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Preface

This volume contains abstracts that have been accepted for presentation at the International
Astrobiology Workshop 2013, November 28-30, 2013, Sagamihara, Kanagawa, Japan.

Administration and publications support for this meeting were provided by the staff of the
Meeting and Publication Services Department at the Lunar and Planetary Institute.
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Experimentally testing the hypothesis of a limited amino acid repertoire in primitive proteins. S. Akanuma’,
Y. Nakajima', S. Yokobori* and A. Yamagishi*, *Deptartment of Applied Life Sciences, Tokyo University of Phar-
macy and Life Sciences, 1432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan.

Introduction: The genetic code is an essential el-
ement of life because it links genetic information to
proteins that express biological functions. The modern
genetic code, which encodes the standard 20 amino
acids (and the termination signal) using 64 triplet co-
dons, is shared by all of the extant organisms on the
earth with a few exceptions. Therefore, the genetic
code is thought to have been established at the age of
the last universal common ancestor, which we call the
Commonote (Fig. 1).

As to the origin and evolution of the genetic code,
a number of theories have been proposed. Crick pro-
posed the frozen accident theory [1] in which he sug-
gested two things; i) The code is universal because, at
the present time, any change would be lethal, or at
least very strongly selected against; and ii) The shape
of the genetic code table was entirely a matter of
chance. Theories that rationalize the evolution of the
genetic code have been also proposed: e.g.
Stereochemical interaction [2], Co-evolution with
amino acid biosynthesis [3, 4], Error minimization,
and Expanding codons theories [5]. These theories all
suggest that only a fewer amino acids were used in
primitive proteins and later the amino acid repertoire
gradually increased up to 20 through the course of
evolution.

If it was the case, how many number of and which
types of amino acids were involved in the earliest pro-
tein synthesis system? By comparing homologous
amino acid sequences from different organisms or re-
ferring to various criteria for amino acid chronology,
chronological order of appearance of amino acids in
the early evolution have been predicted [6-8]. Howev-
er, only limited experimental studies have partially
tested these predictions [9-12].

Given simpler protein synthesis system, the primi-
tive proteins, which might have comprised a reduced
set of amino acids, must have had a sufficiently ade-

quate structure for functional interactions and catalysis.

To address this issue experimentally, we created re-
duced amino acid set proteins to examine whether a
protein composed of less than 20 types of amino acids
can form a stable structure and express a biological
function. To this end, we first resurrected several an-
cestral proteins and then restricted the amino acid us-
age of a resurrected protein to reduced amino acid sets
(Fig. 1).

Resurrection of ancient proteins: We targeted
ancestral nucleoside diphosphate kinase (NDK) se-

quences for resurrection. The kinase catalyzes the
transfer of a phosphate from a nucleoside triphosphate
to a nucleoside diphosphate. The ancestral NDK may
have arisen early because at least one gene that en-
codes NDK is present in most extant organisms. The
first step in the reconstruction of ancestral NDK se-
quences is to prepare multiple amino acid sequence
alignments using homologous sequences of NDK from
extant species, which is then used to build phylogenet-
ic trees. Then, ancestral sequences of NDK that seem
to represent the last common ancestors of Archaea and
of Bacteria were designed using the information con-
tained in predictive phylogenetic trees. These ancestral
kinases display extreme thermal stabilities, suggesting
thermophilic ancestries for Archaea and Bacteria [13].
Experimentally testing the limited amino acid
repertoire hypothesis: It is generally impossible to
infer amino acid sequences that existed before the
Commonote by currently well-used phylogenetic anal-
ysis. Instead, using the most thermally stable recon-
structed NDK, Arcl [13], as the starting molecule, we
restricted its amino acid usage to several reduced sets.
First, we followed the chronological order of appear-
ance of amino acids proposed by Trifonov [7, 8]; Met,
GlIn, Lys, Tyr and Asn, which have been proposed to
appear later, were replaced by other amino acids, thus

1 |Bacteria| [Archaea| [Eukaryote]
Phylogenetic
analysis

iThe modern
(The Commonote}-——-genetic code |
Extinction o
Extinction Extinction
L Reducing the
Extinction amino acid
DNA genome cell l usage to a
Extinction RNA genome |reduced set
cell
The earliest |
genetic code ;
Origin of life
Chemical evolution

Fig. 1. A model for the history of life on the earth
and our experimental strategy to address the limited
amino acid repertoire hypothesis.
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creating ArcIAKMNQY. Because Cys is absent from
Arcl, ArcIAKMNQY consists of only 14 amino acid
species. ArcIAKMNQY retains high thermal stability;
whereas, no detectable level of catalytic activity was
observed. Therefore, the fourteen amino acid types are
sufficient to encode a thermally stable protein but
more amino acid types would be required for its func-
tion.

In order to choose a reduced amino acid set more
objectively and systematically, we evaluated the indi-
vidual contributions of the 19 amino acid types to the
stability and activity of Arcl. We reconstructed 19
Arcl variants in which one of the 19 amino acid types
was all replaced by other amino acids, thus creating
proteins that consisted of 18 amino acid species. As
the result, we found that some amino acid species
would be easily lacked but others would be important
for the NDK’s structure and function. Based on the
observation, we reconstructed two Arcl variants, both
of which consisted of respective 13 amino acid types.
One of the variant is stable at up to 70°C and exhibits
detectable level of catalytic activity. The other variant
must be catalytically inactive because it lacks some
catalytically important amino acids. However, the con-
formational stability of the variant is similar to that of
a hyperthermophilic NDK.

Perspectives: In future, we will further restrict the
amino acid usage to identify the minimum amino acid
set that are required to encode a stable and catalytically
active NDK. The result will provide an important in-
sight into the amino acid usage in primitive proteins as
well as the origin and evolution of the genetic code.

References: [1] Crick. F. H. C. (1968) J. Mol.
Biol. 38, 367-379. [2] Woese C. R. (1967) The genet-
ic code, Haper and Row, New York. [3] Wong J. T.
(1975) PNAS 72, 1909-1912. [4] Wong J. T. (2005)
BioEssays 27, 416-425. [5] Eigen M. and Schuster P.
(1977) Naturwissenshaften 64, 541-565. [6] Jordan I.
K. et al. (2005) Nature 433, 633-638. [7] Trifonov E.
N. (2000) Gene 261, 139-151. [8] Trifonov E. N.
(2004) J. Biomol. Struct. Dyn. 22, 1-11. [9] Akanuma
S. et al. (2002) PNAS 99, 13549-13553. [10] Walter K.
U. et al. (2005) J. Biol. Chem. 280, 37742-37746. [11]
Doi N. et al. (2005) Protein Eng. Des. Sel. 18, 279-
284. [12] Tanaka J. etal. (2011) PLoS ONE 6, €18034.
[13] Akanuma S. et al. (2013) PNAS 110, 11067-
11072.



International Astrobiology Workshop 2013

Simplification of the Genetic Code: Restricted Diversity of Genetically Encoded Amino Acids. K Amikura'?,
A Kawahara-Kobayashi®, and D. Kiga'?, 'Department of computational intelligence and systems science, Interdisci-
plinary graduate school of science and engineering, Tokyo Institute of Technology, *Earth-Life Science Institute,
Tokyo Institute of Technology. ffiliation (4259 Nagatsuta-cho, Midori-ku, YOKOHAMA, Japan, 226-8503.

kiga@dis.titech.ac.jp).

At earlier stages in the evolution of the universal
genetic code, fewer than 20 amino acids were consid-
ered to be used. Although this notion is supported by a
wide range of data, the actual existence and function of
the genetic codes with a limited set of canonical amino
acids have not been addressed experimentally, in con-
trast to the successful development of the expanded
codes. Recently, we constructed artificial genetic
codes involving a reduced alphabet [1]. In one of the
codes, a tRNA(Ala) variant with the Trp anticodon
reassigns alanine to an unassigned UGG codon in the
Escherichia coli S30 cell-free translation system lack-
ing tryptophan. We confirmed that the efficiency and
accuracy of protein synthesis by this Trp-lacking code
were comparable to those by the universal genetic code,
by an amino acid composition analysis, GFP fluores-
cence measurements and the crystal structure determi-
nation. We also showed that another code, in which
UGU/UGC codons are assigned to Ser, synthesizes an
active enzyme.

This method will provide not only new insights into
primordial genetic codes, but also an essential protein
engineering tool for the assessment of the early stages
of protein evolution. To create a protein with improved
activity relative to that of the wild-type, random muta-
genesis by an error-prone polymerase chain reaction is
widely used in a directed evolution process involving
multiple rounds of mutagenesis and selection. For a
simplified protein containing less than 20 amino acid
species, however, efficient evolution with the random
mutation strategy has been prevented by the reappear-
ance of codons, generated by mutation, for the specific
amino acids to be excluded. In this work, we showed
that the simplified code completely excludes the spe-
cific amino acid from the genetic code. Therefore,
even if the codon for the specific amino acid in the
universal code appears in the sequence through a muta-
tion, the amino acid to be excluded is not incorporated
within the protein. As a result, the simplified codes
will allow us to efficiently search the sequence space of
simplified proteins.

In this presentation, we will show the generality of
our method for the simplification, by constructing other
types of further simplified codes including a 16-amino-
acid code.
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Reference: [1] Kawahara-Kobayashi A, et al. Nu-
cleic Acids Res. 2012. 40(20):10576-84. (featured arti-
cle, top 5% of papers)
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RNA AND THE NATURE OF THE LAST COMMON ANCESTOR. A. Becerra S. Islas, R. Hernandez-
Morales and A. Lazcano, Facultad de Ciencias, Universidad Nacional Autonoma de México, 04510 México,

D.F., MEXICO; email: abb@ciencias.unam.mx.

Introduction: Based on the three-domain phylog-
eny proposed by Woese and Fox in the early 1970s [1]
that all living beings can be classified on one of three
main cellular lineages (Archaea, Bacteria, and Eu-
karya), it is possible to reconstruct some of the charac-
teristics of the Last Universal Common Ancestor or
cenancestor.

Comparative genomics of organisms from the three
domains has shown that the cenancestor was not a di-
rect descendant of the prebiotic soup nor a primitive
cellular entity where the genotype and the phenotype
had an imprecise relationship (i.e., a progenote), rather
it was an organism similar in complexity to extant cells.
Quantitative estimates of its gene complement, may be
hindered by ancient horizontal gene transfer events as
well as by biases in genome databases and methodo-
logical artifacts [2].

Nevertheless, a significant number of the highly
conserved genes are sequences involved in the synthe-
sis, degradation, and binding of RNA, including tran-
scription and translation [3].

The extraordinary conservation of RNA-related se-
quences supports the hypothesis that the last common
ancestor was an evolutionary outcome of the so-called
RNA/protein world. However, the chemical nature of
the first genetic polymers and the catalytic agents that
may have formed the hypothetical RNA world can only
be surmised and cannot be deduced from comparative
genomics or deep phylogenetics [2,3].
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References: [1] Woese CR, Fox GE. (1977) J. Mol.
Evol. 10:1-6, [2] Becerra, A., Delaye, L., Islas, S., &
Lazcano, A. (2007) Annu. Rev. Ecol. Evol. Syst. 38:361-79,
[3] Delaye, L., Becerra, A., Lazcano, A. (2005) Orig Life
Evol Biosph. Dec;35(6):537-54.
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COMPLEX ORGANIC MOLECULES IN THE INTERSTELLAR MEDIUM IN THE ERA OF
ALMA

A. Belloche
1

1

Max-Planck-Institut fuer Radioastronomie, Auf dem Huegel 69, D-53121 Bonn, Germany,
belloche@mpifr-bonn.mpg.de

Amino acids were discovered in meteorites and glycine, the simplest of them, in samples returned from
a comet to Earth. These discoveries strongly suggest that the chemistry of the interstellar medium (ISM) is
capable of producing such complex organic molecules and that they may be widespread in our Galaxy. So
far, about 180 different molecules have been discovered in the ISM or in circumstellar envelopes of late-
type stars. However, these interstellar molecules still have a limited degree of chemical complexity and no
amino acid has been detected in the ISM until now.

One of the key sites to search for new complex organic molecules in the ISM has turned out to be the
star-forming hot molecular cloud core Sgr B2(N). I will describe the techniques used to decipher its molec-
ular content based on a single-dish line survey of this source [1]. The analysis of this survey led to the
detection of several new species [2,3,4] and will serve as a solid basis for the search for new complex or-
ganic molecules with the Atacama Large Millimeter/submillimeter Array (ALMA). I will discuss the per-
spectives offered by this new, powerful interferometer in this context.

References:

[1] Belloche A., Mueller H. S. P., Menten K. M., et al. (2013) A&4 in press (arXiv: 1308.5062)
[2] Belloche A., Menten K. M., Mueller H. S. P., et al. (2008) A&A4, 482, 179.

[3] Mueller H. S. P., Belloche A., Menten K. M., et al. (2008) J. Mol. Spectrosc., 251, 319

[4] Belloche A., Garrod R. T., Mueller H. S. P., et al. (2009) A&A4, 499, 215

COMPLEX ORGANIC MOLECULES IN THE ISM: A. Belloche
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BIOIMAGING BY X-RAY LASER DIFFRACTION AT SACLA. Yoshitaka Bessho'?, *'RIKEN SPring-8 Cen-
ter, 1-1-1 Kouto, Sayo, Hyogo 679-5148 Japan, bessho@spring8.or.jp, ?Academia Sinica, Institute of Physics, 128

Academia Rd. Sec. 2, Taipei 115 Taiwan, bessho@phys.sinica.edu.tw

In order to perform the biochemical analyses of the
last universal common ancestor LUCA and the older
proto life system, we have to elucidate the system
pathways of extremophile microorganisms, as in
Thermus thermophilus, which have deep phylogenetic
branches. The maturation system of the tRNA molecule
should be clarified on a structural basis, since it is the
key molecule of the central dogma. Recent progress in
structural biology, biochemistry, and molecular biology
has encouraged us to elucidate the origin and evolution
of fundamental molecular systems essential for the
living cell.

Astrobiology can connect the origin and evolution
of early life, and verify whether they are principles
common to the universe from the characteristics of a
substance. This is the voyage to search for our life spir-
it. The research will be shifted from "investigation of
an individual life system", to “verification of the self-
organization process of the life system”. Finding the
answer to the fundamental question of where we, and
all of life, came from is essential for understanding and
elucidating the life process.

The accumulation of large quantities of protein
structure information has enabled comparative exami-
nations, toward the construction principles of a life
system. In this research, the construction principle of
the basic system of the central dogma of life will be
clarified by structure-based analyses of nucleic acids,
with synthetic biology knowledge, as the key elements
for the genetic and protein composition systems, and
their related enzymes, as in DNA replication and repair,
and tRNA maturation and ribosomal translation. Some
limited elements should be able to repeat diversifica-
tion and integration spontaneously, and the life system
must have thus materialized. This research should be
able to verify the process by which a life system is
formed.

The X-ray free electron laser (XFEL) facility,
SACLA, at the RIKEN SPring-8 campus, is soon ex-
pected to be useful for bioimaging with accuracy on the
order of ten femto-seconds. The bioimaging of solution
structures, using the SPring-8 and XFEL beamlines,
should provide extraordinary information for the struc-
tural and system biology of proto life. Especially, our
pulsed coherent X-ray solution scattering (PCXSS)
method aims to achieve the high-resolution imaging of
biological samples under close-to-natural cellular con-
ditions. It does not require a lens for image formation,

but instead numerically reconstructs object images
from the coherent diffraction data.

We have successfully obtained genuine coherent X-
ray speckle patterns from living bacterial cells, as well
as from purified gigantic bio-molecules, such as ribo-
somes, by the PCXSS method. High-quality coherent
X-ray diffraction (CXD) patterns were recorded from
intact Microbacterium lacticum cells. An image re-
constructed from the experimental CXD pattern re-
vealed the natural nanoscale structures of live cells,
thus providing clues toward understanding nucleoid
structures, which are inaccessible by other methods.
The technologies of this research will potentially create
breakthroughs in whole cell biology, and contribute
toward single-particle imaging in the future with XFEL.

We will discuss our recent results in this presenta-
tion.
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SPICA: SPICA is the next-generation, space
infrared observatory, following in the footsteps
of IRAS,ISO, Spitzer, AKARI and Herschel.
With its 3.2-meter telescope cryogenically
cooled to 6 Kelvin, SPICA provides an extreme-
ly low background level environment. With its
instrument suite, designed with state-of-the art
detectors to fully exploit this low background,
SPICA will provide high spatial resolution and
unprecedented sensitivity in the mid- and far-
infrared. These unique capabilities will bridge
the gap between ALMA/large submm ground
telescopes and JWST/large ground opt.-IR tele-
scopes. Thus astronomers will be allowed to
address key problems in present-day astronomy
in many research areas, ranging from the for-
mation of planets to the large scale star-
formation history of the Universe. SPICA is
proposed as a Japanese-led mission, with exten-
sive international collaboration. The satellite is
targeted for launch in the 2020s with a nominal
mission lifetime of three years.

The SPICA Coronagraph Instrument (SCI):
The SPICA Coronagraph Instrument (SCI) is proposed
to SPICA for the purpose of studying small-scale struc-
tures surrounding bright stars and galactic nuclei,
which specifically include exoplanets (not only detec-
tion but also characterization of the atmosphere), pro-
to-planetary and debris disks, and dusty tori of active
galactic nuclei. High contrast images of the SCI are
produced by binary pupil-mask coronagraphs together
with the image subtraction technique. The SCI is de-
signed to have both functions of imaging (1' x 1' field
of view) and spectroscopic capability (R=200). The
SCI possesses the capability of low-background spec-
troscopic coronagraphy over the continuous wave-
length range of 4 - 28 micron. These specifications
make the SCI a unique instrument in functions of the
high dynamicrange observation in the 2020s, including
instruments of JWST and TMT.

Study of Exoplanet with the SCI: One of important
science objectives is Planetary Formation Process Re-
vealed by the Thermal History, including examination
of the core-accretion model and the disk instability
model for the formation of planetary systems. These
models indicate different temperature of the exoplanet
especially young phase of the planets. So, detail meas-
urements of temperature of exoplanet atmosphere is

important. The SCI is designed for high-dynamic range
spectroscopy and imaging in the 4 to 28 microns wave-
length range. The spectral features of atmospheric mol-
ecules are crucial indicators of the planetary tempera-
ture. Since there are several important molecular ab-
sorption lines within the wavelength coverage of the
SCI, (CO (4.7 um), CH4 (6.5 pm, 7.7 um), NH3 (6.1
pm, 10.5 pm), and H20 (6.2 um)) the atmospheric
temperature can be determined precisely by spectro-
scopic studies of the planetary atmosphere. CO and N2
are stable at temperatures higher than 1500 K. As the
temperature decreases, CO and N2 react with H2 to
form CH4 and NH3. As a result, CH4 and NH3 be-
come the dominant carbon- and nitrogen-bearing spe-
cies at low temperatures, respectively. At a total gas
pressure of 1 atmosphere, CH4 and NH3 mainly form
at temperatures below 1000 K and 700 K, respectively.
In addition, the mixing fraction of H2O increases by
releasing the oxygen tied up in CO. Thus, while CO is
an indicator of high-temperature objects, CH4, NH3,
and H20 are indicators of low-temperature objects.
Thus, combination of SPICA and the SCI is essentially
useful for this study. Other science objectives of the
SCI based on wide mid-infrared spectrum of the at-
mosphere of exoplanets are also important, of which
studies will be possible thanks to unique capability of
SPICA and the SCI.
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TOWORD CHARCTERIZATION OF EXOPLANETARY SURFACE ENVIRONMENT
Y. Fujii' 'Earth-Life Science Institute, Tokyo Institute of Technology (2-12-1-IE-28, Ookayama, Meguro, Tokyo

152-8551, Japan, yuka.fujii@elsi.jp).

Introduction: Recent astronomical observations
have revealed an abundance of planctary systems out-
side the Solar system. Earth-size exoplanets in so-

called habitable zones (HZ) have been already detected.

The fraction of M-type stars hosting HZ Earth-size
planets is estimated to be order of ten precent ([1][2]).
These facts have motivated us for further investiga-
tions of these planets in terms of the presence of life as
well as compositions of atmosphere and surface. In this
context, direct photometry/spectroscopy of HZ planets
is situated as an ultimate destination to go because of
the potentially rich information it can provide, while it
is technically challenging.

Observable features of Point-source Earth: In
order to explore our potential to characterize rocky
exoplanets with future direct imaging observations, a
reasonable starting point is to consider how much we
could determine Earth properties when it were ob-
served from afar. To answer this question, disk-
integrated spectra of the Earth have been studied at
length. It has been shown that the major surface com-
ponents may be indicated from scattered light of plan-
ets based on material-dependent reflectance spectra
(e.g. [3]). Molecular absorption features in the spectra
were also studied and a handful of biosignature
molecules have been put forward e.g. oxygen, ozone,
methane, nitrous oxide (e.g.[4]). On the other hand,
given our ignorance of the environment there and that
many parameters affect disk-integrated planetary spec-
tra, it is not easy to decipher the planetary signal as an
inverse problem. However, we may use the time varia-
tion of planetary light due to planetary spin rotation
and orbital revolution as a probe of global inhomoge-
neity and localized features. Using the observational
and simulation data of multi-photometry of Earth anga-
logs, we demonstrate the recovery of the major surface
features including clouds/ice, continents, and vegeta-
tion ([5][6][7]; see also [8][9]). In addition, we discuss
the variability of major molecular absorption bands
and its applications to cloud coverage and hydrology
on exoplanets ([10]).

Beyond Earth: Obviously, the diversity of rocky
exoplanet surface environment should be much greater
than presently expected. Seeking reasonable samples
of various rocky planets, several studies have exam-
ined the possible spectra of the Earth during its evolu-
tional development (e.g. [11][12][13]). Complemen-
tarily, we review the geologies of Solar system Earth-

size bodies and survey their appearances as point
sources for a comparative study of various rocky plan-
ets.

References: [1] Dressing & Charbonneau (2013)
Apl [2] Kopparapu (2013) ApJL [3] Ford et al. (2001)
Nature [4] Des Marais et al. (2002) Astrobiology [5]
Fujii et al. (2010, 2011) ApJ [6] Kawahara & Fujii
(2010, 2011) ApJ [7] Fujii & Kawahara (2012) ApJ
[8] Cowan et al. (2009, 2011) ApJ [9] Oakley & Cash
(2009) AplJ [10] Fujii et al. (2013) ApJ [11] Kalteneg-
ger et al. (2007) ApJ [12] Sanroma (2012, 2013) ApJ
[13] Pilcher (2003) Astrobiology .
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FORMATION AND EARLY EVOLUTION OF ATMOSPHERE AND OCEAN ON THE EARTH.
H. Genda', K. Hamano® and Y. Abe’, 'Earth-Life Science Institute, Tokyo Institute of Technology (genda@elsi.jp),
*Department of Earth and Planetary Science, The University of Tokyo.

Introduction: The Earth is the only planet to har-
bor life, as we know so far. Adequate amount of water
and atmosphere on the Earth has been thought to be
essential for the emerge and evolution of life [1].
Therefore, investigating the origin and formation of
ocean and atmosphere on the Earth is important, and it
would answer the questions why we are here and
whether or not another life exists in the universe.

We have a piece of geological and geochemical
evidence that constrains the age of the ocean and at-
mosphere on the Earth. The existence of sediments
implies that ocean already exist on the Earth at least
3.8 Gyr ago [2]. Moreover, the oxygen isotopes in
very old zircon imply that a substantial amount of
liquid water existed around 4.3 Gry ago [3]. Accord-
ing to isotopic compositions of the noble gases in the
atmosphere and mantle, most of the atmospheric vola-
tiles must have degassed to the surface by 4.0 Gyr ago
[4]. Since the Earth was formed 4.5 Gry ago, volatile
elements forming the ocean and atmosphere should be
supplied during or just after the Earth’s formation.

In this workshop, we would like to review mecha-
nisms of supply and loss of volatiles on the terrestrial
planets. We will discuss the effects of giant impacts
on the formation of the ocean and atmosphere.

