and that no
significant increase in the rate of mutation occurs [10].
Decreased levels of myogenic transcription factor were
observed [27]. Long-term studies (for 6 months) on the

Copyright © 2013 SciRes.

ISS showed that 1228 of 2265 genes were differentially
expressed: 906 genes were up-regulated and 322 genes
were down-regulated [13]. DAF-16 downstream genes
(dod-19, dod-6, and dod-3), a proapoptic gene (ced-3), a
radiation sensitive gene (rad-51), and glutathione S-trans-
ferase genes (gst-13, gst-17, gst-26, gst-27, and gst-36)
were up-regulated. Down-regulation of a muscle growth
gene (mua-3) and up-regulation of a myosin heavy-chain
reaction gene (Myo-3) were observed. These results show-
ed that long term exposure of C. elegans to space radia-
tion and microgravity involves changes in ageing, oxida-
tive stress, and muscle growth.

We used microarrays to identify gene expression
changes in C. elegans under a simulated space environ-
ment that entailed space radiation during long-term flight
and G-forces that occur in a spacecraft during launch.
We examined C. elegans through ground tests such as
irradiating it with protons and gamma rays to simulate
long-term space flight and G-force simulations using a
mini-centrifuge. In addition, changes in genes were ob-
served. This study observed changes in genes involved in
DNA repair, oxidative stress, cell death, and muscle
function. When irradiated, differential gene expression in
C. elegans was associated with DNA repair, oxidative
stress, and cell death. However, genes that affect muscle
function did not change. Our results revealed that protons
and gamma rays induce similar changes in genes that are
related to the DNA damage response, oxidative stress,
and cell death. These types of radiation regulate (induce
and reduce) in common gene expression that is related to
embryonic development ending in birth or egg hatching.
We confirmed that protons induce the expression of
genes that are related to the DNA damage response and
anti-apoptosis, while gamma rays induce apoptosis.
Therefore, we predicted that C. elegans would experi-
ence some damage from irradiation during long-term
space flight. When we exposed C. elegans to G-forces
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(p < 0.01 using a hypergeometric test).

that are present during a spacecraft launch situation,
genes that are related to muscle function displayed de-
creasing expression. In addition, there were common
changes in the expression of genes between G-forces and
space radiation.
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