Supply and Loss of Volatiles on the Earth:
Planets form in a protoplanetary disk composed of
dust and gas. Terrestrial planets are made mainly from
dust. It has been generally thought that the Earth’s
building blocks around 1 AU have no volatiles that
compose the ocean and atmosphere. On the other hand,
the objects beyond the asteroid belts (~ 2 AU) contain
a significant fraction of volatiles [5]. Therefore, some
mechanisms to supply or produce volatiles on the
Earth are required for the Earth to possess the ocean
and atmosphere. Supply process of volatile-rich ob-
jects from outside the terrestrial planet region is highly
related to the planet formation theory. Recent planet
formation theory suggests that the behavior of forming
Jupiter have a great influence on this supply process
[6]. For example, great migration of Jupiter called
“The Grand Tack Model” would provide sufficient
amount of water on the Earth [7].

Loss of volatile elements from planets has an in-
fluence on the volatile budget on the terrestrial planets.
Several volatile loss mechanisms have been proposed
so far, such as hydrodynamic escape [8], loss by giant
impact [9, 10], and so on. Loss of water from Venus is
important to the habitability of planets.

Cooling of Magma Ocean and Formation of
Ocean: It is generally accepted that many giant im-
pacts occur during the last stage of terrestrial planet
formation. The energy released by a giant impact is
huge, and it can raise the temperature of the whole
proto-Earth by about 5000K in average. Therefore, the
planet should be wholly molten just after a giant im-
pact. Cooling process from molten Earth is important
to formation of the ocean and atmosphere.

We have investigated the cooling process using
coupled model of magma ocean, atmosphere, and
space [11]. The Earth solidifies within several million
years, and most of water is degassed but no escape
occurs. In contrast, the magma ocean on the planet
around Venus’ orbit can be sustained until almost all
water is lost to the space. In this case, the typical dura-
tion of magma ocean is about 100 million years.
Planet formation theory suggests that water can be
supplied on Venus as well as Earth. Therefore, drastic
loss of water only on Venus is consistent with the
present dry Venus.

Steam atmosphere fomed just after the solidifica-
tion of magma ocean rapidly cools, and the ocean
forms in 1000 years through the intense rainfall [12].
The rain drops is very hot (~ 300 °C) and the rain fall
rate is very high (~ 500 cm/yr), which is ten times as
high as that in tropical region on the present Earth.

References: [1] Maruyama, S., Ikoma, M., Genda,
H., Hirose, K., Yokoyama, T. and Santosh, M. (2013)
Geoscience Frontiers, 4, 141-165. [2] Appel, P. W. U.,
Fedo, C. M., Moorbath, S. and Myers, J. S. (1998)
Terra Nova, 10, 57-62. [3] Mojzsis, S. T., Harrison, T.
M. and Pidgeon, R. T. (2001) Nature, 407, 178-181.
[4] Hamano, Y. and Ozima, M. (1978) In: Alexander,
E. C. and Ozima, M. (Edts), Terrestrial Rare Gases.
Japan Scientific Society Press, Tokyo, pp. 155-171.
[5] Abe, Y., Ohtani, E., Okuchi, T., Righter, K. and
Drake, M. (2000) In: Canup, R. M. and Righter, K.
(Edts), Origin of the Earth and Moon, pp. 413-433. [6]
Morbidelli, A. et al. (2000) Meteoritecs & Planetary
Science, 35, 1309-1320. [7] Walsh, K. J. et al. (2011)
Nature, 475, 206-209. [8] Zahnle, K. J. and Walker, J.
G. G. (1982) Rev. Geophys. Space Phys., 20, 280-292.
[9] Genda, H. and Abe, Y. (2003) Icarus, 164, 149—
162. [10] Genda, H. and Abe, Y. (2005) Nature, 433,
842—-844. [11] Hamano, K., Abe, Y. and Genda, H.
(2013) Nature, 497, 607-610. [12] Abe, Y. (1993) Li-
thos, 30, 2-3-235.
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INTERACTION OF THE SLEEPING CHIRONOMID WITH MICROORGANISMS: “UCHI-SOTO” IN

THE WORLD OF ANHYDROBIOSIS.
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Origin of anhydrobiosis in the larvae of the sleep-
ing chironomid Polypedilum vanderplanki represents unique
example of set of evolutionary events in a single species,
resulted in acquiring new ability allowing survival in ex-
tremely changeable environment. Complex comparative
analysis of the genome of P. vanderplanki resulted in dis-
covery of a set of features, including existence of the set of
unique clusters of genes contributing in desiccation re-
sistance. Surprisingly, in several cases, the genes mainly
contributing to the formation of the molecular shield in the
larvae are sleeping chironomid-specific and have no homol-
ogy with genes from other insects, including P. nubifer — a
chironomid from the same genus. Polypedilum midges are
active bacterial feeders and at least several genes (including
intrinsically disordered proteins) are likely to be arisen from
horizontal gene transfer (HTG) from soil and water microor-
ganisms. The genome of P. vanderplanki has low number of
transposable elements. We currently assume that the majority
of the genomic rearrangements increasing the chance of HTG
is a result of desiccation-driven nuclear DNA damage. In
average, number of obvious HGT in P. vanderplanki genome
is moderate, but in many cases, the corresponding genes are
highly active in the process of anhydrobiosis and likely to
contribute to the adaptive processes (eliminating of conse-
quences of excessive oxidative stress, preventing denatura-
tion of the proteins, nucleotides metabolism, etc.) associated
with anhydrobiosis. Another set of data from recent experi-
ments with artificially sterilized larvae of P. vandeprlanki,
suggesting that associated microorganisms contribute to the

resistance of the rehydrating larvae to exogenous parasite

fungi. Finally, there is an evidence that association with the
larvae of P. vanderplanki has a potential to provide protec-
tion against complete desiccation to at least several species

of microorganisms otherwise sensitive to water loss.
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INTERPLANETARY MIGRATION OF EUCARYOTIC CELL, SPORE OF Schizosaccharomyces pombe. N.
Hayashil, J. Nosakal, R. Andol, H. Hashim0t02, S. Yokobori3, I. Narumi4, K. NakagawaS, A. Yamagishi3 and H.
Tohda6’7, !Grad. Sch. Biosci. Bioeng., Tokyo Inst. Tech., Yokohama, Kanagawa, Japan, 2JAXA/ISAS, Sagamihara,
Kanagawa, Japan, *Sch. Life Sci., Tokyo Univ. Pharm. Life Sci., Hachioji, Tokyo, Japan, *JAEA/QuBS, Takasaki,
Gunma, Japan, ’Grad. Sch. Human Develop. Environ., Kobe Univ., Kobe, Japan, ®Asahi Glass Co. LT, D.,Tokyo,
Japan, "ACLS Tokyo Inst. Tech., Yokohama, Kanagawa, Japan

Introduction: The TANPOPO mission to examine
possible interplanetary migration of microbes, and
organic compounds at the Exposure Faculty of Japan
Experimental Module (JEM) of the International Space
Station (ISS) is progressing [1]. Some microbes are
considered as the exposured samples, and spore of
Schizosaccharomyces pombe (S.pombe) is put on the
list of the exposured eukaryotic cell because the spore
is supposed to be one of the most tolerant organic form
toward extreme environ-
ments. S.pombe (Fig.1) is
a kind of yeast isolated
originally from beer ma-
de in East Africa in
1980s. In this paper, re-
sults of preliminary ex-
periments for the expo-
sure are shown.

Materials and methods: Spores of S.pombe strain
JY1 were prepared by the conventional and usual
method.

Tolerance toward heat and vacume of S.pombe was
examined on the assumption of severe temperature
change in earth orbit. Under a pressure of 1.0 pascal,
the temperature was heated to 80 degrees, and cooled
to -80 degrees in 90 minutes.

Tolerance toward heavy particle irradiation was
examined by argon beam.

Examination of y ray irradiation was performed at
JAEA, Japan.

UV tolerances were examined using ultraviolet
light of wavelength 172 nm (1.01 mW/cm?) and 254
nm (1.19 mW/cm?),

Results: Spores of S.pombe showed tolerance for
the thermal cycle under the vacume. Colony formation
rate of the spore in exposure duration of 14 days (224
heat cycles)(95.8 %) was almost same as that of 1 cy-
cle (97.8 %), and estimated at fewer decreasing in long
term of one year.

Even in case of the heavy particle irradiation sup-
posed to be extremely severer than that simulated for
condition in earth orbit, the spores showed the strong
resistance. After the irradiation of 538 Gy, 98.0 % of
the spore survived.

As for the y ray irradiation supposed to be extreme-
ly severer than the condition in earth orbit (20 Gy), the

Fig.1 Microscopy of S.pombe

survival rate (87.8 %) was also high enough to survive
aftere the exposure in space. Nevertheless, stronger
irradiation of y ray (500 Gy) reduced the survival rate
(51.5 %).

On the other hand, UV affected the survival rate
severely. Although the spore showed tolerance toward
UV irradiation of wavelength 172 nm (36.4 kJ/m?) to
some extent, UV irradiation of wavelength 254 nm
(42.8 kJ/m?) dramatically reduced the survival rate

(1.0 %). This result showed that the spores can’t sur-
vive after one year under the UV condition in space.

Discussions: Besides UV irradiations, Spores of
S.pombe showed tolerances for the survival after the
exposure in space for one year. Biologically consider-
ing, spores have their roles to bear sufferings and sur-
vive. And, these results for spores of S.pombe this
time showed the possible survival in space and the
possibility of interplanetary migration.

Recently, it was found that spores of S.pombe are
coated by Isp3, one of the unique gene products of
S.pombe, and peculiar resistance of the spores toward
extreme environments is assumed [2]. Results this time
support the assumption, and the limit of protection
ability of Isp3 is of great interest from the perspective
of interplanetary migration.

References: [1] A. Yamagishi, H. Yano, K. Koba-
yashi, S. Yokobori, M. Tabata, H. Kawai, M. Yama-
shita, H. Hashimoto, H. Naraoka and H. Mita, Interna-
tional Symposium on Space Technology and Science
(ISTS) Web Paper Archives. 2008-k-05 (2008), [2]K.
Fukunishi K., et al. (2013) Yeast Genetics Society of
Japan, Abstract #P14.
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Perspectives of ELSI Projects: the Origin of the Earth and the Origin of Life
Kei Hirose (Earth-Life Science Institute, Tokyo Institute of Technology, Meguro, Tokyo 152-8551 Japan,

kei@elsi.jp)

Earth-Life Science Institute (ELSI) has been recently established at the Tokyo Institute of Technology
based on the World Premier International Research Initiatives (WPI) program and is going to study the
origins of the Earth and life. These two topics are indeed inseparable because life is a phenomenon that
can exist only through the exchange of energies and matter with the surrounding environment. We will
therefore integrate research on the Earth and life, and explore “how our life can originate and continue on
this planet” through a detailed study focused on the early Earth. We will answer the following scientific
questions: (A) How was the Earth formed within the solar system? (B) How was the earth's first ecosys-
tem established, and (C) How can the earth and life evolve after the first state. Through the study of the
Earth, we clarify universality and uniqueness of the planet Earth harboring life. Further, we utilize the
outcomes of the research (D) to provide guidance for the search for life on other planets and moons. Each
of those themes is performed under an interdisciplinary fusion of different fields such as astoronomy,
planetary physics, geology, solid-Earth science, environmental biology, and microbial genome science.
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Astrobiological Research on Tardigrades: Implications for Extraterrestrial Multi-
cellular Life Forms.
D. D. Horikawa (horikawadd@gmail.com)

Tardigrades are microscopic (0.1-1.0 mm in length) invertebrate animals that are
distributed in various environmental conditions in many areas from polar to tropical
regions throughout the world. They have been considered as an appropriate model for
astrobiological studies based on their high survival ability under various types of
environmental stresses. So far, researches have shown that tardigrades have high
tolerance to ionizing radiation, wide ranges of temperatures, vacuum, and high pressures
in anhydrobiosis, a state that organisms lack free water in the body, and they resume
activity when water is added. In addition, a short-term flight experiment demonstrated
that tardigrades in an anhydrobiotic state survived open space environments at low Earth
orbit. Results from those exposure experiments indicate that tardigrades are well tolerant
of extremely low temperatures, vacuum, and high pressures. On the other hand, ionizing
radiation, UV radiation, and high temperatures could be the critical factors to limit
habitable environments for tardigrades. Future astrobiological research on tardigrades
might provide important insight into the possibilities of existence of extraterrestrial
multicellular life forms or interplanetary transfer of multicellular organisms in an
inactivated-state like anhydrobiosis.

Short abstract:

Tardigrades have been considered as a model for astrobiological studies based on
their tolerance to extreme environments. Future research on tardigrades might
provide important insight into the possibilities of existence of multicellular life
forms.
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ASTROBIOLOGY RESEARCH ON BOARD OF THE INTERNATIONAL SPACE STATION AS PART
OF THE EUROPEAN SPACE EXPLORATION INITIATIVE. G. Horneck, Deutsches Zentrum fiir Luft- und
Raumfahrt DLR, Institut fir Luft- und Raumfahrtmedizin, 51170 Kéln, Germany, e-mail: gerda.horneck@dlr.de

Introduction: The environment of the International
Space Station (ISS) comprises a complex spectrum of
physical parameters that are not experienced on Earth
and that are of high interest to Astrobiology. Exposure
facilities on board of the ISS have provided unique
opportunities to study biological and chemical pro-
cesses in response to those parameters directly in
Earth orbit [1]. From such studies a better understand-
ing has been reached

o on the role of interstellar, cometary and plan-
etary chemistry in the origin of life,

e on the role of the ozone layer in protecting
our biosphere,

o on the likelihood of the interplanetary trans-
fer of life via meteorites, i.e. the hypothesis of
lithopanspermia,

¢ on the chances of survival of terrestrial mi-
croorganisms in outer space, €.g. on a trip to
Mars, leading to the formulation of planetary
protection requirements,

e on the habitability of Mars by exposing bio-
logical samples to simulated Martian condi-
tions, providing support to “search for life”
experiments.

ESA has developed a variety of astrobiology facili-
ties (BIOPAN, STONE, EXPOSE-E, EXPOSE-R,
EXPOSE-R2) to be attached to Earth orbiting satel-
lites or the ISS [2]. For the next generation of test
facilities on board of the ISS devices for real-time in-
situ monitoring of the phenomena are recommended.

References:

[1] Horneck, G., Klaus, D.M., and Mancinelli,
R.L. (2010) Space microbiology. Microbiol. Mol. Biol.
Rev. 74, 121-156.

[2] Horneck, G. and Zell, M. (guest editors) (2012)
EXPOSE-E mission, special collection, Astrobiology,
12, 373-528.


mailto:gerda.horneck@dlr.de

International Astrobiology Workshop 2013 15

Global census of microbial life in marine subsurface sediments.

T. Hoshino'?, M. Tsutsumi', Y. Morono'?, and F. Inagakil’2

'Geomicrobiology Group, Kochi Institute for Core Sample Research, Japan Agency for Marine-Earth Science and
Technology (JAMSTEC), Monobe B200, Nankoku, Kochi, 783-8502, Japan, 2Goebio-Engineering and Technology
Group, Submarine Resources Research Project, JAMSTEC, Monobe B200, Nankoku, Kochi, 783-8502, Japan.

Introduction: Over the past decade, it has been
demonstrated that nemerous microbial life are
distributed in global marine subsurface sediments, and
its total biomass is estimated to be 2.8 x 10%® cells,
corresponding ~1% of biomass carbon on Earth [1]. To
date, culture-independent molecular techniques have
been dramatically improved, enabling us to provide
detailed views of naturally occurring microbial com-
munities, even for low biomass and cultivation-
resistant microbial communities in a variety of geolog-
ical habitats [2]. For example, using a newly developed
hot-alkaline DNA extraction method [3] together with
an improved cell separation technique [4], it is now
possible to detect, enumerate and identify the deep
sedimentary microbes more accurately and sensitively
than before. Regarding quantification microbial genes
in environmental DNA, the conventionally used real-
time PCR assay is significantly hampered by the PCR
inhibitors such as humic acids and polysaccharides,
especially for organic-rich sedimentary habitats on
ocean margins. However, a recently developed digital
PCR using microfluidic devices is less affected by
such inhibitory substances, providing absolute quanti-
fication of the target genes [5]. Using these technical
advances on quantitative and qualitative molecular
ecological approaches, one of the major scientific ob-
jectives on the deep subseafloor biosphere research is
to understand the global census of subseafloor micro-
bial population and its diversity.

Materials and Methods:

Sediment Samples.

Over 200 sediment samples were collected in 15
drilling sites; e.g., the eastern equatorial Pacific and
Peru Margin (ODP Leg 201), Juan de Fuca ridge flank
(IODP Exp. 301), South Pacific Gyre (IODP Exp. 329),
Nankai Trough (IODP Exps. 315 and 316), off
Shimokita of Japan (CK06-06, IODP Exp. 337), Gulf
of Mexico (IODP 308), and Porcupine carbonate
mound (IODP Exp. 307).

DNA extraction.

Five to ten grams of frozen sediments were used
for the DNA extraction using a hot-alkaline method.
Briefly, microbial cells were lysed in a warmed alka-
line solution. After neutralization and centrifugation,
DNA was extracted from supernatant using the phenol
chloroform-isoamyl alcohol treatment. The bulk DNA
extracts were purified by silica membrane columns.

Quantification of 16S rRNA gene by digital PCR.

The absolute number of bacterial and archaeal 16S
rRNA gene in the extracted DNA was measured by
digital PCR using BioMark™ HD system and pdPCR
37K IFC (Fluidigm, Tokyo, Japan).

Results and Discussions: Using less-biased digi-
tal PCR technique allowed us to evaluate the abundan-
ce of bacteria and archaea at various depths and ocean-
ographic locations. The abundance of 16S rRNA genes
was logarithmically decreased with increasing depth,
which is in good agreement with previous observations.
The number of bacterial 16S rRNA genes was general-
ly higher than those of archaeal one. The current esti-
mation of average ratio between archaeal and bacterial
16S rRNA genes was ~0.37. Since most bacteria have
multiple copies of the 16S rRNA gene, our result indi-
cates that archaeal population in the subseafloor envi-
ronments is almost comparable to bacteria and signifi-
cantly contributes to the global subseafloor microbial
biomass. The ratio was found to be independent from
the depth, whereas slightly different from site by site,
potentially affected by some environmental factors
such as geophysical, energetical, hydrological charac-
teristics.

Our on-going effort of the global census of deep
microbial life through the digital PCR has provided a
new information of absolute quantify of the specific
genes in the deep subseafloor biosphere. The next step
will be to study the geographical distribution of micro-
bial diversity and community structure by deep-
sequencing of the genes on a global scale.

References:
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Why Life? Origins of Life elsewhere in the Universe
P. Hut'?, 'Earth-Life Science Institute, Tokyo Institute of Technology (Meguro, Tokyo 151-8552, Japan;
pitet@ias.edu) and “Institute for Advanced Study, Princeton, USA.

There is a thriving field of research studying the
origins of life, as it occurred on Earth. Given life as we
know it, we can ask the question how it originated, how
the transition from chemistry to biology took place on
our own planet. And in order to ask that question, we
can try to characterize the life we know, by asking what
are the most essential aspects of life. In 1944, this led
Schroedinger to write his classic book "What is Life?",
and since then several other authors have written books
with the same title.

So far, nobody has been able to give a convincing
answer. When we move our attention from the Earth to
other planets, and especially to exoplanets, we encoun-
ter a second handicap. We don't know what forms life
can take elsewhere, and whether it would have any
resemblance to our carbon-based forms of life on Earth.

For exoplanets, a better question would be "Why
Life?" to study the nature of the transition from rela-
tively simple to truly complex systems. The question
"how did chemistry give rise to biology?" is then seen
as a specific example of the more universal question
"what is the nature of the phase transition leading to
complexity?" or simply "Why life?" which leads to the
question "What can Life be?"
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Darwinian evolution in a translation-coupled RNA replication system within a cell-like compartment. N.
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Osaka University, 2JST ERATO, * JST ERATO, Graduate School of Information Science and Technology, Osaka
University, and Graduate School of Frointier Bioscience, Osaka University (Yamadaoka 1-5, Suita-shi, Osaka-fu,

Japan, ichihashi@ist.osaka-u.ac.jp).

Introduction: The construction of an artificial cell
or model protocell is hypothesized to provide impor-
tant insights into the emergence of life from an assem-
bly of non-living molecules[1]. To date, various cellu-
lar functions have been reconstituted from purified
biological polymers. However, the creation of an artifi-
cial cell that harbors the same level of evolutionary
ability as natural organisms remains a major challenge.

The evolution of living organisms is a result of the
error-prone replication processes of genetic material,
either DNA or RNA, by the replication enzyme trans-
lated from its own information. In this study, we at-
tempted to construct an artificial system that replicates
and evolve in the same manner as natural organisms.

Result: Translation-coupled RNA replication sys-
tem. To construct an artificial system that replicates in
the same manner as natural organisms, through the
translation of a replication enzyme, we combined an
artificial genomic RNA that encodes an RNA-
dependent RNA polymerase, the Qf replicase, with a
reconstituted translation system[2]. In this translation-
coupled RNA replication system, the genomic plus-
strand RNA (2125 nt) replicates using an RNA repli-
case translated from its own sequence via the synthesis
of the complementary minus-strand. This type of repli-
cation requires a cell-like compartment to ensure inter-
action between the translated replicase and the original
genomic RNA. In this study, we encapsulated the
TcRR system into a micro-scale 1-6 pm cell-like com-
partment, a water-in-oil emulsion

Long-term replication. We perfomed a long-term
continuous replication in the compartments[2]. First,
the RNA amplification was assisted by reverse tran-
scription and PCR due to the inefficient replication
during the initial stage. We then simplified the cycle
and performed the cycle through fusion-division cycle
of nutrient emulsion containing the fresh translation
system for another 100 rounds. Through all the long-
term replication process, approximately 600 genera-
tions, the replication ability improved more than 100-
fold.

Analysis of the evolved RNAs. To test whether the
improvement in the replication ability is the conse-
quence of evolution, we analyzed sequences of RNA
clones during each round. The average number of mu-
tations per clone increased constantly. We defined the

mutations observed in more than half of the analyzed
clones as “fixed.” These fixed mutations increased in-
termittently and ultimately reached a total of 38 muta-
tions, which included 34 point mutations, 1 insertion,
and 3 deletions. These results (the increased replication
ability, or fitness, and the successive fixation of the
mutations) provide evidence of RNA evolution accord-
ing to Darwinian principles.

We further characterized the biochemical properties
of the evolved RNAs, such as the activity of the en-
coded replicase, the activity of the RNA as a template
for replicase, the translation activity of the replicase,
and so on. This biochemical analysis revealed that the
RNA improved mainly the ability as a template for
replication, and consequently the evolved RNA ac-
quired the resistance against a parasitic replicator that
spontaneously appear during the replication process
through RNA recombination.

Discussion: This artificial cell-like system provide
a useful platform to understand how an assembly of
chemical molecules could become “alive” through an
evolutionary process. In principle, the genomic RNA
obtained in this study has an unlimited potential to ac-
quire new functions and develop a more complex net-
work by encoding additional genes, including transla-
tion factors, that are currently supplied externally. Ex-
amining whether the genomic RNA could (with addi-
tional replication cycles) evolve to create a system that
resembles a natural living organism or whether the
evolution would be halted by other obstacles such as an
error catastrophe[3] would be of interest. The TcRR
provides a novel platform for the experimental investi-
gation of evolutionary scenarios that may lead to the
emergence of a “living state” from the assembly of
non-living molecules.

References: [1] Szostak, J. W., Bartel, D. P. and
Luisi, P. L. (2001) Nature 409, 387-390. [2] Ichihashi,
N. et al. (2013) Nat Commun 4, 2494. [3] Eigen, M.
and Schuster, P. (1978) Naturwissenschaften 65, 7-41.
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Limits of Life in the Deep Subseafloor Biosphere: New Insights from IODP Expedition 337
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'Kochi Institute for Core Sample Research, Japan Agency for Marine-Earth Science and Technology (JAMSTEC),
Monobe B200, Kochi 783-8502, Japan. "MARUM and Department of Geosciences, University of Bremen, D-28359
Bremen, Germany. 'Center for Deep Earth Exploration (CDEX), JAMSTEC, Showa-machi 3173-25, Yokohama
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Introduction: Deep drilling of marine subsurface
offers unique opportunities to explore how life persists
and evolves in the Earth’s interior ecosystems. There
are very few natural environments on Earth’s surface
where life is absent; however, the limits to life are ex-
pected in the subsurface world. Processes that mediate
genetic and functional evolutions of the deep life may
be very different to those in the Earth’s surface ecosys-
tems. Previous studies of the subseafloor sediment
have demonstrated that activity of microbial communi-
ties is generally extremely low, mainly because of the
limit of nutrient and energy supply [1,2]. However, the
limits to habitability in deep subseafloor sediments
have still remained to be determined; which constraints
involve a variety of geophysical and geochemical
properties, such as temperature, pH, pressure, salinity,
porosity, and availability of nutrient and energy. Un-
derstanding of these fundamental issues on Earth’s
deep biosphere may hold the clue to the mysteries of
primordial microbial ecosystems on our planet or the
life’s habitability on other planetary bodies.

Integrated Ocean Drilling Program (IODP)
Expedition 337: Expedition 337 was the first expedi-
tion dedicated to subseafloor microbiology that used
riser drilling technology of the deep-sea drilling vessel
Chikyu [3]. IODP drill Site C0020 is located in a fore-
arc basin formed by the subduction of the Pacific plate
off the Shimokita Peninsula, Japan, in the northwestern
Pacific at a water depth of 1,180 m. Seismic profiles
suggested the presence of deep, coal-bearing horizons
at ~2 km subseafloor depth. Our primary objectives
during Expedition 337 were to study the relationship
between the deep microbial biosphere and the subsea-
floor coalbed and to explore the limits of life in hori-
zons deeper than ever probed before by scientific
ocean drilling. Among the questions that guided our
research strategy was: Do deeply buried hydrocarbon
reservoirs such as coalbeds act as geobiological reac-
tors that sustain subsurface life by releasing nutrients
and carbon substrates? To address this question and
other objectives, we penetrated a 2,466 m deep sedi-
mentary sequence with a series of coal layers at ~2 km
below the seafloor. Hole C0020A is currently the
deepest hole in the history of scientific ocean drilling,

and hence provided an unprecedented opportunity to
study the limits of life in the subseafloor biosphere.

Preliminary results and perspective: During Ex-
pedition 337, over 1,700 microbiological and biogeo-
chemical samples have successfully been obtained, for
which rigorous contamination controls enable differen-
tiation of contaminants from indigenous microbial
communities. The estimated temperatures in 2 km-
coalbed layers are ~50°C and thus provide confortable
conditions for microbial life. We conducted gas chem-
istry and isotopic analyses using a new real-time mud-
gas monitoring during riser-drilling operation, which
provided the first indication of biologically mediated
CO; reduction to methane at the 2 km-deep coalbed
layers. The numbers of microbial cells are generally
notably lower than those expected based on the global
regression line of sedimentary microbial biomass on
the Pacific margins [4]. What are the constraints for
the very low biomass in the deep sedimentary habitats?
Interestingly, increase of microbial biomass was ob-
served at the coal layers. This finding suggests possible
contribution of microbial activity to the diagenetic
process of organic matter, subsequently providing nu-
trient and energy substrates to the living biomass.

On-going efforts on the correlation between cell
abundance and various physical properties, which were
characterized by over 900 discreet samples and wire-
line logging, as well as cultivation-dependent and —
independent molecular ecological and biogeochemical
studies, will provide us some new insights into the
limits of life and habitability in the deep subseafloor
biosphere.

References: [1] D’Hondt, S. et al. (2004) Science,
306, 2216-2221. [2] Hoehler, T. M. and Jergensen, B.
B. (2013) Nat. Rev. Microbiol., 11, 83-94. [2] Inagaki,
F., Hinrichs, K.-U., Kubo, Y., and the Expedition 337
Scientists. (2012) IODP Prel. Rept., 337. [3] Parkes, R.
J., Cragg, B. A., and Wellsbury, P. (2000) Hydrogeol.
J., 8, 11-28.
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AKARI OBSERVATIONS OF INTERSTELLAR POLYCICLIC AROMATIC HYDROCARBONS. D. Ishi-
haral, H. Kanedal, D. Ishiharal, S. Oyabul, T. Kondol, M. Yamagishil, and A. Yasudal, 'Graduate School of Sci-
ence, Nagoya University (Furo-cho, Chikusa-ku, Nagoya, Aichi, 458-0001, Japan, E-mail: ishihara@u.phys.nagoya-
u.ac.jp)

Introduction: Polycyclic aromatic hydrocarbons
(PAHs) are small organic matters found also in the
interstellar space [1]. They are subjects of interest as
distant ancestors of organic matters in our Solar system,
in view of the life cycle of solid matters in space.

Data and analysis: AKARI, Japanese infrared as-
tronomical satellite, surveyed all the sky in the 9, 18,
65, 90 and 160 micron bands. Among them, the Sum
band map is the world-first all-sky PAH map efficient-
ly tracing the emission features of PAHs at wave-
lengths of 6.2, 7.7, 8.2 and 11.2 micron [2]. Further-
more, from 2-5 micron spectra of various fields taken
by AKARI, which cover 3.3 micron aromatic and 3.4
micron aliphatic features of PAHs, we can investigate
local variations of aromatic/aliphatic ratios [3].

Results: From the all sky PAH map, we reveal that
PAHs are widely distributed in the Galactic plane,
showing good spatial correlation with other tracers of
general interstellar medium such as CO, HI and far-IR
dust emissions [4]. From the 2-5 micron spectra, we
find that the variation of aromatic/aliphatic ratio re-
flects processing of carbonaceous grains in the local
interstellar environments [5].

Summary: In this talk, we review the results from
AKARI observations of PAHs. We also discuss our
future prospect for this study using the next Japan-led
infrared space mission, SPICA.

References: [1] Tielens, A. G. G. M. (2008), Annu-
al Review of Astronomy & Astrophysics, 46, 289. [2]
Ishihara, D., et al. (2010) Astronomy & Astrophysics,
514, id.A1. [3] Kondo, T., et al. (2012) Astrophysical
Journal, 751, L18. [4] Ishihara, D., et al. (2012) Publ.
of Korean Astronomical Society, 27, 117. [5] Kaneda,
H., et al. 2012, Publ. of Astronomical Society of Japan,
64, No.25.
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Ultra High Spatial Resolution Ion Imaging with a NanoSIMS Ion Microprobe: Applications to As-
trobiology. M. Ito. Kochi Institute for Core Sample Research, JAMSTEC (B200 Monobe, Nankoku City,

Kochi 783-8502 Japan).

Introduction: Ion imaging technique with second-
ary ion mass spectroscopy (SIMS) is a powerful tool to
visualize the distributions of isotopes and/or elements
in samples, and is becoming common to variety field
of sciences including material science [1], cosmochem-
istry [2] and biology [3].

The CAMECA NanoSIMS 50L ion microprobe
represents the in-situ microanalysis by SIMS, combin-
ing ultra high spatial resolution (minimum spot size of
~50 nm for Cs" and ~150 nm for O) with ultra-high
sensitivity. Up to 7 elemental and/or isotopic images
can be acquired simultaneously by 7 electron multipli-
ers with sensitivity in the ppm. The capability for im-
ages of multiple elements and isotopes within a sample
with per-mil precision and accuracy and nm scale spa-
tial resolution is unique to the NanoSIMS. Because
isotopic images can be acquired with extremely low
primary beam currents (~ 1 pA), coordinated studies of
morphological, structural, chemical and isotopic char-
acteristics of materials at sub-um scales by NanoSIMS,
TEM, SEM, and FIB systems are becoming routine [4,
5].

Owing to these unique capabilities, the Na-
noSIMS has had a major impact in the field of cosmo-
chemistry, leading to the discoveries of ancient silicate
stardust and interstellar organic grains in meteorites
and interplanetary dust [2, 6-8]. In both of these ex-
amples, the target materials are extremely small (0.2 -
1 pm), but have isotopic ratios in many elements that
significantly differ (20-10,000 %) from materials
formed in the Solar System. The NanoSIMS is particu-
larly well suited to measuring large isotopic variations
at small scales, and accordingly its use in cosmochem-
istry has been focused on the study of interstellar mate-
rials. More recently the NanoSIMS has been applied
to high precision isotopic measurements that are re-
quired for many primitive Solar System materials (i.e.,
refractory inclusions in carbonaceous chondrites) that
exhibit moderate isotopic variations (0.1-5 %) [9].

In last decade SIMS technique has been used
to microbiology to match chemotaxonomic and phylo-
genetic signature of microbes [10]. Recently Na-
noSIMS ion imaging technique used to a stable isotope
probing study (i.e., °C, "N labeling) for a single cell
to understand microbial metabolic activities, and com-
bination with in-situ hybridization for phylogenetic
identification [11-16].

Application to Astrobiology: The “Tanpopo Mis-
sion” is a space misstion on Japanese Experimental

Module on the International Space Station for an inter-
disciplinary research of organic chemistry, microbiol-
ogy and cosmochemistry [i.e., 17] . The focuses of the
mission are 1) to exam the survival of microbes and
organic materials under space radiation and solar UV
in space environment, 2) to capture organic materials
and micrometeorites including interplanetary dust par-
ticles using an ultra low-density aerogel [17]. Na-
noSIMS ion imaging can be applied samples obtaind
by Tanpopo mission; i.e., microbes under space radia-
tion and solar UV to understand microbial metabolic
activities and phylogenetic signature, organic materials
and micrometeorites to investigate their origins and
formation processes in the solar system based on H, C,
N and O isotopic signatures.

References: [1] Christien et al. (2013) Surf. Interf.
Anal. 45, 305. [2] Messenger et al. Science 300, 105.
[3] Lechene et al. (2006) J. Biol. 5, 20. [4] Ito et al.
(2010) LPS 41, Abstract #1177. [5] Weber et al. (2010)
J. Microscopy 238, 189. [6] Hoppe et al (2004) New
Astronomy Rev. 48, 171. [7] Nguyen and Zinner (2004)
Science 303, 1496. [8] Nakamura-Messenger et al.
(2006) Science 314, 1439. [9] Ito and Messenger
(2008) Appl. Surf. Sci., 255, 1446. [10] Orphan et al.
(2001) Science 293, 484. [11] Musat et al. (2008) Proc.
Natl. Acad. Sci. 105, 17861. [12] Fike et al. (2008)
ISME J. 2, 749. [13] Dekas et al. (2009) Science 326,
422. [14] Morono et al. (2011) Proc. Natl. Acad. Sci.,
108, 18295. [15] Milucka et al. (2012) Nature 491, 541.
[16] Li et al. (2008) Environ. Microbiol., 10, 580. [17]
Yamagishi et al. (2007) Biol. Sci. Space 21, 67. [18]
Brownlee et al. (2006) Science 314, 1711.
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METAMORPHOSED CLASTS IN THE CV CARBONACEOUS CHONDRITE BRECCIAS MOKOIA AND
YAMATO 86009: EVIDENCE FOR STRONG THERMAL METAMORPHISM ON THE CV PARENT
ASTEROID. K. Jogo, A. N. Krot, and K. Nagashima, Hawai‘i Institute of Geophysics and Planetology, University
of Hawai‘i at Manoa, Honolulu, HI 96822, USA. E-mail address: kaori@higp.hawaii.edu

Introduction: CV chondrites are a diverse group of
meteorites currently subdivided into three subgroups,
oxidized Allende-like (CVoxa), oOxidized Bali-like
(CVoxp), and reduced (CVgeg). These subgroups expe-
rienced different degrees of aqueous and/or metasomatic
alteration and thermal metamorphism, and may represent
different lithologies of a single CV parent asteroid [1].
Neither the size nor the thermal evolution of this asteroid
are well-known. Allende is one of the most metamor-
phosed CV chondrites and appears to have reached peak
metamorphic temperature of ~750-850 K [2]. The pa-
leomagnetic records in Allende may imply a partially
molten core in CV asteroid [3]. This interpretation, how-
ever, has been recently questioned by [4] who suggested
that such magnetic records could have been induced by
impact. Here, we describe the mineralogy, petrography,
and O-isotope compositions of heavily-metamorphosed
clasts in the CV chondrite breccias Mokoia and Yamato-
86009 (Y-86009), which appear be genetically related to
CV chondrites [e.g., 5, 6], and, therefore, provide impor-
tant constraints on the the internal structure and thermal
history of the CV parent asteroid.

Mineralogy and the O-isotope compositions of the
clasts: The metamorphosed clasts in Mokoia and Y-
86009 are coarse-grained, granular, polymineralic rocks
composed of Ca-rich (up to 0.6 wt% CaO) ferroan oli-
vine (Fas439), ferroan Al-diopside (FSo-13W047-59, ~2—7
wt% Al,Q3), plagioclase (Ans;_g4Abgs_17), Cr-spinel
[Cr/(Cr+Al) = 0.19-0.45, Fe/(FetMg) = 0.60-0.79],
nepheline, pyrrhotite, pentlandite, Ca-phosphate, and
rare grains of Ni-rich taenite; low-Ca pyroxene is absent.
Most clasts have triple junctions between silicate grains,
indicative of prolonged thermal annealing. Based on the
olivine-spinel [7] and high-Ca pyroxene thermometry [8],
the estimated metamorphic temperature recorded by the
clasts is >1100 K.

On a three-isotope oxygen diagram (Fig. 1), the
compositions of olivine in the clasts plot below the terre-
strial fractionation (TF) line (A''O ranges from —3.3%o to
—5.4%o, 26 ~ 1%o0), along or near carbonaceous chondrite
anhydrous mineral (CCAM) line and the Allende mass
fractionation (AMF) line [9].

Comparison of clasts with known groups of chon-
drites and achondrites: The equilibrated textures of
clasts are also found in ordinary and carbonaceous chon-
drites of high petrologic types (e.g., type 56 of H, L,
LL, R, CK), CV metachondrites (possibly formed by the
annealing of CV chondrites [10]), primitive and differen-
tiated achondrites. However, a genetic relationship be-
tween the clasts and these meteorites is unlikely for fol-
lowing several reasons:

(i) The averaged bulk chemical compositions of the
clasts obtained by defocused-beam EPMA show that

compatible and plagiophile elements (e.g., Al, Na, K) are
not as heavily depleted as in achondrites [11], and are
similar to those in chondrites and primitive achondrites.

(i) The absence of low-Ca pyroxene in the clasts is
inconsistent with mineralogy of the metamorphosed
chondrites, CV metachondrites and primitive achondrites
[11]. Although brachinites contain high-Ca pyroxene and
no or rare low-Ca pyroxene [12], they are much coarser
grained (up to ~1 mm in size) than the clasts (up to ~50
pm in size), and have distinctly different O-isotope com-
positions [13] (Fig. 1).

(iii) Chemical compositions of olivine grains in the
clasts (Fass—39) and their O-isotope compositions (below
the TF line) are inconsistent with those in equilibrated
ordinary chondrites (Fa; 3,; AYO > 0; [11]) and in CV
metachondrites (Fa-p; [14]). There are also differences
in chemical compositions of spinel grains between the
clasts and ordinary chondrites: Cr/(Cr+Al) = 0.19—0.45
vs. 0.85-0.95, respectively [15].

(iv) Although the Fa contents, Cr/(Cr+Al) ratio in
spinel and O-isotope compositions of olivine grains in
the clasts overlap with those in CK chondrites [11,16,17],
the latter contain higher NiO contents (<0.3 vs. 0.3-0.7
wt%) [16]. In addition, plagioclase in clasts does not
show bimodal distribution of An contents as observed in
CK plagioclase [16]. The clasts also lack magnetite,
which are rather common in CK chondrites [11].

Formation of the clasts by metamorphism of the
CV-like chondritic precursors: A few clasts, which
experienced metamorphism to a lower degree, have O-
isotope heterogeneity (Fig. 1) and chondrule-like tex-
tures; some of them are surrounded by finer-grained
mantle mineralogically similar to the enclosed objects.
The re-crystallized texture of the mantle suggests that it
formed by annealing of fine-grained materials. Based on
high-Ca pyroxene thermometry [8], the estimated meta-
morphic temperature recorded by the mantle is >1100.
The bulk chemical compositions and/or texture of the
mantle are similar to those of the Allende matrix and
coarse-grained igneous rims around Allende chondrules
[18]. Thus, the clasts could have formed by prolonged
thermal metamoprhism of the CV-like materials.

The absence of low-Ca pyroxene in the Mokoia and
Y-86009 clasts may suggest that low-Ca pyroxene was
replaced during the thermal metamoprhism. We note that
in the CVoya chondrites and Allende dark inclusions,
low-Ca pyroxene is commonly preferentially replaced by
ferroan olivine [19]. These observations may suggest
that the precursor materials of the clasts were heavily-
altered CV chondrites. This hypothesis is supported by
several similarities between the clasts and CVoya: (i) Al-
and Ca-rich bulk chemical compositions of clasts and
CVoxa chondrites and Allende dark inclusions [20]. (ii)
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The similar textures and bulk chemical compositions of
the mantle in less-metamorphosed clast to those of
coarse-grained igneous rims around Allende chondrules
[18]. (iii) O-isotope compositions of olivine in metamor-
phosed clasts overlapping with those in Allende [21]
(Fig. 1). (iv) Similar sizes of chondrule-like objects in
the less-metamorphosed clasts (0.2—1 mm in diameter)
and CV chondrules (0.09-2.5 mm in diameter [22]).

Alteration of the clasts prior to metamorphism: In
most cases, O-isotope compositions of olivine grains
within an individual clast are uniform, suggesting that
their O-isotope compositions could have been homoge-
nized during thermal metamorphism [6]. There are, how-
ever, variations in O-isotope compositions (mainly in
5'%0) among the clasts (Fig. 1). E.g., the difference in
5180 values of Y86#1 and M25#2 clasts is up to ~10%o.

Such 80 differences suggest that each clast’s pre-
cursor had either different O-isotope compositions, or
that O-isotopes of precursors were once homogenized
and then mass-dependently re-distributed at different
temperature during thermal metamorphism. Under the
metamorphic temperature of clasts of 1100 K < T <
1570 K (1570 K is a melting point of the Fo-Di-An sys-
tem [23]), expected 80 fractionation values in pyrox-
ene and plagioclase relative to olivine are small as <1%o
and <3%o, respectively [24]. If we assume that O-
isotope composition of each clast’s precursor is between
these major three minerals, possible ranges of O-isotope
compositions of each clast’s precursor are inconsistent.
Therefore, precursor of each clast could have had differ-
ent O-isotope compositions.

The observed spread in &0 values between the
clasts may reflect various degrees of
aqueous/metasomatic alteration they experienced prior to
thermal metamorphism. Oxygen-isotope composition of
water ice (most likely source of water) that accreted into
CV chondrite parent asteroid appears to have had higher
AY0 value than anhydrous silicates [21,25-27]. As a
result of O-isotope exchange between agqueous solution
and anhydrous silicates, the former evolved towards
lower AYO values. Aqueously produced minerals in CV
chondrites (e.g., fayalite, magnetite, Ca,Fe-rich pyrox-
enes, andradite) appear to have recorded this fluid-rock
interaction. On a three-isotope oxygen diagram, their
compositions plot along mass-dependent fractionation

line with AYO ~ —3%o [21,25-27], close to the AMF line.

The observed spread in §'°0 values between the aqueos-
ly produced minerals is up to 20%.. We suggest that the
precursor materials of the Mokoia and Y-86009 expe-
rienced various degrees of aqueous alteration prior to
metamorphism. For example, the precursor materials of
clast Y86#1 with the highest ''O and 8'°0 values may
have experienced stronger degree of aqueous alteration
and contain larger volumes of altered minerals compared
to those of other clasts.

Implications for early accretion of the CV astero-
id: Wakita et al. [28] performed numerical calculations
of thermal evolution of a CV-like asteroid with various

initial parameters (accretion time, size, and water/rock
mass ratio). In order to reach 1100 K, which is the lower
limit of metamorphic temperature experienced by the
clasts, the CV asteroid with >50 km radius should ac-
crete not later than ~2 Myr after formation of CAls with
the canonical *Al/*’Al ratio of 5x10°, consistent with
Al-Mg ages of CV chondrules of ~ 1.5 Myr after CV
CAls [29].

Conclusions: We conclude that the Mokoia and Y-
86009 clasts formed by thermal metamorphism of heavi-
ly-altered chondrites on the CV parent asteroid, which
must have accreted within 2 Myr after CAl formation
and experienced thermal metamorphism > 1100 K. The
presence of heavily-metamorphosed clasts and the lack
of igneous clasts in CV chondrite breccias argue against
the existence of a metal core on the CV parent asteroid.
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Introduction: JUICE (Jupiter Icy Moon Explor-
er) is the ESA’s first Large-class mission of Cosmic
Vision 2015-2025 program. It will be launched in
2022 and will reach Jupiter in 2030 (Fig. 1). JUICE
will continuously observe the atmosphere and magne-
tosphere of Jupiter. Using multi-flybys with Callisto,
JUICE will not only map the whole surface of Callisto
but also change orbital inclination. It will twice fly by
Europa. JUICE will finally enter orbit around Gany-
mede in 2032, where it will study the icy surface and
internal structure, especially its subsurface ocean,
which is one of atrractive fields for astrobiology in the
solar system. Ganymede would have molten metallic
core generating intrinsic magnetic field. JUICE will
observe the unique magnetic and plasma interactions
of Ganymede with Jupiter's magnetosphere.

The discussion for the international collaboration
for Jupiter mission between ESA and Japan (JAXA)
started from 2006 and International Jupiter Mission
Working Group started at JAXA in 2007. The initial
plan was that JAXA will take a role on the magneto-
sphere spinner JMO (Jupiter Magnetosphere Orbiter)
and JMO would be launched and transported together
with ESA’s main orbiter”. The original plan “La-
place” was similar to the framework of the Bepi-
Colombo Mercury mission, where JAXA’s magneto-
sphere orbiter (MMO: Mercury Magnetospheric Orbit-
er) is launched the ESA’s main orbiter (MPO: Mercury
Planetary Orbiter).

In October 2007, Laplace was selected as one of
future ESA scientific missions Cosmic Vision (2015-
2025). Then NASA which had been studied Europa
mission (after JUNO) participated in the Jupiter mis-
sion planning. From 2008, JAXA will take a role on
the magnetosphere spinner JMO (Jupiter Magneto-
sphere Orbiter). On the other hand, ESA will take
charge of JGO (Jupiter Ganymede Orbiter) and NASA
will be responsible for JEO (Jupiter Europa Orbiter). A
Europa lander is also studied by Russian Space Agen-
cy. At this moment, EJSM and Titan Saturn System
Mission (TSSM), are candidates for so-called Outer
Planet Flagship Mission. In February 2009, NASA
and ESA decided to continue the study of EJSM for
the primary candidate of the Outer Planet Flagship
Mission. Launches of EJSM spacecraft would be ex-
pected in 2020 (or early 2020°s).

Following NASA's 2011 decadal survey and
budget, a joint mission including Europa orbiter be-
came unlikely to start in the proposed timeframe, un-
less JEO would be significantly descoped. Then JGO
proposer group of ESA is investigating the possibility
of a European-led mission, where two Europa flybys
and high-inclination orbits are complimented prior to
the insertion into the orbits around Ganymede. JGO
was renamed with JUICE (Jupiter Icy Moon Explorer).

The model payload of JUICE consists of 10 state-
of-the-art instruments plus one experiment that uses
the spacecraft telecommunication system with ground-
based receivers 2. This set of instruments is capable
can satisfy all of the mission's science goals, from in
situ measurements of Jupiter's atmosphere and plasma
environment, to remote observations of the surface and
interior of the three icy moons, Ganymede, Europa and
Callisto through flybys and orbits. The model payload
of JUICE includes the following 11 instruments:

Remote sensing package
— Narrow angle camera,
— Wide angle camera,
— Visible / IR hyper-spectral imaging spectrometer,
— UV imaging spectrometer,
— Sub-mm wave instrument,
Geophysical package
— Laser altimeter,
— Ice penetrating radar,
— Magnetometer,
In situ observation package,
— Particle package — Ion neutral mass spectrometer,
— Radio and plasma wave instrument,
— Radio science instrument / Ultra-stable oscillator.
In addition to detailed seamless observation and
characterization of a unique moon Ganymede, for
more than two years between 2030 and 2032. On May
2, 2012, JUICE was selected as the first ESA cosmic
vision L-class mission.

Participation of Japanese Groups: As for ]MO plan
by JAXA, it turned out that relatively low-cost solar
power sail could not transport a magnetosphere orbiter
with enough science payload in mass and size. Orbits
around Jupiter would be restricted. Anyway it is diffi-
cult for JAXA to launch the outer planet mission by
itself to meet the time constraint for co-operative ob-
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servation with JUICE.Therefore direct collaboration
with European groups/team should be necessary for
Japanese scientists to participate in this attractive Jupi-
ter system mission.

After the selection of JUICE in May 2012, six Jap-
anese groups were invited to participate in the mission
as Co-Is with instrument development for model pay-
loads. There were also invited scientific Co-I candi-
dates without instrument developments.

Following these invitations, on 25th June, the
steering committee of ISAS/JAXA recommend the
overall participation of Japanese scientist group with
instrument developments should be supported by
ISAS/JAXA after very careful examinations.

Six teams prepared their proposals to ISAS and
also collaborated to submit AO proposals in October
together with PI candidate teams. In total 31 proposals
were submitted for AO (from Europe and US). The
result of AO was announced on February 2013, and 11
proposals (10 PIs from Europe and 1 PI from US).
And four of Japanese team partners were selected for
the official JUICE instruments. These are GALA,
SWI, PEP, and RPWI. Moreover three Japanese scien-
tists are invited to participate in the initial scientific
analysis as Co-Is of JANUS and J-MAG.

GALA is a laser altimeter for studying the tidal
deformation of Ganymede and the morphology and
topography of the surfaces of the icy moons. Detec-
tion of subsurface ocean is the important target.

SWI is a sub-millimeter wave instrument to inves-
tigate the temperature structure, composition and dy-
namics of Jupiter's stratosphere and troposphere, and
the exospheres and surfaces of the icy moons.

PEP is a plasma package with sensors to charac-
terize the plasma environment in the Jovian system.—
PEP will measure density and fluxes of positive and
negative ions, electrons, exospheric neutral gas, ther-
mal plasma and energetic neutral atoms in the energy
range from <0.001 eV to >1 MeV. The composition of
exospheres of icy moons will be measured with a re-
solving power of more than 1000.

RPWI is aradio plasma wave instrument to char-
acterize the radio emission and plasma environment of
Jupiter and its icy moons.

JANUS is an optical camera to study global, re-
gional and local morphology and processes on the
moons, and to perform mapping of the clouds on Jupi-
ter.

J-MAG is a magnetometer to characterize the Jo-
vian magnetic field, its interaction with the internal
magnetic field of Ganymede, and to study subsurface
oceans of the icy moons.

Fig. 1 Schematic picture of JUICE mission (ESA).

References: [1]- Blanc, M. et al.: LAPLACE: A
Mission to Europa and the Jupiter System for ESA's
Cosmic Vision Programme, Experimental Astronomy,
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emergence of habitable worlds around gas giants (Yel-
low Book), ESA/SRE(2011)18
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“CONTACT” WITH EXTRA-TERRESTRIAL LIFE; AN ASTRONOMER’S VIEW. Norio Kaifu,
National Astronomical Observatory of Japan (2-21-1 Osawa, Mitaka, Tokyo, Japan, <norio.kaifu@nao.ac.jp>)

From astronomical point of view contact with ex-
tra-terrestrial life (in whatever situation) may occur
within the coming half century. In case of life on exo-
solar planets the “contact” will happen by astronomical
observations. Obviously it is role of young scientists to
be eyewitnesses and be participants of such great sci-
entific events, still I am excited as an old astronomer to
be in this starting phase toward the great jump of hu-
man knowledge.

Since 2009 we have been organizing compact
meetings to continuously discuss key issues relating to
extraterrestrial life among some 20 Japanese scientists
in broad area: biology, earth science, astronomy, and
anthropology. Our main purpose is to understand steps
of practical road map toward the “contact”, and also to
publish a textbook of “Life in Universe” for under-
graduate student. The science in 21th century already
has huge accumulation of new facts and data on evolu-
tion of terrestrial life, history of planet Earth, physical
condition of solar system bodies, observational and
theoretical outcome of exo-solar planets, and problems
of civilization too. Taking the dramatic evolution of
observational technology into account we can feel that
we are actually getting the “contact” in our sight,
though vast unknown problems are still waiting us.

In this talk I plan to discuss a few points among
several issues which were identified through our dis-
cussion to be important to consider when we try to
search for evidence of life on exo-solar planets. I put
my emphasis on what we expect in future astronomical
observations (optical/IR and radio waves) toward the
exo-solar Earth-like planets.
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EVOLUTION OF INTELLIGENCE IN A NETWORK OF CHAIN REACTIONS. S. Karasawa', *Affiliation
(Miyagi National College of Technology; Prof. Emeritus, 1-3-6 Oyama Natori Miyagi Japan Zip code 981-1233,

E-mail shinji-karasawa@ biglobe.jp).

Introduction: This paper describe a concept of
network of chain reactions which represents activities.
That is, the organism is a network of chain reactions.
Principle of brain mechanism is possible to describe as
systematic activities in a network of chain reactions.
Concurrently activated portions in a network of neu-
rons are able to link by intermolecular bond via ther-
mal motion of molecules. The thermal motion is able
to exchange neighboring atoms, and the electronic
state is able to adapt to the surroundings. This mecha-
nism creates a system of molecule. In such way, the
first organism was born in soup of birth of organism.
The generation of the first organism is a very small
probability, but it increases via a reproduction system
accompanied with. The mechanism of metabolism is

able to maintain the body, and also to append functions.

The metabolism and replicator must coexist at the birth
of organism. The intelligence is a system to replay
similar reaction. It makes possible to generate a system
of replication.

Mechanism of intelligence in a brain: The mech-
anisms in a nerve system are helpful to understand the
organization of a network of chain reactions. The
nerve system sends an exited state of a plus impulse
from sensor to actuator. Each neuron acts as represen-
tative of an action. The meaning of an impulse itself is
excitation of the neuron.

The concurrently activated portions are able to link
by intermolecular coupling. Remains of the activities
has the effect of learning. The meaning of a sequence
of voice sound depends on the experience of language
use similarly to the bell for Pavlov’s dog. Although
eyes and ears are different, those concurrent excita-
tions in a nerve system are able to link by an annex
neuron. The layered networks are linked to the real
world via sensors and actuators [1]. The intelligent
system of representatives is an annex system in the
brain. It makes possible to replay similar behavior.

Linkages in a network of chain reactions: An
action makes change of a state. The result causes the
next reaction. The route of reactions is possible to
form the memory on a process of chain reactions. The
concurrently activated portions of a chain reaction are
able to link by intermolecular coupling. There is a pos-
sibility to make a loop of chain reactions. The excita-
tion in a looped chain reaction is able to continue by
circulation of reaction.

An equilibrium state can be kept by reaction of op-
posite directions. But a neuron is not possible to react

opposite direction. In visual information processing of
retina [2], there is combination of antagonized reaction.
There is a checkered pattern of response called as ON-
areas and OFF-areas. The antagonized change is car-
ried out via abolishing of the activation [3]. The adja-
cent antagonistic region is derived from the relation of
demand and supply in the biochemical reaction. The
combination of antagonistic reaction makes possible to
return to initial state easier.

The first system of replication: The replication
takes place at the change of a generation. The organi-
zation of molecules that includes with organized parts
contributes to the evolution of the chain reaction.
Since intermolecular force is emphasized via the
membrane, almost all the molecular arrangement will
decompose at collapse of the membrane. Although
most of chain reactions on the membrane will decom-
pose at collapse of the membrane, some chain of reac-
tions included on a part of membrane can be included
in a renewed cell.

Synthesis of structural protein on a membrane:
Protein is a chain of amino acids. Although amino acid
is soluble in water, side chain of the amino acid at-
taches to a membrane. Thermal motion of these amino
acids is suppressed by the connection. And it supresses
decomposition of the connection. So, the binding of
amino acids are continued.

There is the possibility that the intermolecular bond
is changed to the chemical bond at interface of the
membrane [4]. Although tremendous kinds of protein
are possible to generate, there is natural selection. The
membrane becomes robust by the structural protein.
Moreover, the part of membrane with protein is able to
have a special form and function. The thread of protein
with membrane will be produced with linking to the
same real world concurrently. The membrane with a
series of amino acids is able to record the trace of se-
ries of reactions along a time progress.

Record of chain reaction by representative of ac-
tivities: Operation of individual reaction in a chain
reaction is transferred along the time progress. The
elements of a chain reaction are located in space, and it
is possible to link to other reactions to form a circuit.

It is known that DNA gene system consists of ge-
netic code. In general, the code is a characteristic of
representatives for information processing. A system
of overlapped representatives is able to achieve reli-
able information processing. The layered system of
representatives is able to economize the circuit. So,



evolved information processing becomes an overlap-
ping layered system of representatives.

Memorizing of the serial data of a protein by a
linear polymer of nucleotides: A system for replica-
tion of protein was formed as an annex system in a
network of chain reactions. The record of reactions
must have the circuit in which a series of activated
states are aligned along time progress.

Phosphodiester bond of nucleotides, and peptide
bond of amino acids are fairly different structure. The
elements of nucleotide and amino acid are also differ-
ent. But amino acid of a protein and an activated por-
tion of the nucleotide chain are able to corresponded
along the same time progress.

There exists a protein of a poly-ribo-nucleotide
RNA chain. The linear polymer of nucleotide is avail-
able as a record for production of a protein, if the
specified amino acid is linked to specified portion of
nucleotides. That is messenger RNA (m-RNA). On the
other hand, transfer RNA (t-RNA) binds at one end to
a specific codon in the m-RNA and it binds at the
other end to the amino acid specified by that codon.
The size of t-RNA is small. The small size of t-RNA is
convenient for transferring.

Establishment of DNA codon gene system [5]:
Both DNA and RNA are linear polymers of nucleo-
tides. RNA differs from DNA. It exists as a single
strand rather than a double stranded helix [6].

DNA is very stable and it is able to replicate RNA
easily. But DNA cannot be the template of protein. On
the other hand, RNA is not so stable as DNA. But
RNA has functions for processing of synthesis. m-
RNA is used as an element of short-term memory. t-
RNA is available to assign amino acid during protein
synthesis. Francis Crick referred to this pathway as the
central dogma [7]. That is, DNA functions as the tem-
plate for RNA molecules. RNA determines the ar-
rangement of amino acids within protein.

DNA and RNA consist of 4 kinds of building
blocks. But the amino acids to be distinguished are
over 20. So, combination of 3 pieces of bases is used
for to assign one amino acid.

Control of overlapped network of chain-
reactions: The structure of a network of representa-
tives for behavior control is overlapping of layered
structure. An approach for a mobile robot is layered
control system [8]. The network of neuron in a brain is
overlapping of layered structure. The f-MRI of a brain
indicates concurrent existence of plural activations.

DNA system of central dogma requires an exten-
sive array of chain reactions for production of protein.
The evolutionary rate of the important part of gene is
slow is, but evolutionary rate of the portion not impor-

International Astrobiology Workshop 2013 27

tant is fast. This difference on change of gene indicates
overlapping of layered structure.

Memory for a long series of amino acids will be
divided to many elements. The system with segmenta-
tion has the merit that elements are available for the
other part. An evolved intelligent system possesses
with segmentation, and it needs the mechanism to con-
trol the other segments.

An annex system makes possible to control such
network. That is, a representative in upper layer of the
network must be activated during the period as needed.
There are start codon and stop codon in DNA gene
system. These signals are available to activate the rep-
resentative of reaction that makes possible to suppress
the other activation. In order to keep the activations in
such layered structure of representatives, a loop of
chain reactions is required. Organisms have the
mechanism to maintain the chain of reactions.

If there are plural of candidates for an output, the
decoder to select next reaction is necessary at the junc-
tion. A specific decoder is necessary for each situation.

Conclusion: The organism is a network of chain
reactions. The first life was born by metabolism. It
includes mechanism of replication and intelligence.
Today’s organism has been evolved extremely. DNA
gene system of “central dogma” is an amazing system
for evolution of innate intelligence. A signal process-
ing concept of a network of representative of activities
i.e. network of chain reactions is useful to describe
evolution of intelligence, and it will provide guidance
to explore the organism in the universe.
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Introduction: The high deuterium (D) enrichment
in insoluble organic matter (IOM) in chondrites has
largely been attributed to low temperature chemistry in
the interstellar medium (ISM) or the early outer Solar
System. Therefore, IOM is proposed to form in the icy
mantles of interstellar dust grains through UV-induced
photopolymerization of low molecular weight organic
molecules [1]. Alternatively, a possible scenario of
IOM formation has been proposed using interstellar
formaldehyde (CH,O) through the polymerization after
planetesimal accretion, in the presence of liquid water
[2]. Highly deuterated formaldehyde is observed in
ISM, e.g., the [CD,0)/[CH,0] abundant ratio in star
forming region in ISM is 0.02-0.4 [3]. However, even
among the highest D-enriched IOM has significantly
lower (by a factor of ~2) D content compared with
ISM molecules, e.g., a CR1 chondrite GRO95577 has
a 8D of 3303%o [4]. While water in the solar system is
much depleted in D, e.g., D/H ratio of water in comet
103P/Hartley 2 is 2.96 x 10™ (close to the terrestrial
water values) [5]. Thus, D-H exchange between D
enriched IOM precursor and D depleted water could
have occurred during and/or after the formation of
IOM.

Here we report D-H exchange experiments be-
tween organic matter and water during and after IOM
synthesis.

D-H exchange experiments: Our recent study re-
vealed that IOM in primitive chondritic meteorites is
predominantly derived from the polymerization of
interstellar formaldehyde with incorporation of ammo-
nia, evidenced by molecular spectroscopic characters
[6]. We conducted two series of D-H exchange exper-
iments based on the formaldehyde polymerization hy-
pothesis; (1) D-H exchange between formaldehyde and
water during formaldehyde polymer (FP) synthesis,
and (2) D-H exchange between FP and water.

(1) D-H exchange between formaldehyde and wa-
ter. The starting aqueous solution contained formal-
dehyde 2 mol/l and glycolaldehyde (C,H40,) 1 mol/l,
Ca(OH), 0.2 mol/1, NH,OH 0.4 mol/l (N/C atomic
ratio = 0.1). We prepared these solutions with (a)
CD,0 (99 atom % D) and D,O (D,O/H,0 = 9/1, v/v),
(b) CH,O and D-0, (¢) CD,0O and H,0, and (d) CH,O
and H,O. The solutions were sealed in glass tubes and
heated at 250°C for 72 hours. After the heating, the
supernatants were removed and the residues were
washed with 2N HCI to remove bound calcium ions.

The FPs were then washed with deionized water and
dried.

(2) D-H exchange between formaldehyde polymer
(FP) and water. The most D-enriched FP
[CD,O+D,0] and the most D-depleted FP
[CH,0+H,0] which obtained from experiment #1
were selected as starting materials of D-H exchange
experiments. The FP [CD,0+D,0] was heated in H,0O,
and the FP [CH,0+H,0] was heated in D,0O (D,O/H,0
= 9/1, v/v), at 150°C, 200°C and 250°C for 1 hour up
to 504 hours (21 days) in sealed glass tubes.
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Fig.1: FTIR spectra of formaldehyde polymers (FPs).

Results and Discussion: (1) D-H exchange be-
tween formaldehyde and water. Fig. 1 shows Fourier
transform infrared (FTIR) spectra of FPs. FPs synthe-
sized with D,O show large aliphatic C-D bands with
small aliphatic C-H bands regardless of starting with
CD,0O or CH,0. FP with CD,0O and H,O shows small
aliphatic C-D bands and large aliphatic C-H bands. FP
with CH,O and H,O shows aliphatic C-H bands and
no C-D band was observed. The aliphatic C-D/C-H
band area ratios obtained from IR spectra are shown in
Fig. 2. These results indicate that most of the hydrogen
in FPs is derived from water.

(2) D-H exchange between formaldehyde polymer
(FP) and water. Fig. 2 shows the IR C-D/C-H band
area ratio change with time. Three-dimensional diffu-
sion was found to be the best fit for these D-H ex-
change profiles among the rate laws tested (fit curves
are shown in Fig. 2).
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For the D-poor FP exchanged with D,0, the appar-
ent reaction rate constants k£ were obtained by the fit-
ting curves with the three-dimensional diffusion equa-
tion:

0 2
Ipu =i2%exp(—n2kt), k:D7Z (1
n a

2 2
n=l1

where Iy 1s the IR C-D/C-H band area ratio, ¢ is the
time, D is the diffusion coefficient, and « is the radius
of the polymer particles. For the D-rich FP exchanged
with H,O, the apparent reaction rate constants k; (fast-
er reaction) and &, (slower reaction) were obtained by
the fitting curves with a combination of three-
dimensional diffusion equations. Then the apparent
activation energies £ [kJ/mol] and the frequency fac-
tors A [s'] are obtained by the apparent rate constants
k and the reaction temperatures 7" with the Arrhenius
equation:
E
Ink=lnd-— (2)
RT

where R is the gas constant, and 7 is the temperature.
The kinetic parameters were obtained as £ = 80 + 5,
In4 = 3.5 £ 1.2 for the D-poor FP exchanged with D,0,
and as £1 =53 + 11, In4, = 5.3 £ 2.8 (faster reaction),
E, =67+ 7 and Ind, = 1.4 + 1.7 (slower reaction) for
the D-rich FP exchanged with H,O.

Now that the relationship between time ¢, tempera-
ture T and C-D/C-H band ratio /p, with the equations
1 and 2, is established. Using obtained kinetic expres-
sions, D-H exchange profiles can be estimated for a
certain time and temperature, as shown in Fig. 3, based
on the assumption that the kinetic rate low is invari-
ance. These diagrams indicate that D-H exchange of
polymers with D-rich water is slower than with D-poor
water.
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For primitive carbonaceous chondrites, it is possi-
ble to assume that D/H ratio of IOM decreased by ex-
changing with D-depleted water. For example, starting
from the value of GRO 95577 (3D=3303%o,
D/H=0.00067 [4]) down to the value of Murchison
(0D=811%0, D/H=0.00028 [4]), the time scales of al-
teration are estimated as 5 years at 100°C, 100 years at
50°C, and 10* years at 0°C using the obtained kinetic
expression. For ordinary chondrites, D/H ratio of IOM
might have increased by exchanging with D-rich water
[4]. For example, starting from the values of Murchi-
son up to the values of WSG 95300 (6D=11850%o,
D/H=0.002 [4]), the time scales of alteration can be
estimated as 6 months at 200°C, and 100 years at
100°C.
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Fig. 3: D-H exchange profiles of polymers calculated by
the experimental kinetic parameters.

Conclusions: Experimental simulations of D-H
exchange between organic matter and water were con-
ducted considering the following two processes; (1)
IOM polymerization process starting with formalde-
hyde in the presence of water, and (2) D-H exchange
between water and IOM. Most of the hydrogen in IOM
might be derived from water during polymerization.
The D-H exchange also occurs after polymerization.
We obtained the kinetic expressions of D-H exchange
between D-rich FP and D-poor water, and between D-
poor FP and D-rich water. The estimated D-H ex-
change timescales between IOM and water may be
determined experimentally.
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Introduction: Nucleic acids are unique biopoly-
mers, which work as both genetic information materials

and functional molecules, such as a catalyst and ligands.

The present DNA and RNA molecules are composed
of four subunits called nucleotides, containing A, G, C,
and T(U), as a nucleobase. Two sets of complementary
base pairs, A-T(U) and G-C, play a critical role in
storing genetic information and replicating genetic ma-
terials. Hypothetically, the number of subunits compos-
ing biopolymers might be associated with their replica-
tion competence and their funcional capability. Ac-
cordingly, the original material on the early Earth has
been considered to contain fewer than four different
subunits, like a precursor involving only a single base-
pairing unit, such as adenine and inosine [1].

Through in vitro evolution experiments, Joyce and
his colleagues demonstrated that ribozyme activities,
which have been found in current life, can be also ex-
hibited even with macromolecules comprising of three
or only two different nuleotides [2—4]. Although the
activities were much less than those of current RNA
moleucles composing of four nucleotides, their results
showed that the minimum number of distinct subunits
allowing to develop functional informational macro-
molecules is two. With just only one subunit, it would
be difficult to have information and basis for Darwin-
ian evolutions [4], but it might be possible to retain the
ability to replicate as a self pairing.

The expansion of the genetic alphabet by un-
natural base pairs: Then, how about more than four
nucleotides for nucleic acids, if not as much as 20, like
amino acids for proteins? While several theoretical
approaches have speculated that the optimized number
of base types is four, for replicative genetic information
storage, computational analysis also suggested the pos-
sibilities of six and eight under high-fidelity replicative
conditions [5]. In addition, Alexander Rich already
imagined a new base pair system including a third base
pair as early as 1962 [6], and pioneering studies of

unnatural base pairs were started in the late 1980s [7,8].

To date, three research groups, including our own,
have reported their own unnatural base pairs, which
can be replicable by DNA polymerases with apprecia-
ble fidelity as a third base pair [9—-14].

To examine the hypothesis that increasing the num-
ber of bases augments nucleic acid functionality, we
have been studying the development of unnatural base
pairs. Recentrly, we developed a hydrophobic Ds—Px
pair (Ds: 7-(2-thienyl)imidazo[4,5-b]pyridine; Px: 4-

propynyl-2-nitropyrrole), which exhibits extremely
high selectivity in replication: the Ds—Px pair retains
more than 97% even after 100-cycle (10 times of 10-
cycle) PCR amplification, allowing a practical use in
further applications [11,12].

By using PCR involvings the Ds—Px pair, we de-
signed a new method to generate high-affinity DNA
aptamers containing a hydrophobic Ds base as a fifth
base [15]. We obtained anti-VEGF165 aptamer (47-
mer) containing two Ds bases and anti-IFNy aptamer
(49-mer) containing three Ds bases. Their binding af-
finities, the Ky values, to each target protein were 0.65
pM and 38 pM, respectively, which were more than
one hundred times smaller than those of the existing
DNA aptamers containing natural bases only. In addi-
tion, the binding abilities were largely dependent on the
Ds bases: replacement of the Ds bases to the natural A
bases in the aptamer significantly reduced their binding
affinities, indicating the Ds bases actually involves
their improved binding abilities. This was the first ex-
ample that increasing the number of the components of
nucleic acids, by adding the hydrophobic Ds bases to
four natural bases, significantly augmented the func-
tionalities of nucleic acids.
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Introduction: Outer solar system may have a po-
tential habitat of extra-terrestrial life. Most moons or-
biting planets in the outer Solar System, at orbits be-
yond the snow-line, such as Jupiter or Saturn, are cov-
ered with water ice and they are called icy moons. Re-
cent explorations (e.g., Galileo and Cassini spacecraft)
have found direct or indirect evidences for that many
icy moons may harbor an ocean underneath the icy
surface. Internal oceans in the icy moons are speculated
below the sold icy crust of the moons which means that
the oceans exist independently of the stellar energy
input and are located well outside the conventional
habitable zone of the Sun. It may possess “a deep habi-
tat”, a different style of habitability from Earth-like
biosphere. In this talk, observational facts and current
understanding for the internal ocean in the icy moons
provided by the spacecraft observations and theoretical
models for the evolution will be reviewed.

Jovian icy moons and Galileo exploration: FEu-
ropa is the smallest and second nearest of the four
large Jovian moons, called Galilean moons, and its
surface is mainly consists of water ice. The lack of
large impact craters on the surface indicating relatively
young (20-200 Myr [1]) implies that tectonic processes
had erased old craters. Though Europa's surface ap-
pears to be extremely smooth from the images taken by
spacecrafts, actually it is dominated by a cracked and
ruptured features which need existence of the internal
ocean for the formation of these surface features [e.g.,
2, 3]. Also, disrupted terrain “Chaos” may be a sign of
the subsurface lake of liquid water [4]. Moreover,
magnetometer onboard Galileo spacecraft has detected
a signal of electromagnetic induction during Europa
flybys. It can be interpreted that a global electrically
conducing layer, which means salty ocean, must lie
within 200 km of the icy surface [5]. Europa’s internal
ocean must be directly contacted with underlying rocky
mantle which means that an interaction between liquid
water and rocks and associating various reactions can
be sustained [6]. At the surface, sulfate and carbonate
of magnesium and sodium considered to be a result of
such seafloor interaction have been found [7].

Ganymede is the largest moon in the Solar System
with a radius of 2,634 km, which is larger than the
planet Mercury. Although Ganymede's surface is rela-
tively older than Europa, signal of magnetic induction
has been founded which means the existence of subsur-
face salty ocean. However, larger amount of water in
Ganymede (half water and half rocks) than Europa
would mean that the internal ocean would be sand-

wiched between an upper floating icy crust and lower
layers of higher density ice polymorphs.

Callisto is farthest and second largest of the Gali-
lean moons, and its surface is most heavily cratered in
the solar system and no tectonic features suggesting
that the surface is extremely ancient (~ 4 Gyr [1]). In
addition, large value of the moment of inertial factor
(0.3549 £ 0.0042) indicates that its interior is imper-
fectly differentiated [8], which means that it has never
been heated well. However, Galileo spacecraft detected
an electromagnetic signal implying an existence of the
internal ocean like Europa and Ganymede.

Saturnian icy moons and Cassini exploration:
Titan with a radius of 2575 km, is unique among the
moons in having a thick atmosphere composing of
mainly nitrogen (~95 %) and methane (~5%), and also
having organic aerosols as minor components. At the
surface, lakes and seas of liquid hydrocarbon exist and
change with the seasons which implies Titan possibly
has a circulation system and cycle of methane. In addi-
tion Titan has a possibility of the subsurface ocean
which has been suggested by measurements of large
periodic changes of Titan’s quadrupole gravity exerted
by tidal interaction with Saturn [9]. Such large re-
sponse requires that Titan’s interior is deformable,
which is consistent with a global internal ocean.

Enceladus is actively erupting water-rich plumes
from warm fractures near the south-pole region [10]
though its radius is only 252 km. The plumes consist
mainly of water vapor with large amounts of CO,, NH3,
CH,4, and organics in a gaseous state, and H,O ice, so-
dium salts, silicates, organics, and carbonates in a solid
state [11, 12]. Although these activities need to have a
subsurface water region, the structure of the ocean or
the depth of a localized water reservoir is highly un-
clear.
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The Energetics of Amino Acid Synthesis and Polymerization as a Function of Temperature and pH.
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Earth-Life Science Institute, Tokyo Institute of Technology

Introduction: Since their discovery in the late
1970s, submarine hydrothermal systems have been
proposed as likely candidates for the origin and evolu-
tion of life on Earth [1]. In hydrothermal systems,
seawater percolates into the oceanic crust and is heated,
reacting with surrounding rocks. The resultant hot re-
ductive fluid shows pH ranging from <1 to 11 and
temperatures from 2 to 400 °C. To evaluate the poten-
tial for abiotic organic synthesis under such hydro-
thermal conditions, thermodynamic calculations have
been performed widely [2]. However, most of previous
calculations have been performed assuming neutral pH.
Reactivities of organic molecules under other pH con-
ditions remain not well known. Therefore in this study,
I performed thermodynamic calculatations for the syn-
thesis and polymerization of amino acids (especially
glycine (Gly)) under wide range of temperature (0-300
°C) and pH (2-12) conditions.

Results and Discussion: Figure 1 shows the
standard molal Gibbs energies (A,G°) of formation
(2CO, + NH; + 3H, — Gly + 2H,0; Fig. 1a) and di-
merization (Gly + Gly — GlyGly + H,0; Fig. 1b) of
Gly as a function of temperature and pH. In both the
cases, strong temperature and pH dependences are
observed. For instance at pH = 6, the values of A,G°
for Gly formation increased with increasing tempera-
ture (Fig. 1a), whereas those of Gly dimerization de-
creased (Fig. 1b). These results indicate that favorable
environments for the formation and polymerization of
Gly are different; lower temperature and neutral pH
condition is favorable for Gly formation whereas high-
er temperature and slightly alkaline (or slightly acidic)
pH is favorable for Gly polymerization (neutral pH at
300 °C is ~5.4). Therefore, formation and polymeriza-
tion of amino acids might proceeded under different
hydrothermal environments on the primitive Earth.
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Figure 1. Standard molal Gibbs energies (A,G°) of
formation (2CO, + NH;3 + 3H, — Gly + 2H,0;
Fig. 1a) and dimerization (Gly + Gly — GlyGly +
H,O; Fig. 1b) of Gly as a function of temperature
and pH.
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Introduction: The Tanpopo mission is a Japanese
astrobiological experiment which will be conducted on
the Japanese Experiment Module (JEM) of the Interna-
tional Space Station (ISS) [1]. One of the goals of the
Tanpopo mission is to capture microbes in space, pos-
sibly attached on the surfaces of micrometeoroids or
space debris at the ISS orbit (approximately 400 km
altitude). For this purpose, an excellent but fragile me-
dia called "silica aerogel" tiles will be used [2]. After
the experiment, aerogel samples that possibly contain
tracks with microbes/microbial DNA will be devided
to regions using a device called "YOUKAN machine",
and offered for PCR analysis. As PCR process ampli-
fies any sort of microbial DNA, biological contamina-
tion of the returned sample in the curation laboratory
must be strictly eliminated. To develop a suitable cut-
ting method, biological contamination of returned aer-
ogel during the proess should be monitored. In other
words,
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Fig. 2 Possible biological contamination.

sources (space or Earth) of microbes found in/on the
returned aerogel sample should be clearly distin-
guished. In this report we focused on the measurement
of microbes that should be dragged from the aerogel
surface into the hole with the motion of the cutting
needle. To measure only microbes from the aerogel
surface (not those from the needle surface, etc.), here
we report the use of bioluminescent bacteria, Photo-
bacterium kishitanii.

Bioluminescent bacteria Photobacterium
kishitanii : Among several bioluminescent bacteria, P.

kishitanii emits strongest light with the peak wave-
length of 475 nm. Methods for the attachment of this
bacteria on the glass surface were studied, and contin-
uous measurement of the luminescence were per-
formed [3]. Measurement of luminescence from one
single cell was also possible [4]. Here in this report P.
kishitanii cells will be used as models of microbe at-
tached on the cutting needle of aerogel.
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Fig. 1 Schematic illustration of YOUKAN machine.

YOUKAN machine BBM: We performed cutting
experiment in a way similar to the one used in STAR-
DUST mission by NASA [5], where the cutting needle
vertically moved back and forth in z axis, together with
the horizontal movement of aerogel fixed on x-y stage
(Fig. 2).

Contamination  measurement:  Firstly, P.
kishitanii suspension was attached on the top surface
of the aerogel, followed by the repeated pricking. Sec-
ondly, the bacterial suspention was attached on the
needle surface only. After the pricking the Iumines-
cence from the bacteria in holes was measured using a
luminescence counter. Effect of the speed, shape and
attached cell number on the contamination will be re-
ported.
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Introduction: Wide variety of organic compounds
including amino acid precursors have been detected in
such extraterrestrial bodies as carbonaceous chondrites
and comets, and their relevance to the origin of life on
the Earth is discussed. Isotopic ratios of meteoritic and
cometary organics has suggested that these organics
were formed in extremely cold environments such as
dense clouds. Laboratory experiments simulating pos-
sible reactions in ice mantles of interstellar dust parti-
cles (ISDs) indicated that amino acid precursors were
easily formed in them [1]. Organic compounds formed
in ISDs should have been altered after introduced to
proto-solar nebula by high-energy photons and parti-
cles and/or thermal / hydrothermal reactions in parent
bodies of meteorites. Here we examined possible for-
mation of amino acids and nucleic acid bases (or their
precursors) from possible interstellar media, and altera-
tion with high-energy photons, particles and hydro-
thermal reactions.

Experimental: Synthesis of possible interstellar
organics. Carbon monoxide (350 Torr), ammonia (350
Torr) and liquid water (5 mL) was put in a Pyrex tube,
and the gas mixture was irradiated with 2.5 MeV pro-
tons from a Tandem accelerator (Tokyo Institute of
Technology). Total electric quantity irradiated was 1 -
4 mC, and the products were hereafter referred to as
CAW. Gas mixtures of carbon monoxide (350 Torr)
and ammonia (87.5 — 350 Torr) were also irradiated
with 2 mC of 2.5 MeV protons, and the products were
referred to as CA. A mixture of methanol, ammonia
and water (molar ratio was 1:1:2.8) was irradiated with
heavy ions (290 MeV/u carbon ions, or 500 MeV/u
argon ions) from HIMAC, NIRS, Japan. Total irradia-
tion dose was 1.5 — 15 kGy, and the products were
referred to as MeAW. All the irradiated products were
acid-hydrolyzed and then were subjected to amino acid
analysis by HPLC and/or GC/MS.

Alteration of amino acids and their precursors by
high-energy photons. Five amino acid-related samples
- Glycine (Gly), hydantoin (Hyd: precursor of glycine),
isovaline (Ival), 5-Ethyl-5-methylhydantoin (EMHyd:
precursor of isovaline) and complex organic com-
pounds synthesized by proton irradiation of a mixture
of CO, NH; and H,O (referred to as CAW) - were ir-
radiated with continuous light from soft X-rays to IR

(hereafter referred as to soft X-rays) at NewSUBARU
BL-06 (University of Hyogo) under high vacuum con-
dition. After collecting the irradiated sample with pure
water, we measured the recovery ratio of each com-
pound by using ion exchange or reversed-phase HPLC
systems. In some cases, CaF, window was used to cut
soft X-rays and EUV (referred as to VUV irradiation;
cut-off wavelength is ca. 130 nm). Vacuum ultraviolet
light at 172 nm from an eximer lamp (Ushio, Japan)
was also used to test stability of amino acids and relat-
ed compounds against VUV irradiation.

Alteration of amino acids and their precursors by
high-energy particles. Amino acids, their precursors
and nucleic acid bases were irradiated with high-
energy heavy ions (eg., carbon ion of 290 MeV/u) at
HIMAC BIO, NIRS, Japan. The target molecules were
irradiated either in aqueous solution or in dried phase.

Hydrothermal alteration.  Aqueous solution of
CAW in Pyrex glass tube was heated at 200 — 300°C
for 2 hours in an autoclave after pressurized with a gas
mixture of hydrogen (1%) and nitrogen (balance).

Analysis of the products. Amino acids were deter-
mined by ion-exchange HPLC and/or GC/MS after
acid-hydrolysis. Nucleic acid bases were identified by
HPLC and LC/MS after or without acid-hydrolysis.
XANES spectra were measured at BL-5 of NewSU-
BARU, University of Hyogo, Japan.

Results and Discussion: Formation of amino acid
precursors and nucleic acid bases. Wide variety of
amino acids was detected in the hydrolysates of CAW,
CA and MeAW. Glycine was always predominant
among resulting amino acids, whose G-value was as
high as 0.4 in the case of CAW. CAW was quite com-
plex organic molecules whose molecular weights were
thousands [2]. Several purines and pyrimidines were
identified in unhydrolyzed portions of CAW and CA,
though their G-values were much less than those of
amino acids. It was suggested that amino acids were
mainly formed in the forms of complex precursors in
ISD environments, while free nucleic acid bases could
be formed there.

Alteration of bioorganic compounds with high-
energy particles and photons. Amino acid precursors
were more stable against soft X-rays than free amino



acids. Water-insoluble products were formed after soft
X-rays irradiation. XANES spectra before and after
soft X-ray irradiation showed increase of C=C and
decrease of C=0 in the target molecules. Nucleic acid
bases were more stable than amino acids and their pre-
cursors against the irradiation. Heavy ions were gen-
erally less effective than soft X-rays for decomposition
or alteration of the molecules examined.

Suggested scenario of evolution of organic com-
pounds in the proto-solar nebula and in the solar sys-
tem. Most of meteoritic organics are so-called IOM
(insoluble organic matter), and are quite hydrophobic.
Cometary dusts sampled in the STARDUST mission
were analyzed by XANES: Some of the particles were
as hydrophobic as meteoritic organics while some oth-
ers were much less hydrophobic. Laboratory
simulation experiments suggested that ISD organics
could be quite hydrophilic. Soft X-rays flax from
young sun was much stronger than the present sun.
Soft X-rays irradiation from young sun could
hydrophobize organic compounds of interstellar origin.
Formation of amphiphilic compounds from hydrophilic
compounds by soft X-rays irradiation would have been
important for the formation of organic structure or
aggregates in prior to the generation of the first cell in
privddtehnatisen of organic compounds in parent bodies
of meteorites. Differences in characteristics of meteor-
itic and cometary organics might be due to hydrother-
mal and thermal alteration in parent bodies of meteor-
ites. Preliminary experiments suggested that hydro-
thermal reactions made organic compounds more hy-
drophobic. Further experiments are now in progress.

Delivery of extraterrestrial organics to the primi-
tive Earth. 1t was suggested that more organic carbons
were delivered to the early Earth by interplanetary dust
particles (IDPs) than by meteorites or comets [3]. A
demerit of IDPs for the carriers of extraterrestrial or-
ganics is that IDPs are so small that they are directly
exposed to solar radiation that might decompose or-
ganics. Thus the presence of bioorganics in IDPs is
expected, but it is difficult to judge it since IDPs (or
micrometeorites) are so small and they have been col-
lected in the terrestrial biosphere. Thus it would be of
importance to study possible alteration of IDP organics
in space environments, and to collect pristine IDPs out
of the terrestrial biosphere. We are planning a novel
astrobiology mission named Tanpopo by utilizing the
Exposed Facility of Japan Experimental Module
(JEM/EF) of the International Space Station (ISS).
Two types of experiments will be done in the Tanpopo
Mission: Capture experiments and exposure experi-
ments [4].
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Introduction: Aqueous alteration is a fundamental
process in the early solar system that affected most
groups of chondritic meteorites. Type 1 and 2 CI, CM,
and CR carbonaceous chondrites experienced aqueous
alteration at lower temperatures (T < 100°C) and higher
water/rock ratios (W/R ~ 0.2-1) than type 3 ordinary
(UOC), CO, and CV chondrites (T ~ 100-300°C, W/R
~0.1-0.2) [1]. As a result, these meteorites have differ-
ent assemblages of aqueously-formed minerals: phyllo-
silicates (phyl), carbonates (crb), magnetite (mgt), and
Fe,Ni-sulfides (sf) in Cls, CMs, and COs, and fayalite
(fa), hedenbergite, andradite, magt, sf, and phyl in UOCs,
COs, and CVs (Figs. 1, 2). Mineralogical observations,
isotopic data, and thermodynamic analysis suggest that
the alteration resulted from interaction between a rock
and an aqueous solution in an asteroidal setting [1,2].
The ages of aqueous alteration [3] and the sources of
asteroidal water (inner vs. outer solar system) remain
poorly-known [4]. In this talk, we will summarize recent
results on the mineralogy, petrology, O and Cr-isotope
compositions of aqueously formed minerals (fa, crb,
and mgt) in UOCs and CCs.

Oxygen-isotope compositions of aqueously-
formed minerals: On a three-isotope oxygen diagram,
compositions of fa and mgt in UOCs and CCs measured
in situ by SIMS, plot along mass-dependent fractiona-
tion lines with a slope of ~0.5 and AYO values of
+4.5%0 and -1%o, respectively; they are in disequilibri-
um with chondrule olivines and bulk compositions of
their host meteorites (Fig. 3a). Because A''O values of
fa and mgt are equal to A YO of a fluid, we infer that
during formation of mgt and fa the fluid experienced
insignificant exchange with '°O-enriched anhydrous
silicates. In CMs and Cls, O-isotope compositions of
crb and mgt plot close to the terrestrial fractionation line
(AYO ~ #1.5%0); with increasing degree of aqueous
alteration, and the A*’O values of crb approach those of
bulk meteorites. We suggest that A'’O values of fa and
mgt in UOCs, CVs, and COs, and mgt and crb in Cls
and CMs, can be used as a proxy for AYO values of
water ices that accreted into their parent asteroids. We
note, however, that A’ of water prior to the formation
of mgt and fa is not known.

Mn-Cr isotope systematics of fayalite and car-
bonates. **Mn->*Cr ages of fayalite formation, anchored
to D’Orbigny angrite [9,10] and compared with the U-
corrected Pb-Pb age of CV CAls [11], are 4.6 and 5.1
Myr after CAls, respectively [12]. These ages are indis-
tinguishable from **Mn->*Cr ages of calcite and dolo-
mite formation in Cl and CM chondrites reported by

[13-15]. These observations indicate that aqueous al-
teration on several carbonaceous chondrite asteroids
occurred nearly contemporaneously.

The CO and CV chondrites define metamorphic se-
quences of petrologic subtypes between 3.0 and 3.7 with
a peak metamorphic temperature of about 600°C [16].
Al is the major heating source of asteroids. The initial
2Al/*"Al ratio in the protoplanetary disk is unknown,
but after epoch of CAIl formation could have been uni-
form at ~5x10° level [17]. Therefore, peak metamor-
phic temperatures experienced by CV and CO chon-
drites can be used to constrain accretion ages of their
parent asteroids. Numerical modeling of thermal history
of the CV and CO-like asteroids with radius of 50 km,
water/rock ratio of 0.2, and peak metamorphic tempera-
ture of 600°C suggests that these asteroids must have
accreted within < 2.6 Myr after CAls. Fayalite could
have precipitated < 5 Myr after CAls in the outer por-
tions of these asteroids, which have never been heated
above 300°C. For a comparison, the inferred accretion
ages of the Cl and CM parent bodies are 3-4 Myr after
CAls [13,14].

Sources of water in chondrite asteroids: In the CO
self-shielding models of [18,19], water ice in the outer
disk is highly-enriched in 'O and *®0O relative to solids
in the inner disk. This is consistent with heavy O-
isotope compositions of iron oxides in Acfer 094 report-
ed by [20]. In contrast, the inferred A'’O values of the
chondrite water ices are close to the terrestrial value, i.e.,
very different from the suggested A0 values of water
ices in the outer Solar System. We conclude that chon-
drite water ices had a local, inner Solar System origin,
which is consistent with the inferred D/H ratio of chon-
dritic water that is different from the isotopically heavy
water in the Oort Cloud comets [4].

References: [1] Zolotov et al. (2006) MAPS 41:1775.
[2] Zolensky et al. (2008) Rev. Mineral. Geochem. 68:429.
[3] Krot et al. (2006) MESS 11:525. [4] Alexander et al.
(2012) Science 337:721. [5] Krot et al. (2013) Mineral.
Mag. 77:1515. [6] Rowe et al. (1994) GCA 58:5341. [7]
Benedix et al. (2003) GCA 67:1577. [8] Clayton (1999)
GCA 63:2089. [9] Amelin (2008) GCA 72:221. [10] Glavin
et al. (2004) MAPS 39:693. [11] Connelly et al. (2012)
Science 338:651. [12] Doyle et al. (2013) LPSC 44:1793.
[13] Fujiya et al. (2012) Nature Commun. 3:1. [14] Fujiya
et al. (2013) EPSL 362:130. [15] Jilly et al. (2013) MAPS
submitted. [16] Huss et al. (2006) MESS II: 566. [17] Krot
et al. (2013) MAPS 47:1948. [18] Yurimoto & Kuramoto
(2004) Science 305:1763. [19] Lyons & Young (2005)
Nature 435:317. [20] Sakamoto et al. (2007) Science
317:231.
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HAYABUSA ASTEROID SAMPLE RETURN MISSION
H. Kuninaka and Hayabusa 2 Project, JSPEC/JAXA, Yoshinodai Chuo Sagamihara Kanagawa JAPAN

Hayabusa asteroid explorer was launched by M-V
rocket on May 9th 2003. It cruised in deep space using
the novel ion engines and arrived at the asteroid Itoka-
wa on September 12th 2005. Hayabusa executed the
scientific observation staying around the asteroid in
September and October 2005. And in November it
succeeded twice touchdowns on it. Just after the lift-off
so many troubles damaged the spacecraft. Innovative
and dedicative engineering efforts solved these mal-
functions and made Hayabusa on the return way to
Earth. It dropped a reentry capsule to Earth and disap-
peared in the atmosphere above Woomera Australia on
June 13th 2013. The reentry capsule was successfully
retrieved and transported to the ISAS curation center.
A lot of particles originated from Itokawa were found
in the canister and devoted to precision scientific ana-
lysis to resolve the solar science.

Figure 1 shows the progress on resolution to ob-
serve asteroids. The telescopes indicate an asteroid as a
luminous point. The ground radar may show dim im-
age on an asteroid. Hayabusa brought us lot of com-
plete images on Itokawa with meter-class resolution at
the moment of rendezvous. At instant of landing it
reveled the surface configuration as rubble pile struc-
ture with millimeter-class resolution. At the complete
of Earth return the asteroid material showed itself in
the microscope with micrometer-class resolution. And
they are now devoted to the electron microscope, X-
ray tomography isotope analysis and so on. The obser-
vation resolution has reached angstroms. This is the
newest observation technique “Asteroid Sample Re-
turn” to elucidate the nature of the universe.

Hayabusa 2 space mission is under development
using the design philosophy and heritage succeeded
from Hayabusa mission for the purposes of investigat-
ing the C-type asteroid by in-situ observations and the
sample return techniques and realizing the space sys-
tem with robustness and reliability. The spacecraft of
600 kg aims to retrieve surface material of the asteroid
1999JU3 to Earth as a final goal. Its artist image under
the powered flight by ion engines in deep space toward
an asteroid is seen in Fig. 2. The near-infrared spec-
trometer, the thermal infrared camera, the
wide/telescope cameras and the laser altitude meter
will play important roles on remote sensing at the ren-
dezvous phase. Especially the former two devices are
turned to C-type asteroid in order to detect hydrate
mineral. Four separation robots will challenge tangible
observations. Material sampling in several opportuniti-
es will be performed using the sampling mechanism,
the target makers, the flash the laser range finders and

the navigation camera. A copper bullet of the impact-
ing device accelerated by pyrotechnics will make a
new crater, which moment will be observed by the
deployment camera. Flesh material scattered from in-
side around the new crater will be collected. At the
final moment the reentry capsule will dive from the
heliocentric space into Earth atmosphere and bring us
the asteroid samples. In the present plan it will be
launched by H-2A rocket in 2014, arrive at 1999JU3 in
2018, and return to Earth in 2020.

Figure 3 shows the assembled spacecraft and the
staff members of Hayabusa 2 project, who are very
able, active and reliable. Hayabusa 2 space mission
will open not only the era of space exploration but also
the interdisciplinary science.
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M. Tamura®, 'National Astronomical Observatory of Japan (2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan;

jungmi.kwon@nao.ac.jp),  “University  of
motohide.tamura@nao.ac.jp).

Magnetic fields have been thought for many
years to play a crucial role in regulating accretion
onto protostars, both in powering and shaping out-
flows and removing angular momentum from disk
material. However, the precise role of the magnetic
field is poorly understood and evidence for the
shape and structure of the magnetic fields near the
outflow regions has been difficult to obtain, alt-
hough polarimetry is a technique that can certainly
help. In this presentation, we show results from deep
imaging linear and circular polarimetry of the NGC
6334 massive star-formation complex [1]. These
observations show high degrees of circular polariza-
tion (CP), as much as 22%, ever observed. The CP
has an asymmetric positive/negative pattern and is
very extended ("80” or 0.65 pc). Both the high CP
and its extended size are larger than those seen in
the Orion CP region [2]. By using 3-D Monte Carlo
light-scattering models, we present the origin of
high CP: the high CP may be produced by scattering
from the infrared nebula followed by dust grains
aligned with the magnetic field (dichroic extinction).
Our results show not only the magnetic field orienta-
tion of around young stellar objects, but also the
structure of circumstellar matter. This is the second
case to support the large CP in scattering
protostellar nebulae as a possible explanation for the
extraterrestrial origin of homochirality of life on
Earth. In addition, we present our first CP survey
results in star forming regions, also supporting the
extraterrestrial origin. We have found that (1) the
CP is ubiquitous in star forming regions, (2) the CP
degrees are very high (>~20 %) in massive star
forming regions, (3) the CP extent is extensive (~0.1
pc) in massive star forming regions, (4) there is a
clear trend between the CP degrees and the masses
of young stellar stellar objects, (5) the dichroic po-
larization of scattered light is most likely the origin
of large CP, and (6) these may support the CP in
star forming regions as an origin of the biological
homochirality on Earth, as proposed for the Orion
nebular.

Tokyo(7-3-1

Hongo, Bunkyo-ku,Tokyo, 113-0033, Japan;
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From Origin of life to systematization of Astrobiology

Shigenori Maruyama'

'Earth-Life Science Institute, Tokyo Institute of Technology, 12-9 2-12-1 Ookayama Meguro-ku Tokyo 152-8551,
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Abstract: Our proposed research, “Origin and
evolution of life”, which is one of the biggest mysteries
in science, was adopted under WPI (World Premier
International Research Center Initiative) project in
2012, and Earth-Life Science Institute (ELSI) was
newly established.

Our final goal is synthesis of life in laboratory.
Since the experiment by Miller (1953), numerous kinds
of experiments have been conducted; however, life
could not be synthesized. The point is reproduction of
primordial surface environment on Earth where first
life was born. Another key is the presence of three
components such as ocean, atmosphere, and landmass
(called “Habitable Trinity””) under the driving force,
Sun.

Present biology is accumulated on researches of
Earth life. Therefore it is not a universal biology appli-
cable to whole Universe, but biology only applicable to
Earth. To systematize Astrobiology, how we do it? I
will introduce how to make it.

For successful multi-disciplinary research, each
researcher needs to recognize self-implementation of
multi-disciplinary research. It means an astronomer
must write a paper of biology, and vice versa, which
requires preparedness and courage. This is critical con-
dition to be met by multi-disciplinary researchers.
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Comet impacts as a driving force of glycine oligomerization.
K. Mimura' and H. Sugahara', 'Graduate School of Environmental Studies, Nagoya Univ., Nagoya 464-8601, Japan
(mimura@eps.nagoya-u.ac.jp, sugahara.haruna@e.mbox.nagoya-u.ac.jp)

Introduction: Abiotic peptide synthesis is a key
step in the chemical evolution that led to the emer-
gence of life. Peptides are not only building blocks of
life but probably also played an important role as a
catalyst to form biomolecules on the primitive Earth.
Several studies have proposed plausible energy sources
for abiotic peptide synthesis on the early Earth, such as
heating by volcanic activity [1] and ultraviolet radia-
tion [2]. An alternative approach has been to examine
peptide synthesis using condensation reagents [3] or
from other starting materials such as amino acid am-
ides [4].

In this study, we examine the process of comet col-
lision as a source of peptides on the early Earth. Com-
ets are known to contain abundant organic materials
including amino acids [5] and impact shock can cause
reactions that transform these simple organic materials
into more complicated ones [6]. These features suggest
the formation of peptides could be associated with co-
met impact shocks [7]. However, this process has been
largely overlooked in previous literature concerning
peptide synthesis on the early Earth.

Here we report the results of shock experiments us-
ing frozen mixture of glycine, water ice, and silicate at
cryogenic conditions that successfully reproduce the
conditions in comet impacts.

Experimental: We used a mixture of glycine, wa-
ter ice, and olivine as a starting material. Glycine is
one of protein amino acids and abundant in carbona-
ceous chondrites. The mixing ratio was amino
acid/water ice/olivine = 0.1/0.8/1.0 (wt/wt/wt). A con-
tainer carrying the starting material was placed in lig-
uid nitrogen (77 K) and subjected to shock using a
vertical propellant gun. After shocked samples were
recovered from containers, peptides were extracted
from the samples and separated into a linear peptide
(dipeptides and tripeptides) fraction and a cyclic pep-
tide (diketopiperazines) fraction using a cation ex-
change column. After derivatization, the samples were
analyzed by gas chromatograph-mass spectrometer.

Results and Discussions: Diglycine, triglycine,
and glycine-diketopiperazine were identified in the
shocked glycine samples by comparison of their reten-
tion times and mass fragmental patterns with those of
purchased standard materials. No peptide was detected
in shocked samples below 4.8 GPa, indicating that the
detected peptides were not contaminated during the
experimental process. The yields of diglycine and tri-
glycine show an initial increase with increasing shock

shock pressure up to values of 3% and 0.3%, respec-
tively, at 20.6 GPa. This increase is followed by a de-
cline to 1% and 0.2% at 26.3 GPa. The yield of gly-
cine-diketopiperazine increases with increasing shock
pressure up to a value of 0.1% at 26.3 GPa.

The yields of linear peptides were higher than those
of cyclic peptide in the pressure range of this study.
The formation of linear peptides is extremely impor-
tant to produce long chains promoting chemical evolu-
tion. In contrast, the formation of cyclic peptides re-
tards further growth of peptide chains due to their low-
er reactivity [8]. Where peptides are formed by inter-
molecular condensation, the formation of linear pep-
tides is thermodynamically less favored compared to
cyclic peptides [9]. Thus, heating solutions of amino
acids leads to the synthesis of large amounts of cyclic
diketopiperazines [1]. In contrast, shock reactions of
glycine in cryogenic conditions disfavor intramolecular
condensation and lead to preferential synthesis of lin-
ear peptides that can combine to form more complex
organic compounds. This result of our study is in con-
trast with the result of shock experiments on aqueous
amino acids at room temperature by Blank et al.
(2001) [7]. They reported that the amount of syn-
thesized cyclic peptides was comparable to that of
linear peptides. Thus, the cryogenic condition at im-
pact shock might be a key for the predominant syn-
thesis of linear peptides.

Our study suggests that comet impacts can readily
account for the oligomerization of glycine to form the
precursors of life on the early Earth. Furthermore,
since comet impacts are ubiquitous phenomenon in the
solar system, they probably play an important role in
organic chemical evolution on other extraterrestrial
bodies, especially icy satellites.

References: [1] Harada K. and Fox S. (1958) J.
Am. Chem. Soc. 80, 2694-2697. [2] Tanaka M. et al.
(2008) Radiat. Phys. Chem. 77, 1164-1168. [3] Huber
C. and Wichtershduser G. (1998) Science 281, 670-
672. [4] Oré J. and Guidry C. L. (1960) Nature 186,
156-157. [5] Elsila J. E. et al. (2009) Meteorit. Planet.
Sci. 44, 1323-1330. [6] Furukawa Y. et al. (2009)
Nature Geosci. 2, 62-66. [7] Blank J. G. et al. (2001)
Orig. Life Evol. Biosph. 31, 15-51. [8] Kawamura K. et
al. (2009) Adv. Space Res. 44, 267-275. [9] Streitwie-
ser A. et al. (1998) Introduction to organic chemistry
4th ed. 949-1003.
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Exposure experiments of organic compounds on the JEM, ISS, in the TANPOPO mission.
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Introduction: The Tanpopo mission is a Japanese
astrobiological experiment which will be conducted on
the Japanese Experiment Module (JEM) of the Interna-
tional Space Station (ISS). The Tanpopo mission con-
sists of six subthemes: 1) capture of microbes in space,
2) exposure of microbes in space, 3) exposure of or-
ganic compounds in space, 4) capture of organic com-
pounds in micrometeoroids in space, 5) evaluation of
ultra low-density aerogel developed for the Tanpopo
mission, and 6) capture of space debris at the ISS orbit
(approximately 400 km altitude).

Here, we overview the exposure experiment of or-
ganic compound in space environment (Subtheme 3).
Since many kinds of organic compounds, especially,
amino acids which are ones of most important organic
compounds in living organisms, are found from extra-
terrestrial materials, extraterrestrial and outer-solar
environments are thought as the place for the prebiotic
organic compound synthesis. Then, it is proposed that
the first organisms on the earth was born from the pre-
biotic organic compounds delivered from extrater-
restrail environments into the early earth on meteorites,
micrometeorites and/or comets. In order to discuss the
possibility of this hypothesis, alteration of prebiotic
compounds in space environments should be clear.
Therefore, we will expose some prebiotic organic
compounds on the exposure facility at ISS-JEM.

Exposure sample: Glycine, isovaline, hydantoin,
ethylmethylhydantoin and complex organics (CAW)
are chosen for the exposure. Glycine is the most primi-
tive and common amino acid detected from meteorites
and isovaline is a relatively abundant non-protein
amino acid whose chirality in meteorites were non-
racemic. Since free amino acids were rare in meteorites,
amino acids detected from meteorites were existed as
their precursors. There are two plausible amino acids
precursors; low molecular weight precursors and high
molecular weight ones. Hydantoin and ethylmethylhy-
dantoin are ones of plausible low molecular weight
precursors for glycine and isovaline, respectively.
CAW which is a simulated material of interstellar me-
dium prepared by proton radiation into mixture of CO,
NHj; and H,O is a high molecular weight precursors for
amino acids, and is a complex organics that means a
dificult to identified its chemical structure.

Simulation experiments: In the space environ-
ments, uv-light and cosmic rays (heavy ions and y-ray)
will cause the alteration of organic compounds. There-
fore, simulation experiments were studied using Xe-
excimer lamp (uv 172 nm), synchrotron radiation at
NewSUBARU BLO06 (uv > 130 nm), “Co y-ray radia-
tion (Ouantum Beam, JAEA) and carbon ion beam
(290MeV, NIRS). y-Ray and heavy ion beam irradia-
tion with dose of ISS environment for one year induced
little decomposition of organic compounds. However,
uv irradiation was critical for organic compounds. Al-
though almost all glycine and isovaline would be de-
composed, approximately 29 % and 72% of hydantoin
and ehtylmethyl hydantoin, respectively, would remain
after one year uv irradiation at ISS environment. Fur-
thermore, 36% of CAW would remain after one year
uv irradiation at the environment. In those experiments,
free amino acids would be difficult sto survive in space
environments, and amino acids precursors were more
stable than free amino acids. Therefore, extraterrestrial
amino acids precursors would be effective source for
origins of life on the earth.

Experimental design: In order to demonstrate
above conclusions on the ISS-JEM, five compounds
will put into the holes on the small aluminum plates.
The plates covered with MgF or quartz windows will
expose into space at ISS orbit for one to three years.

Peptide formation in space environment: In ad-
dition, Nakagawa and his colleagues were found that
dialanine was formed from alanine films by uv-
irradiation. Then, we will demonstrate a peptide syn-
thesis with uv-irradiation in the space environment.
This experiments will show the possibility of peptide
formation in space.
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Introduction: To understand how the early life
appeared and started evolving by overcoming various
difficulties, many groups are attempting to construct
artificial life-like components or systems early life
could have from nonliving molecules [1][2]. In our
laboratory, we have created in vitro translation-coupled
RNA self-replication system which can allow Darwini-
an evolution by means of one artificial RNA and some
chemical components [3]. Self-replication and Darwin-
ian evolution is considered one of the key characteris-
tics that must have been necessary for early life-like
system to flourish as life [4].

In our system, the RNA encodes the replicase pro-
tein (RNA-dependent RNA polymerase) so that once
the RNA is translated and replicase is synthesized, it
replicates the original (plus) RNA and produce the
complementary (minus) RNA. Then the minus RNA is
replicated to produce the plus RNA in the same way. In
this system, the RNA exhibits the ability of Darwinian
evolution if encapsulated into a small compartment [3].

However, to obtain the knowledge about far earlier
life, there is still a matter to be solved. Although this
simple system enables efficient gene self-replication, it
occurs only in a particular optimized environment in
which the translation and following replicase synthesis
well occurs. And it is doubtful that the translation in
the early era could have functioned efficiently like our
system because of its complicated reaction sets. There-
fore the next step is making this system well function in
the severer translational environment. Hence, we made
the translational environment hostile (by decreasing in
the concentration of the pivotal factor, ribosome), and
then tried to make RNA adapt to that severer condition
through Darwinian evolution by the repetitive self-
replication reactions described above.

Results: Through experimental Darwinian evolu-
tion coupled with life-like self-replication system, some
mutations have been spontaneously introduced into the
RNA by replication error, and the highly adapted one
has been condensed. As a result, we obtained a variant
RNA which self-replicates completely (plus RNA to
minus RNA to plus RNA) with more than 10-fold effi-
ciency comparing to the original RNA at the harsh,
lower ribosome condition. This adaptation mainly

seems to result from increasing in the translation effi-
ciency by changing the RNA secondary structure of the
specific site to stimulate the easier interactions between
the RNA and translation factors.

On the other hand, there were also some detrimental
effects. We observed the trade-off between the increase
in the translation efficiency and the decrease in the
template activity (how easily the RNA is replicated by
replicase). Also, the variant RNA no longer well self-
replicates in the original higher ribosome environment.

Discussion: This time, we examined whether RNA
coupled with artificial life-like self-replication system
evolved, adapted and thereby well functioned in the
severer translational environment, and we found that
the RNA actually adapted to the new environment.
This result demonstrates the evolutional capacity of our
self-replication system and how powerful and robust
the capability of evolution and self-replication is.
Through this evolution, we also confronted with the
trade-off between the translation and the replication,
both of which are central features for life. Although we
did not know the precise mechanism of this effect, this
may result from the fact that both the translation and
the replication concurrently occur on the same RNA in
the opposite direction [5]. What ways improve this
effect and allow further evolution may be the switching
mechanism between those two phenomena [5] or the
non-canonical translation [6], as seen in some viruses.

Our result offers various interpretations about life in
terms of evolution and adaptation. Of course the envi-
ronment we constructed may not reflect the specific
one that led to the evolution of early life, but it is to
provide useful knowledge to uncover plausible path-
ways and scenarios [4].

References: [1] Forster, A.C. and Church, G.M.
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communications, in press. [4] Schrum, J. et al. (2010)
Cold Spring Harbor Laboratoly Press, 1-15. [5]
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Introduction: During the past decades, scientific
ocean drilling has explored the subseafloor biosphere at
some representative drilling sites: on the ocean margins,
organic-rich anaerobic sedimentary habitats (e.g.,
Shimokita coalbeds) harbor sizable numbers of micro-
bial cells at least over 1,000 meters below the seafloor
whereas microbial populations in ultra-oligotrophic aer-
obic sedimentary habitats of the oceanic gyre (e.g.,
South Pacific Gyre) are several orders of magnitude
lower. Previous molecular ecological studies have
demonstrated that microbial communities in deep sedi-
menary habitats consist largely of phylogenetically di-
verse microbes, which are distinct from previously
known isolates. Hence the metabolic functions of indi-
vidual microbial components, as well as the strategy for
long-term survival under the energetically and geophys-

ically severe condition, have remained largely unknown.

To tackle these significant questions, technological de-
velopment for the advanced microbiological and bioge-
ochemical analyses is of our essential challenges.

Discriminative detection of microbial cells: One
of the most fundamentally significant techniques is the
precise detection and enumeration of indigenous sub-
seafloor life. We established a highly efficient and dis-
criminative detection and enumeration technique for
microbial life in sediments using automated image anal-
ysis after staining microbial cells with DNA specific
dye SYBR Green | (SYBR-I)[1]. Acid wash treatment
of sediment slurry with hydrofluoric acid significantly
reduced non-biological fluorescent signals and en-
hanced the efficiency of cell detachment from the sedi-
ment particles. We found that cell-derived SYBR-I sig-
nals can be distinguished from non-biological back-
grounds by dividing green fluorescence (band-pass fil-
ter: 528/38 nm [center-wavelength/bandwidth]) by red
(617/73 nm) on images. A newly developed automated
microscope system could take a wide range of high-res-
olution image in a short time, and subsequently enumer-
ate the absolute number of cell-derived signals by the
image calculation [2].

Quantitative cell separation and combination
with flow cytometry: The methodological constrain on
cell detection and enumeration is the limitation of sedi-
ment amount that can be placed on observation mem-
brane for microscope. One of the clues to solve this

problem is to separate microbial cells from geological
matrix. We have standardized an improved cell separa-
tion method, which effectively detached the cells from
mineral grains of the sedimentary habitat, by applying
multiple density gradient layers [3]. Similar to the mi-
croscopic detection, we could discriminatively recog-
nize cell-derived fluorescence, and the separated cells
can be enumerated without a significant deviation be-
tween automated fluorescent microscopic system and
flow cytometry.

The combined use of these new techniques allows us
to separate the cells for single cell genomics and sec-
ondary ion mass spectrometry (e.g., an ion imaging by
NanoSIMS ion microprobe). We also established clean
sample prepration procedures, which are capable of
very low biomass sample down to 10*~10? cells cm3,
The systematic analytical scheme currently applies to
some representative deep-biosphere samples such as the
South Pacific Gyre and Shimokita coalbeds (i.e., IODP
Expeditions 329 and 337, respectively).

References: [1] Morono Y et al. (2009) ISME J
3:503-511. [2] Morono Y and Inagaki F. (2010) Sci
Drilling 9:32-36. [3] Morono Y et al. (2013) Environ
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The Kepler mission [1] led by NASA has discov-
ered dozens of possible habitable exoplanets by the
transit survey method. The transit survey method moni-
tors brightness of hundreds of thousands of stars to
detect a periodic slight dimming which is caused by a
transit of a planet in front of a host star. The Kepler has
demonstrated that habitable exoplanets indeed exist
around other stars than the Sun.

A big problem for Kepler’s candidates of habitable
transiting exoplanets is their host stars are far away, say
over 1000 light years. It is difficult to characterize such
distant exoplanets with the current telescopes or even

with next generation extremely large telescopes (ELTs).

Thus the next step for astronomical studies of habitable
exoplanets is to detect such planets around the Solar
neighborhood, say within 100 light years from the Sun.

The next breakthrough for detections of habitable
transiting exoplanets will come from the Transiting
Exoplanet Survey Satellite (TESS) mission [2] led by
MIT/NASA, which is expected to be launched in 2017.
The TESS will search for nearby transiting exoplanets
in almost the whole sky for 2 years.

Thus a time for observations to characterize habit-
able transiting exoplanets will come in 2020s. For tran-
siting exoplanets, it is known that one can observe their
atmospheres by transmission spectroscopy.

Transmission spectroscopy can be done using some
observing methods, including multi-colar photometry,
multi-object spectroscopy, and high dispersion spec-
troscopy. The multi-color photometry and multi-object
spectroscopy methods can characterize wavelength
dependence of transit depths for transiting exoplanets,
and can reveal whether the planetary atmosphere is
dominated by primitive compositions (hydrogen domi-
nated) or not, and possible presence of clouds or haze.
While the high dispersion spectroscopy method may be
able to detect alkali metal lines (e.g., Na and K) and
molecular lines (e.g., H,O, CH4, CO, CO,, O,). Those
observations will reveal characteristics of habitable
transiting exoplanets in the future.

In this talk, I will present such prospects of future
detections and characterization of habitable transiting
exoplanets.
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Introduction: A central goal of Astrobiology is to
explore the limits at which life can occur and to search
for life and habitable locations outside Earth. Mars is
currently an active target in the search for life due to its
relative proximity and similarity to Earth, coupled with
increasing evidence pointing to the past and present
existence of liquid water at the surface and near
subsurface [1]. Exchange of rocky impact ejecta
between Mars and Earth has been known for at least
two decades [2], and evidence has accumulated
supporting the hypothesis that living microorganisms
embedded in rocks could survive the transfer process
[3]. Understanding the ability of terrestrial
microorganisms to grow in the near-surface martian
environment is of prime importance both for life
detection and for protection of Mars from forward
contamination by human or robotic exploration [4].

The surface environment of Mars presents
formidable challenges to life, such as: harsh solar
radiation; a scarcity of liquid water and nutrients;
extreme low temperatures; and a low-pressure, CO;-
dominated anoxic atmosphere [5]. Recent work in our
laboratory has concentrated on investigating the
possibility that prokaryotes from Earth could either (i)
live on Mars in their current form, or (ii) evolve the
ability to live under Mars conditions. Our experiments
have involved environmental chambers that can
simulate Mars atmospheric conditions of low pressure
(P; 0.7 kPa), temperature (T; 0°C), and a CO;-
dominated anoxic atmosphere (A), called here
collectively low-PTA conditions.

Growth of permafrost bacteria under low-PTA
conditions: Because much of the water on present-day
Mars exists in a permanently frozen state mixed with
mineral matrix, terrestrial permafrosts are considered
to be analogs of the martian environment [6]. We
therefore screened Siberian permafrost soils for
microbes capable of growing under low-PTA
conditions. Using this approach we reported the
isolation of 6 Carnobacterium spp. isolates from
Siberian permafrost that were capable of low-PTA
growth [7]. In addition, a laboratory strain of Serratia
liquefaciens was also found to grow under low-PTA
conditions [8].

Evolution of Bacillus subtilis to growth at low-P:
Previous work had indicated that most bacteria,
including the common laboratory strain of B. subtilis,
were unable to grow at pressures lower than ~2.5 kPa
[9]. To investigate if B. subtilis could evolve the ability
to grow at low-P, we cultivated strain WN624 at the

near-inhibitory pressure of 5 kPa for 1,000 generations,
and isolated a low-P adapted strain designated
WN1106 [10]. In competition experiments the low-P
adapted strain showed higher relative fitness than the
ancestor at 5 kPa, but not at normal Earth pressure
(~101 kPa) [10]. Transcription microarray analyses
indicated that exposure to low-P induced both the
sigB-mediated General Stress Response and the
anaerobic response in both the ancestral and low-P
adapted strains [11]. Whole genome sequencing
revealed that low-P adapted strain WN1106 had
accumulated 12 mutations not present in the ancestral
strain. The significance of these mutations to low-P
adaptation in B. subtilis is currently being explored.
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Introduction: Unlike other missions [1], one of
the goals of the MELOSI mission is to find life direct-
ly on Mars. To fulfill this purpose, observation of po-
tentially existing cell images will be performed using a
microscope. To distinguish 1 micro-m sized cells from
sand particles, fluorescent dyes are planned to be used
together with an excellent fluorescent microscope. Use
of different types of dyes that can stain nucleic acid,
cell membrane, or protein-like molecules will be used.
Detection of a wide variety of organic compounds
would be able using the same method.To operate un-
manned microscopic observation on Mars, one bottle-
neck would be the handling of dye solution. Concern-
ing the temperature and pressure on Mars, choice of
dye solvent and the way of its supply to the collected
sample sand should be carefully performed. Here we
report the method of dye solution supply onto the sam-
pled sands. Effect of material property (wettability) on
solution dropping will also be reported.

Solvent for dyes: Ethyleneglycol and methanol are
widely used material to promote antifreezing property
of a water-based solution. As measurement of enzy-
matic activity is planned in MELOS1 mission, they are
not suitable because they might cause denaturation of
some proteins. Choice of biochemically friendly mate-
rials was selected.

Earth
atmosphere
dye solution
metal foil E> Y E>
Mars claw
atmosphere

Mars soil sample

Fig. 1 Schematic illustration of dye solution
handling method..

Dye solution handling method: After sampling
the Mars sample sands by the use of robot arm of the
rover, sample cuvette will be sealed. The cuvette will
then separated by the metal foil with the dye solution-
capsule that contains Earth atmosphere (100 kPa). A

claw will rip the foil and the solution will drop over the
sampled sands (Fig. 1). Drop behavior of the solution
depends on the foil wettability, surface tention of the
solution, thickness of the solution, of the pressure dif-
ference between the two spaces.

d
drill
ﬂ 30% glycerol solution
A
Al foil

Fig. 2 Experimental setup Fig. 3 Microscope

Experiment: As a first step, we examined the ef-
fect of foil wettability and the hole size on the drop
behavior. A cuvette with an Al foil at the bottom that
contained a 30% glycerol solution of fixed thickness
was used (Fig. 2). Drills with different diameter were
used to make a hole into the foil. Al foil was used with
and without the boehmite treatment [2]. As a result,
behavior of the 30% glycerol solution was almost the
same with water. Boehmite treatment worked effec-
tively from the solution dropiing viewpoint. Together
with the behavior of water on aluminum surface under
a reduced pressure [3], an optimal method for the dye
handling will be discussed. Design and performance
of a newly designed microscope system (Fig. 3) will
also be reported.

References: [1] Atreya S. K. 2007. Planet. Space
Sci. 55: 358-369. [2] Hart R. K. 1953. Trans. Faraday
Soc. 50: 269-273. [3] Sefiane K. 2004. J. Colloid Inter-
face Sci.15: 411-419.
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Abstract
There is a wide agreement that complex organic molecules (COMs), such as amino
acids, are crucial material for life. There has been a hot debate where such COMs were
formed, on the Earth or in the Universe. Ehrenfreund et al. (2002) suggested that
exogenous delivery of COMs to the primitive Earth would be much larger by three orders
of magnitude than terrestrial formation of COMs. Thus it would be crucial to study what
and how much COMs exist in star and planet forming regions.
Methyl amine (CH3NH) has been

CH, © proposed as a precursor to glycine
CH3NH, —> NH,CH,COOH through reaction with CO, under
NH; 2H UV irradiation (Holtom et al. 2005;

(la. H;0) Kim & Kaiser, 2011). Bases on such
laboratory studies it is possible to
assume possible formation paths

Figure 1. Possible Formation Paths to Glycine ~ from simple and rich molecular
species (CH4, NH3, CO, and HCN)

2H

HCN —> CH,NH H
HCN

CHzNHz — NHzCHch

to glycine (Figure 1).

Since there are a very small number of studies on interstellar CH3NH; since its
detection by Kaifu et al. (1974), we conducted survey observations of CH3NH, towards
several star-forming regions by using the Nobeyama 45m radio telescope in April 2013.
During this survey we discovered three low-energy CH3NH, lines in clear absorption
against the radio continuum emission towards SgrB2(M). An example spectrum is shown
in Figure 2. Our detection may suggest that CH3NH, would be widely distributed even in
cold molecular clouds.
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Figure 2. Example of absorption line of
CH;3NH; towards SgrB2(M)
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In the workshop, we will report
details on the detected features and
comparison results with simulations by
using a chemical reaction model.

Key word: Origin of Life; Methyl amine; Glycine
formation; Precursor to Glycine
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Search for Habitable Planets Around Low-Mass Stars Using the InfraRed Doppler Instrument
M. Omiya, B. Sato, H. Harakawa, M. Kuzuhara, T. Hirano, N. Narita, IRD Team

Detecting low-mass planets in the habitable zone around low-mass stars
is one of the milestones to understand the habitable planets outside the solar
system. Several new planet search programs will thus start in the near future to
search for low-mass planets around low-mass stars (e.g. CARMENES, SPIRou,
TESS).

Now, we are also planning a Doppler (radial velocity, RV) exoplanet survey
of low-mass stars by using a new near-infrared instrument, the InfraRed Doppler
instrument (IRD) to be installed to the Subaru 8.2m telescope in 2014. Aims of the
survey are to find Earth-mass planets in the habitable zone and uncover the
statistical properties of the planetary systems around low-mass stars. Observation
targets of the RV survey are about 300 M dwarf stars that have masses with 0.1-0.6
times solar masses and a flux peak in the near-infrared wavelength region. IRD is
an exoplanet hunting instrument with a laser frequency comb and a near infrared
high-resolution spectrograph, and suitable for the search for low-mass planets
around M dwarfs. The RV measurements of M dwarfs with IRD would active the
high precision of about 1 m/s by producing extremely stable references for accurate
wavelength calibration by using the laser frequency comb. Therefore, we expect to
detect a few Earth-mass planets in habitable zone and some rocky planets in
close-in orbits around low-mass stars (Figure1). In the IRD project, we also have
plans to perform the photometric (Transit) and spectroscopic (RV) follow-up
observations of planet candidates detected by IRD using Japanese facilities.

In this presentation, we introduce the IRD and the Doppler exoplanet
surveys of low-mass stars, and discuss observational strategies and the expected
results of the IRD project.

Figure 1: Detectability of planets (Contour, simulation) for the IRD survey
and results of population synthesis (Dots, Y. Hori et al. 2013). In an observation
strategy, we would expect to detect some Earth-mass rocky planets around very
low-mass stars by the IRD survey.
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Biochemical Exclusion Principle: Chemical
structures of biological molecules are strictly restricted
by “biological exclusion principles”. The author would
like to discuss whether or not the exclusion principle
can also be applied on biochemistry and molecular
biology of extraterrestrial life.

Magic 20: Amino acids incorporated into proteins
during translation processes are limited to 20 amino
acids. This set of amino acids is often called “magic
20” (This term is originally used by Crick in the late
50°). Proteins in terrestrial organisms consist of many
different amino acids in addition to the members of
magic 20 due to post translational modifications (one
example is hydroxyproline residues in collagens which
were converted form proline residues by post
translational modifications), and in exceptional cases
other amino acids than the members of magic 20 are
directly coded by mRNA; one example is selenosystein
in formate dehydrogenase. When, how and why the
members of magic 20 are selected is fundamental
enigma. Members of magic 20 are alpha-amino acids;
gamma aminobutyric acid is an important amino acid
in brain function, but not the member of magic 20.
Amino acids which possess straight hydrocarbon chain,
such as nommal-leucine are excluded, but no rational
explanation has been presented so far. It seems that the
members of magic 20 are determined by chance or
impulse or whim rather than by necessity or reason.
Functional protein can be produced omitting some
amino acids from magic 20; one example is proteins
produced by aerobic themmophiles. Often enzyme
proteins produced by extreme themmophiles lack
cystein (a member of magic 20) since cystein residue is
unstable under high temperatures. Extraterrestrial
organisms may use a different set of amino acids to
make proteins.

Nucleic Acids: Our DNA and RNA consist of
D-ribose (or its derivatives), four nucleic acid bases
and phosphate. Again no rational explanations have
been given for fundamental questions such as why
ribose and phosphate are chosen. Why 4 bases? As a
coding language, binary system may be better than
quatemary like in our computers. Extraterrestrial life
may use binary as genetic language. It seems that the
most rational genetic system is binary consisting of
adenosine and inosine; This idea was also proposed by
Crick long time ago.

Chirality: The members of magic 20 are L-amino
acids, and deoxyribose used in DNA and ribose used in

RNA are D-sugars. Origin of the chirality of biological
molecules is another fundamental enigma in
biochemistry of terrestrial life. In this context, another
serious puzzle is chirality of membrane lipids; glycerol
moiety of major membrane lipids of domain Archaea
is d-form whereas Bacteria and Eukarya use l-form
glycerol residues.
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Introduction: Mars is an attractive object for ex-
plorations (scientific, robotic, or human in coming dec-
ades). Japan had a Mars exploration mission, NOZOMI
(launched 1998), of which primary scientific objectives
was escaping atmosphere from Mars. NOZOMI was
unsuccessful (sad to say) and we did not have a chance
to visit the red planet since then. After having our first
Venus mission, AKATSUKI (launched 2010), there
have been planning activities for "next" Mars missions.
Through intensive discussion among researches of vari-
ous areas, we have recently reached a conclusion about
the aim of our MELOSI mission [1]. It is
"Life/Organism Search" which can be compared to what
Americans or Europeans will do in upcoming missions
(ESA's ExoMars [2] or NASA's Mars2020 [3]).
"MELOS" in MELOSI is an acronym of "Mars Explo-
ration for Life/Organism Search".

When and How: ESA will launch a series of Ex-
oMars missions: an orbiter in 2016 and a rover in 2018.
NASA, on the other hand, will search for signs of "past"
lives with a rover, Mars 2020, build based on success-
ful (in engineering aspects, at least) Curiosity rover [4].
Because the area of Mars is about the same as the
earth's continents, too wide to cover with just a handful
of landing probes, it is necessary that as many places as
possible should be visited via international collabora-
tion. Japan should play a role in this and the best way to
do so is to send a rover equipped with a high-sensitivity
life and organism detector. The timing should not be too
far from ExoMars or Mars2020, of course.

We, therefore, propose a rover mission for early
2020's. The launch vehicle is assumed to be H-IIA 202.
The entire system consists of an entry-descent-langind
(EDL) module and a cruise stage, weighing some 800
kg or so. After departing from the earth, the cruise stag-
er will generate necessary electric power with its solar-
array panels. The power covers communication to the
earth and data handling, the attitude control system, the
heat-managing system, and the trajectory control ma-
neuvers. When approaching Mars, the EDL module will
be detached and enter the Mars atmosphere [5].

To efficiently search for life or organism, the probe
should land on very specific place where remote obser-
vations strongly indicate there should be something.
This requires a "high-precision" landing that can be

done by active-guided descent under speed of super-
sonic or sub-sonic, an engineering challenge. The Mar-
tian atmosphere is sometimes saide to be "too thin to be
useful but too thick to ignore". MELOSI's engineering
team members are working hard to overcome this prob-
lem with high confidence.

The system is currently so designed that we can land
a 60-kg rover on the Martian surface.

On Mars: The rover's nominal life time, though
still TBD, may be 60 to 120 Martian days during which
she performs life and organism detection experiments.
The 60-kg rover will host 6 to 7 kg of science payload.
The main instrument, of course, is Life Detection Mi-
croscope (LDM) [7]. To best utilize 8 sample contain-
ers of LDM, the rover will traverse for 5 to 6 days to a
new location. At one place, the onboard instruments
will be used to decide from where we pick up the sam-
ple (may take a few days for this). Then, scoop and test
will be performed for one full day. This cycle requires
up to 10 days per sample. During the mission's life time
of 90 days, we can utilize all 8 sample containers.

More Future: It is imaginable that the entire world
will be shocked and changed if ANY sign of life on
Mars is discovered. After MELOSI, if successful, we
should then plan missions that give us more detailed
data to study what kind of lives they are on Mars and
probably on othe worlds in the universe. This should be
the dawn of "generalized" biology.
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A plume of vapour and water ice particles rich in
sodium salts erupting from warm fractures near the
south pole of Saturn’s icy moon Enceladus suggest the
presence of a liquid-water reservoir in the interior'?,
which is or has been in contact with the moon’s rocky
core. The findings of silica nanoparticles in the E-ring
originating from the plumes imply active geochemistry
involving water-rock interactions®*. However, the par-
ticular conditions of temperature and mineral composi-
tions are yet unconstrained. Here we report laboratory
experiments and calculations of hydrothermal reac-
tions simulating Enceladus’ interior. To achieve high
silica concentrations in the fluids, which are sufficient
for the formation of silica, hydrous silicates involving
the water-rock interactions would be composed mainly
of serpentine and saponite/talc, consistent with the
rock components similar to carbonaceous chondrites.
Fluid temperature needs to reach >100-200°C, sug-
gesting hydrothermal activity in Enceladus. In contrast
to previous reports®’, the lack of N, in the plumes’
may be in good agreement with a warm interior be-
cause decomposition of NH; to N, would be kinetical-
ly inhibited even at 300°C. Our results support the idea
that deep hydrothermal circulation in a warm core of
Enceladus®®* ' drives hotspots in the H,O mantle, pos-
sibly contributing large tidal dissipation and anoma-
lous heat flow at the south pole'"'>. To achieve such
high temperatures in geologically recent past or today,
Enceladus might have formed in ~4 Myrs after the
formation of the solar system.
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Brown Dwarf Atmospheres Revealed by 2.5-5.0 um AKARI Spectra S. Sorahana', 'Department of Physics,

Nagoya University, Nagoya, Aichi 464-8602, Japan

Introduction: Brown dwarfs play an important
role as a bridge between stars and planets. The first
detection of brown dwarf was reported by Nakajima et
al. [1]. Since they are not sufficiently massive for core
hydrogen burning, they simply cool off after deuterium
burning ends [2]. The physical and chemical structures
of brown dwarf atmospheres are complicated and can-
not be understood with a simple extension of stellar
atmospheres. Theoretical studies of brown dwarf at-
mospheres predict that such low temperature atmos-
pheres are dominated by molecules and dust [3][4][5],
and can be determined by simple radiative equilibrium
under local thermodynamic equilibrium [6]. However,
many previous observations in the near-infrared wave-
length range find that the actual physical and chemical
structures of brown dwarf atmospheres are more com-
plicated and differ from such simple predictions
[71(81[91[10].

By understanding brown dwarf atmospheres we
will be able to investigate exoplanet atmospheres so
that we can finally gain a comprehensive understand-
ing of atmospheres from stars to planets.

AKARI Spectra of Brown Dwarfs: We observed
27 brown dwarfs with AKARI, a Japanese infrared as-
tronomical satellite [11], and for the first time obtained
good continuous spectra with moderate-resolution
(R~120) between 2.5 and 5.0 um for 16 sources (Fig-

ure 1).

Analysis of AKARI Spectra: We investigate the
appearance of the CHy (3.3 um), CO, (4.2 pm) and CO
(4.6 um) molecular absorption bands in this new wave-
length range along their spectral types, and attempt to
interpret these results with the Unified Cloudy Model
(UCM), a theoretical brown dwarf atmosphere model.

We find that the physical and chemical structures
in the brown dwarf atmospheres deviate from theoreti-
cal predictions for local thermodynamic equilibrium
(LTE) with solar metallicity [10].

Elemental Abundances of Brown Dwarfs: We
discuss possible elemental abundance variations
among brown dwarfs using model atmospheres and
AKARI data to explain the deviations. We construct a
set of models with various elemental abundances as a
first trial, and investigate the variation of the molecular
composition and atmospheric structure. From the re-
sults, we suggest that a possible reason for the CO, 4.2
um absorption feature in the late-L and T type spectra
is the C and O elemental abundances being higher or
lower than the solar values used in previous studies

(Figure 1; see also [12]; [13]). Investigation of elemen-
tal abundances is important for exoplanets to under-
stand their origin of formation.
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Figure.1 AKARI spectra of brown dwarfs with errors
shown in black. 11 L dwarfs and 5 T dwarfs are suc-
cessfully observed. The 3.3 pm CHy, 4.2 um CO, and
4.6 um CO absorption bands are shown in red, green
and blue, respectively in the left panel. We also en-
large the CO, absorption band region and show a
comparison between observation and models with var-
ying elemental abundances. We pick up 9 sources of
our sample. They show the 4.2 um CO, band, except
for 2MASS J1523+3014. Three objects are better ex-
plained by the model with increased C and O elemen-
tal abundances (green), one object is well reproduced
by the model with decreased abundances (blue), and
the spectra of the other three sources are best ex-
plained by the solar abundance model (red). We are
not yet able to explain the other two latest T-type
sources that the CO, band appears.



Chromospheric activity in Brown Dwarfs: No
previous brown dwarf atmosphere models have con-
sidered chromospheric activity. However, the devia-
tions between theoretical model spectra and observed
spectra in the wavelength range 2.5-5.0 pm indicate
that there is additional heating in the upper atmosphere.
If a brown dwarf has a chromosphere, the temperature
in the upper atmosphere should be higher. We con-
struct a simple model that includes heating due to
chromospheric activity. With this additional heating,
we find that the chemical structure of the atmosphere
changes dramatically, and the heating model spectra of
early-type brown dwarfs can be considerably improved
to match the observed spectra. Our result suggests that
chromospheric activity is essential to understand the
near-infrared spectra of brown dwarfs [14].

Our results are important for searching for signs of
life in exoplanets orbiting brown dwarfs. NASA’s
Kepler space telescope has detected more than 1000
Earth-mass exoplanet candidates, and it is now esti-
mated that at least 17 billion Earth-sized exoplanets
reside in the Milky Way Galaxy. Since less massive,
rocky planets tend to orbit around low mass stars,
planets resembling our Earth are more likely to be dis-
covered around brown dwarfs. Understanding chromo-
spheric activity, such as flares, in brown dwarfs and its
effects on the atmospheric structure of orbiting planets
will be very important for investigating the potential
for life on exoplanets.
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Man Made Elements Periodic Table, Astronomical Periodic Table, Geographic Periodic Table-
Dimitri Mendeleev Imitation in the 21* Century

A Man Made Elements Periodic Table, including every single current element not just synthetic
elements, can be built differently than the naturally occurring element periodic table. Every
element can be produced not just the regular synthetic elements.Naturally occurring elements can
be seen as different Elements than man made elements related to differences in chemical
properties. For example, the man made elements have origins from protons, neutrons, electrons,
particle colliders, accelerators. The naturally occurring elements occur in

many places/environments like Carbon with Oxygen, plutonium occurs with Uranium, Helium
in places like the Sun, Hydrogen in most stars, Carbon occurs in places like trees, oxygen and
nitrogen occurs in air, Phosphorus/Sulfur in our bodies.

Man made elements are different than naturally occurring elements and Man Made Elements
Periodic Table different than natural periodic table too. The Man Made Elements Periodic Table
can have the same structure as Mendeleev's Table, but include man made elements.

I previously had shown how square, linear, circular, solar system, galaxy atomic configurations
can be made, and these Man Made Elements Can take all these different atomic configurations
like linear, galaxy, solar system or square atoms too!

Dimitri Mendeleev and me then both were involved in inventions of Periodic Tables. My
periodic table inventions include Man Made Periodic Table, Astronomical Periodic Table where
the element exists in space/Universe, Geographic Periodic Table where the element exists on the
Earth.

James T. Struck BA, BA,BS,AA, MLIS
773 680-7024

P OBox 61

Evanston IL 60204
http://jamestimothystruck.page4.me
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SILICA AEROGEL FOR USE IN COSMIC DUST COLLECTORS UTILIZED IN THE TANPOPO
MISSION. M. Tabata®", H. Yano', H. Kawai’, E. Imai®, H. Hashimoto®, S. Yokobori*, and A. Yamagishi®, on
behalf of the Tanpopo WG, Japan Aerospace Exploration Agency (JAXA), Sagamihara, Japan, Chiba University,
Chiba, Japan, *Nagaoka University of Technology, Nagaoka, Japan, “Tokyo University of Pharmacy and Life Sci-
ences, Hachioji, Japan (" Corresponding author: makoto@hepburn.s.chiba-u.ac.jp).

Introduction:  The Tanpopo mission is an
astrobiological experiment to be conducted on the Jap-
anese Experiment Module (JEM) on the International
Space Station (ISS) [1]. The primary goal of the mis-
sion is to determine whether terrestrial microbes in
dusts ejected by events such as volcanic eruptions can
reach the low Earth orbit and whether interplanetary
dust particles containing prebiotic organic compounds
can migrate among solar system objects. In this mission,
we will collect cosmic dusts using silica aerogels. After
a one-year sampling period, the returned samples will
be biochemically analyzed in our ground laboratories.

We developed an ultralow-density (0.01 g/cm?) sil-
ica aerogel for capturing hypervelocity microparticles
[2], which realizes an almost intact collection of cos-
mic dusts. Silica aerogel, a colloidal form of quartz
(Si0,), is an eminently suitable medium for cosmic
dust sampling because of its light weight and optical
transparency. Aerogel sample tiles were especially de-
veloped for the Tanpopo mission and were not contam-
inated by bacterial deoxyribonucleic acids (DNA) [3].
The aerogel material is formed as an integrated mono-
lithic tile with different density layers and box-framing
structures [4]. Being hydrophobic, it also suppresses
age-related degradation caused by moisture absorption
[5].

Because the aerogel-based cosmic dust collector
will be mounted on the Exposed Experiment Handrail
Attachment Mechanism (ExHAM), newly developed
by the Japan Aerospace Exploration Agency, and
equipped to the Exposed Facility using a robotic arm
and airlock on the JEM, we developed a special aero-
gel holder [6]. The aerogel loaded in the holder must
pass a vibration test for launch and a pressure test. We
plan to expose multiple aerogels to several different
sides of the ISS, both parallel and perpendicular to its
direction of travel (i.e., the East, which is the direction
of the ISS orbit, North, and zenith direction) in three-
time annual exposures.

Development of Silica Aerogel for Capturing
Cosmic Dusts: As a bread bode model, we first de-
veloped a simple two-layer aerogel with different den-
sities at Chiba University. The aerogel consists of a
10.5 mm thick top layer of density 0.01 g/cm® and a 10
mm thick base layer of density 0.03 g/cm®. The two
layers are chemically combined as a monolithic tile in a
wet-gel synthesis process [3], [4]. The low-density top

aerogel layer is helpful for capturing cosmic dusts
more or less intact. The higher density base layer func-
tions to increase the strength of the whole aerogel tile
and to surely capture high-energy cosmic dusts as well.
In 2011, we conducted a mass production test of the
two-layer aerogels in contamination-controlled envi-
ronments. A total of 126 aerogel tiles were manufac-
tured, and as a result, 106 undamaged aerogels were
successfully obtained (i.e., a 84% vyield) [6].

We developed a box-framing aerogel by re-
designing density configuration and tile size so that it
passes vibration tests for rocket launching. The outer
size of an aerogel holder called as a capture panel was
determined to be 100 x 100 x 20 mm?, and a prototype
panel was fabricated. The panel lid has grids to prevent
the aerogel from escaping the panel and to ensure the
safety of the ISS crew. Vibration tests revealed that the
simple two-layer aerogel was seriously damaged by the
panel grids. To resolve this, we designed the box-
framing aerogel as an engineering model (Fig. 1). The
top layer of density 0.01 g/cm® is surrounded by the
base frame of density 0.03 g/cm® on not only the bot-
tom surface but also the four sides. The box-framing
aerogel is fixed in the panel by compressing only the
base frame edges with the lid. The thickness of the 0.01
glcm?® top layer is designed not to touch the grids. The
box-framing aerogel passed vibration tests for rocket
launching and a depressurization and repressurization
test [6].

Fig. 1: Prototype of the box-framing aerogel, consisting
of a 0.03 g/cm® base frame and a 0.01 g/cm® top layer.
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We have conducted mass production of box-
framing aerogels in 2013. A special polystyrene case
was made for molding the base frame in the wet-gel
synthesis process. It has taken 3 months to produce a
total of 72 aerogel tiles. 60 out of 72 aerogels were
manufactured strictly in contamination-controlled envi-
ronments. The others were not treated in contamina-
tion-controlled environments; however, they can be
used in laboratory tests. At present, measurements of
the produced box-framing aerogels are ongoing.

Conclusion: We are developing silica aerogels for
use in the cosmic dust collectors utilized in the
Tanpopo mission. A procedure for manufacturing aer-
ogels in contamination-controlled environments was
established. A box-framing aerogels was designed to
withstand vibrations during rocket launching. Mass
production of box-framing aerogels has been per-
formed in 2013. In this paper, we present the recent
development of aerogels for the Tanpopo cosmic dust
collectors.
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POLARIZED SPACE RADIATION AND BIOLOGICAL HOMOCHIRALITY
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jitaka@ba?2.so-net.ne.jp).

Introduction: The origin of biological homochi-
rality in terrestrial organisms (proteinogenic amino
acids with L-form enatiomar dominant and sugars in
DNA and RNA with D-form enatiomar dominant) is
one of the most important but unsresolved problems in
astrobiology. A most attractive scenario by the astrobi-
ological contexts is that the single-handedness phe-
nomenon was originated by asymmetric chemical reac-
tions under asymmetric interstellar/circumstellar con-
ditions stimulated by polarized space radiation.

Typical polarized radiation sources in space which
can induce asymmetric chemical reactions is circularly
polarized light (CPL) [1]. This CPL scenario is sup-
ported by the occurrence of L-enantiomer-enriched
amino acids in carbonaceous meteorites [2], and the
observation of CPL of the same helicity (left- or right-
handed circular polarization) over large distance scales
in the massive star-forming region of Orion [3] and
NGC 6334-V [4] nebulae.

One of the serious drawbacks of the CPL hypothe-
sis above is that polarization direction (left- or right-
handed) depends on relative position to radiation
sources. Another possible hypothesis is based on the
radiation source with absolutely determined polariza-
tion direction. It is well known that electrons from be-
ta-decay radiation are spin-polarized, that is, the spin
angular momentum is polarized to the direction of mo-
tion due to parity non-conservation law in the weak
interaction. The helicity (the projection of the spin
angular momentum onto the direction of kinetic mo-
mentum) of beta-ray electrons is universally negative
(left-handed). Spin polarized electrons (SPE) can be
emitted as beta-decay electrons from radioactive nuclei
or from neutron fireballs in supernova explosion [5].

Experiments: Ground simulation experiments for
the extraterrestrial homochirality scenario have been
conducted by using CPL from synchrotron radiation
(SR) facilities. Solid films of achiral hydantoin (a pre-
cursor molecule of achiral glycine) were irradiated
with CPL at 215 nm from a free electron laser (FEL) of
UVSOR-II (IMS, Japan). As the results of the circular
dichroism (CD) spectra measurement of the CPL irra-
diated hydantoin, opposite CD spectra depending on
the polarization direction was observed ilike as DL-
amino acid experiments [6].

The same kind of ground simulation experiments
by using SPE from beta-decay radioactive nuclei have
also being conducted. DL-Isovaline (Iva) films were
irradiated the with a flux of SPE from high-dose beta-
decay radioactive isotope source (*°Sr - *°Y) of the
Russian Federal Nuclear Center. In the CD measure-

ments using beamline-15 of HiSOR, the samples were
set so that the film-deposited surface of them faced to
the source of the CD-probe SR beam. The samples
were rotated around the axis of CD-probe SR beam.
Furthermore, linear dichroism (LD) spectra of the
samples also simultaneously measured by using a la-
boratory spectropolarimeter including LD measuring
equipment. As the results of these measurements, the
prospective emergence of optical anisotropy in the
irradiated DL-Iva films was successfully detected [7].
The experiments by using SPE from spin-polarized
electron accelerators, by which the polarization direc-
tion of SPE can be well-controlled, are also planning.

Summary: The measured CD spectra of our CPL-
and SPE-irradiated amino acid films showed apparent
emergence of optical anisotropy presenting the irradia-
tion effects of polarized spase radiation. Present results
can be important for the solution of biological homo-
chirality problems.
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POLARIMETRIC SIGNATURES OF THE EARTH EXTRACTED FROM EARTHSHINE
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Introduction: Growing number of exoplanets in-
cluding those in the habitable zone have been discov-
ered [e.g., 1]. However, a planet in the habitable zone
does not necessarily mean that the planet is habitable.
Thus, we need to make continuous efforts to character-
ize the planet as habitable. Polarimetric observations
may be able to play an important role to approach the
goal. Light emitted from a host star is virtually unpo-
larized, whereas reflection on a planet produces polari-
zation. Degree and position angle of polarization are
dependent with the planet’s geometry and physical
properties with regard to reflection. Therefore, po-
larimetric measurements can be used to characterize
exoplanets in a coming age when direct polarimetry of
exoplanets has been put into practical use.

In this presentation, we focus on potential of po-
larimetry for searching (1) planetary atmosphere with
Earth-like optical thickness, and (2) liquid surface on
planets, both of which are important information to
discuss habitability of planets. To investigate the po-
tential, we have carried out polarimetric observations
of Earthshine on the Moon. Earthshine is Earthlight
reflected from the lunar surface. It is commonly used
by ground-based observers to obtain disk-integrated
Earthlight and to extract observational signatures of the
Earth.

Atmosophere with Earth-Like Thickness:
Firstly, we summarize our optical spectropolarimetry
of Earthshine for Earth phase angles ranging from 49°
to 96°. Full description of this project can be found in
[2]. This project aims to derive the phase variation of
polarization spectra of the Earth to find a signature

pointing toward a distinctive characteristic of the Earth.

The observations were conducted on March 9-13, 2011
(UT). We utilized the spectropolarimeter HBS mount-
ed on the 1.88 m telescope at the Okayama Astro-
physical Observatory located in Okayama, Japan. The
wavelength coverage is 450-850 nm with a resolution
of 6 nm. We have found that the phase dependence
differed with the wavelengths; the maximum polariza-
tion for the V' band wavelengths occurred at a phase
angle of near 90°, whereas that for longer wavelengths
is reached at larger phase angles. This is interpreted as
indicating that Earthshine polarization at shorter wave-
lengths is dominated by atmospheric Rayleigh scatter-
ing, whereas that at longer wavelengths has an increas-

ingly effective contribution from the Earth surface
reflection. The observed wavelength dependence in the
phase angles of the maximum polarization for the
Earth is suggested to be different from the other rocky
planetary objects in the Solar System. Therefore our
observational result might be a signature pointing to-
ward atmosphere with Earth-like optical thickness: the
atmosphere is scattering in the shorter wavelengths but
transparent in the longer wavelengths.

Liquid Surface: Secondly, we describe our ongo-
ing project of comparing polarization between Earth-
shine from land-dominant surface and that from
ocean—dominant surface. Polarimetry may be a method
to search a planet with a liquid surface because specu-
lar reflection from a liquid surface is expected to pro-
duce a greater polarization degree than reflection from
a rough surface does [3]. This project aims to evaluate
the difference between Earthshine polarization con-
tributed by reflection at a land-dominant surface and
that by an ocean-dominant surface. As viewing from
Japan, we can observe Earthshine with contribution
from a land-dominant surface in waxing phases of the
Moon, whereas we can study that from an ocean-
dominant surface in the waning phases. We utilized the
60 cm reflecting telescope at the Nishi-Harima Astro-
nomical Observatory located in Hyogo, Japan and the
simultaneous imaging/spectrometric polarimeter. In a
series of observations from May 2010 to March 2012,
twelve data sets were obtained for the waxing phases
and seven data sets for the waning. The observations
were conducted in V band. The measured polarization
degrees increased as the Earth phase approaches a
quadrature phase. The maximum polarization degree
was roughly ~8 % for the both phases. Fitting with a
function for Rayleigh scattering have yielded the po-
larization maximum of 7.7+0.4% and 8.4+0.7% for the
waxing and waning phases, respectively. Although a
larger value has been derived for the waning phases
when the Earthshine is contributed by an ocean-
dominant surface, the difference is not significant con-
sidering uncertainty of the result. Refinement of our
observational system is currently underway.

References: [1] Borucki, W. J., et al. (2013) Sci-
ence, 340, 587 -590. [2] Takahashi, J. et al. (2013)
PAS]J, 65, 38. [3] Zugger, M. E., et al. (2010), ApJ,
723,1168
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Over the past 35 years, researchers have explored seafloor deep-sea hydrothermal vent
environments around the globe and studied a number of microbial ecosystems.
Bioinformatics and interdisciplinary geochemistry-microbiology approaches have provided
new ideas on the diversity and community composition of microbial life living in deep-sea
vents. In particular, recent investigations have revealed that the community structure and
productivity of chemolithotrophic microbial communities in the deep-sea hydrothermal
environments are controlled primarily by variations in the geochemical composition of
hydrothermal fluids (Takai and Nakamura, 2010; 2011). This was originally predicted by a
thermodynamic calculation of energy yield potential of various chemolithotrophic
metabolisms in a simulated hydrothermal mixing zone (McCollom and Shock, 1997). The
prediction has been finally justified by the relatively quantitative geomicrobiological
characterizations in various deep-sea hydrothermal vent environments all over the world
(Takai and Nakamura, 2010; 2011).

Thus, there should be a possible principle that the thermodynamic estimation of
chemolithotrophic energy yield potentials could predict the realistic chemolithotrophic living
community in any of the deep-sea hydrothermal vent environments in this planet.
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In 2005, a spacecraft Cassini discovered a water vapour jet plume from the sole pole area
of the Saturnian moon Enceladus. (Hansen et al., 2008; Waite et al., 2009). The chemical
composition analyses of Cassini’'s mass spectrometer strongly suggested that the
Enceladus could host certain extent of extraterrestrial ocean beneath the surface ice sheet
and possible ocean-rock hydrothermal systems. In addition, a recent research has
suggests that there is silica nanoparticles in Saturn’s E-ring derived from the Enceladus
plume. An experimental study simulating the reaction between chondritic material and
alkaline seawater reveals that the formation of silica nanoparticles requires hydrothermal
reaction at high temperatures. Based on these findings, we attempt to build a model of
possible hydrothermal fluid/rock reactions and bioavailable energy composition in the
mixing zones between the hydrothermal fluid and the seawater in the Enceladus
subsurface ocean. The results indicate that the pH of fluid should be highly alkaline and H,
concentration in the fluid is elevated up to several tens mM through the water/rock reaction.
The physical and chemical condition of the extraterrestrial ocean environments points that
the abundant bioavailable energy is obtained maximally from redox reactions based on CO,
and H, but not from with other electron accepters such as sulfate and nitrate. Our model
strongly suggests that the abundant living ecosystem sustained by hydrogenotrophic
methanogensis and acetogenesis using planetary inorganic energy sources should be
present in the Enceladus hydrothermal vent systems and the ocean.
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Abiogenic and biogenic chiral amino acids for further enantiomer-specific isotope analysis (ESIA)
Y. Takano, Japan Agency for Marine-Earth Science and Technology (JAMSTEC), E-mail: takano@jamstec.go.jp.

Introduction:

Since the time of Pasteur, the development of bio-
molecular chirality has remained one of the most im-
portant problems with regard to our knowledge con-
cerning chemical evolution. The homochiral amino
acids and sugars are essential to the formation, struc-
ture, and function of biopolymers and are a defining
molecular trait of life on the Earth [1] (cf. asymmetric
photochemical processes from amino acid precursors
in complex organics [2]). Meteorites, specifically car-
bonaceous chondrites, carry pristine abiotic signatures
of molecular chirality in the solar system. Enantio-
meric excesses of L-form a-methyl amino acids are
found in the CM meteorite Murchison and the CI me-
teorite Orgueil with the correlation of hydro-alteration
processes in the parent body [3]. For further infor-
mation of compound-specific and enantiomer-specific
nitrogen isotopic composition, here we developed the
analytical optimization for achiral and chiral amino
acids.

Results and Discussion:

The precise determination of amino acids in calcar-
eous, siliceous, geological samples (including mineral
matrix in C-type meteorites) is troublesome, since ex-
tracts of these samples often contain a significant

amount of interfering organic and inorganic substances.

To overcome this critical issues, at first we employed
cation-exchange chromatography of protein and non-
protein amino acids prior to derivatization for gas
chromatographic separation, including gas chromato-
graph/ combustion/ isotope ratio mass spectrometry
(GC/C/IRMS) [4,5]. Among the wet chemical treat-
ment, we confirmed that the average recovery of amino
acids was better than 94% and there was no nitrogen
isotopic fractionation [5]. Pre-treatment of an extract
has two advantages: (i) Separation from complex hy-
drophilic compounds, including sugars and organic
acids, which consume derivatization reagents during
esterification, (ii) desalting of inorganic compounds
derived from matrix minerals, thereby preventing dam-
age to the combustion and reduction furnaces in the
system. We occasionally use ion-pair liquid chroma-
tography combined with electro-spray ionization mass
spectrometry (LC/ESI-MS) for further compound iso-
lation [unpulished].

A remarkable feature of the nitrogen isotopic com-
positions of bulk organics from various carbonaceous
chondrites is that they are significantly higher than
those of terrestrial materials, up to +3200%o (vs. Air)
[6]. We successfully applied the present optimized
procedure to representative carbonaceous meteorites

[7], including wide variety of geological samples. We
believe that application of compound-specific nitrogen
isotopic analysis will reveal the role of indivisual ami-
no acids and open up our knowledge of the abiotic
chemical processes [8].
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Figure 1.

Three-dimensional atomic force microscopy (AFM)
images of aggregated high-molecular-weight complex
organic materials synthesized by proton irradiation
with CO-NH3-H20 (vapor) gas mixture.
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A strategy for sample retrieval and possible onboard biosafety controls: Perspectives
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ZJapan Aerospace Exploration Agency (JAXA), *University of Tokyo,

Issues of planetary protection are generally handled
by the space community, although these issues often
come to the attention of various academic communities
and the public (e.g., [1, 2]). Since the establishment of
the Panel on Plantary Protection (PPP) and the Com-
mittee on Space Rsearch (COSPAR), an international
consensus has emerged regarding the development and
promulgation of planetary protection knowledge and
policies, and regarding plans for mitigating the harmful
effects of biological contamination on Earth. The in-
vestigation of biological quarantine for planetary pro-
tection against both forward and back-contamination
has been discussed from the viewpoint of risk man-
agement and public consensus, in the context of further
planetary exploration. However, selection of a candi-
date location for initial quarantine, especially for mate-
rials with high biosafety levels, is problematic due to
the potential risk of biological back-contamination and
the difficulty of obtaining public consensus in the host
countries of the sample recovery site.

To resolve key issues related to extraterrestrial
sample-return projects, we suggest that international
waters (i.e., areas of oceans, seas, and waters outside
of national jurisdiction; Figure 1) are a meaningful
option for the location of sample retrieval, likewise the
pioneering Apollo missions in 1960’s. To conduct an
initial investigation of onboard biological control, we
propose application of a BSL laboratory on a devel-
oped research vessel operating in international waters.
According to the United Nations Convention on the
Law of the Sea (UNCLOS), international waters are
defined as all waters beyond national boundaries with
freedom of navigation and also freedom of scientific
research (see, Article 87: Freedom of the High Seas).
We think that the international waters are the most
likely place for the future public consensus of onboard
quarantine because of the potentially minimum risk of
back-contamination in the ocean environments and the
most rapid and convincing processing of the subse-
quent scientific research. On this basis, we propose
potential onboard protocols for the initial biological

control of future sample-return missions (e.g., [3], [4]).
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Did oceanic biogenic methane cycling regulate the evolution of Early Earth atmospheric chemistry? C.
Thomazo, UMR-CNRS 6282 Biogéosciences, Université de Bourgogne, Dijon, France (correspondence: christo-

phe.thomazo@u-bourgogne. fr).

One of the most remarkable changes in the Earth
surface chemistry of our planet history was the biologi-
cally induced pervasive oxygenation of the ocean and
atmosphere between around 2.45 to 2.32 Ga. This
event, namely the Great Oxidation Event (GOE, [1]), is
underlined in the sedimentary record by the disappear-
ance of mass independent fractionation of sulfur iso-
topes which is a robust geochemical signature of a low
oxygen level (<107 times the present atmospheric
level; [2]) in Earth’s atmosphere and surface environ-
ments.

In the last decade, a growing number of studies us-
ing geochemical proxies capable of tracing atmosphere
and ocean paleo-redox conditions suggests localized
and transient oxygenation of the marine environment as
early as 300 Ma before the GOE [3-4]. The idea of a
pre-GOE “whiff” of oxygen in terrestrial environment
is in line with molecular biomarkers evidence for an
early rise of oxygenic photosynthetic bacteria at around
2.7 Ga [5]. However, strong uncertainties remain re-
garding the extend of di-oxygen production and its
consequences onto the oceanic and atmospheric redox
balance at that time.

In order to explore atmospheric and oceanic chem-
istry before the transition toward an oxidizing Earth,
we report the results of a detailed carbon (**C, C),
sulfur (**S, S, *°S) and nitrogen ("N, ’N) isotopic
study of well preserved Neaorchean (2.7 to 2.6 Ga)
sediments from the Pilbara craton (Australia), the Bel-
ingwe Greenstone Belt (Zimbabwe) and the Superior
carton (Canada).

We suggest that a protracted oceanic oxygenation
starting at around 2.7 Ga might have widely impacted
marine biogeochemical cycles and triggered the evolu-
tion of methane oxidizing bacteria (methanotrophs) but
that Neoarchean atmospheric chemistry remained
weakly reducing at that time. In particular, paired car-
bon isotopes of carbonate and organic matter coupled
with mass independent fractionation of sulfur isotopes
record suggest that biogenic methane fluxes between
ocean and atmosphere might have strongly influenced
the magnitude and signs of mass independent fractiona-
tion of sulfur isotopes and the overall atmospheric sul-
fur chemistry on the Early Earth. We propose that geo-
chemical signatures of biologically induced changes in
atmospheric chemistry could thus be recorded before
oxygen rise using multiple isotopic studies including
for instance carbon, sulfur and nitrogen.

[1] Holland H. D. (2006) Philos. Trans.

R. Soc., B 361, 904-916. [2] Pavlov A.and Kasting
J. (2002) Astrobiology 2, 27-41. [3] Anbar A.D. et
al. (2007) Science 317, 1903—-1906. [4] Thomazo C.
et al. (2011) Geobiology 9, 107-120. [5] Sessions
et al. (2009) Curr. Biol. 19, 567-574.
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The Faint Young Sun Problem — how can early Earth and Mars be warmed? F. Tian, Center for Earth System
Science, Tsinghua University, Beijing, China (correspondence: tianfengco@tsinghua.edu.cn).

Based on current understanding of star evolution,
the Sun was much fainter in the past than it is now. If
the atmosphere of early Earth were the same as it is
today, the Earth would have been frozen prior to ~2
billion years ago (2Ga). However, the lack of geologi-
cal evidence for glaciation suggests that the Earth was
at least as warm as it is today during the Archean
(3.8~2.4 Ga) except for short periods of time.

There are three types of solutions to this faint
young sun problem: 1) the Sun was different from other
stars; 2) there was glaciations but we have not found
the geological record yet; and 3) the Earth’s atmos-
phere was much different from that of today and there-
fore could have provided much stroner greenhouse
warming to the surface.

Similar to the early Earth, there is also a faint
young sun problem on early Mars. There are many
geomorphological and geochemical evidence that water
once flew on the planet’s surface. However how long
time it would have taken for liquid water environment
to form these features is still open to debate. Neverthe-
less the intriguing perspective of life on our sister
planet requires a warmer and wetter early Mars. How
could such a climate have been maintained given the
faint young Sun?

In the past two decades, more than 900 exoplanets
have been discovered, and some of them are potentially
habitable planets based on the traditional definition of
the liquid water habitable zone. However, water is not
the sole requirement of life as we know it. Could there
be other considerations which would further constrain
the habitability of exoplanets?

In this talk we will review the new progress related
to the faint young sun problem of Earth/Mars and link
it to the habitability of known exoplanets.
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DRIED COLONY IN CYANOBACTERIUM, NOSTOC SP. HK-01 - SEVERAL HIGH SPACE
ENVIRONMENT TOLERANCES FOR “TANPOPO” MISSION
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Introduction:

Habitation in outer space is one of our challenges.
We have been studying future space agriculture to pro-
vide food and oxygen for the habitation area in the
space environment, in the craft and/or on Marst, A
cyanobacterium, Nostoc sp. HK-01, has high several
space environmental tolerance. Arai et al. already re-
ported that Nostoc sp.HK-01 had an ability to grow for
over several years on the Martian regolith simulant in a
laboratory experiment™. Nostoc sp HK-01 would
have high contribution for the “TANPOPO” mission in
Japan Experimental Module (JEM) of the International
Space Station (15S) ©!. Here, we will show the im-
portance of this material for TANPOPO Project and
further utilization and important aims for future using
them as a food after its growing on Mars.

Material and Method:
Cyanobacterium, Nostoc sp.HK-01, was used in this

all experiments. The dried colony as material, Nostoc sp.

HK-01, was exposed to high temperature (100°C:3h,
4h, 5h, 6h, 7h, 24h), UV (253.7nm:24h, 48h), gamma-
ray (5KGy), heavy particle beam. After the exposure,
they incubated in water for 2 days. Fluorescein diace-
tate, FDA, was used for the staining of Nostoc sp. in
this study. The detailed method was described previous-
ly. The stained cells were observed under a fluorescent
microscope (BX50 type, OLYMPUS, Japan).

Results and disscussion:

All or a part of the tested cells in the colony could
survive under the exposed serious environments, 100°C
(1~7h), UV (24h, 48h), gamma-ray (5kGy), heavy par-
ticle beam (5, 20, 40, 80min). In the high temperature,
100°C in 24h, the percentages of survived cells were
decreased. According to these results, Nostoc sp. would
have survival limit temperature within 24h at 100°C.

On the other hand, the easy cell separation method
was examined. The optimum conditions were ascer-
tained. The dry material, Nostoc sp. HK-01, was incu-
bated at 37 °C for 30 minutes with water. After their
shaking for 15 minutes, cells could be cultured on ager
in cell culture plate for 2-3the days.

The increased cells were re-incubated for screening a
high tolerance material for future space utilization. The
screened material would be used in the several evolu-

tional experiments. In the heat exposure experiment,
even the cells without EPS has also had a high toler-
ance. These results, in the case of high temperature
tolerance, it has a possibility that the contribution of
their tolerance would be a little relation to extracellular
polysaccharides (EPS), although several reports sug-
gested the relation to EPS on the cyanobacteria toler-
ances®®). We are studying the identification of func-
tional substances related to their tolerance in their cells.

We are trying to determine the best conditions and
evolution for high space environment tolerance of Nos-
toc sp.HK-01 and studying the proposal of utilization
of cyanobacteria, Nostoc sp HK-01, for the variation of
total utilization as space agriculture !,
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Intact Capture, Aerogel, SOCCER, STARDUST & LIFE Peter Tsou, Sample Exploration System, P. O. Box

831 La Canada CA 91012, tsou.peter@gmail.com

Intact Capture: In order to determine if comets
brought the Earth's ocean water and early life seed-
lings, we needed to bring samples of comets to terres-
trial laboratories for detailed analyses. The concept of
landing on a comet, excavating the surface, then return-
ing the samples back to Earth (Comet Nucleus Sample
Return) has been studied for decades, but unimple-
mented due to lack of necessary technologies and very
high cost. Comets, however, expel their surface mate-
rial as they approach the Sun, making conceivable a
low cost flyby sample return missions. There was a
catch, though - flybys are at hypervelocity encounter
speeds that atomize the samples, destroying the sample
morphology and causing fractionations and losing
astrobiological value. To solve this problem, an "intact
capture" technology was developed in 1984, utilizing a
technique that captures and preserves intact a portion
of the sample at hypervelocity flyby speeds.

SOCCER NEARER STARDUST: With intact
capture technology and the adaptation of transparent
silica aerogel as a capture medium, in 1987
NASA/ISAS began to develop a comet coma sample
return mission, Figure 1. 1992 a joint NASA/ISAS
SOCCER mission concept was proposed, Figure 2.
The final outcome was a NASA STARDUST Discov-
ery mission and a NEARER (later Hayabusa) mission
both of 1994. Detailed analyses of samples from com-
et Wild 2 have revolutionized our understanding of
comets, revealing for the first time elements formed at
the formation of our Solar System. Comets have prin-
cipally a Solar composition, containing both fire (Solar
core material) and ice (Kuiper belt and beyond accre-
tions).

DISCOVERY MISSION WORKSHOP

SOCCE

October 17 and 18, 1988

Institute of Space and Astronautical Science SPL
e

Figure 1 SOCCER Figure 2 Joint NASA/ISAS Proposal

LIFE: In 2005, Cassini discovered that water be-
ing jetted from the south pole of Enceladus. Its instru-
ments returned data showed that Enceladus is habita-
ble; that is, it has liquid water, a heat source to main-
tain water as a liquid, organic nutrients and nitrogen.
These discoveries make Enceladus the second Solar
System body with a proven existence of these factors
(besides Earth). Everywhere there is water on Earth,
there is life. Enceladus can help us determine if we are
alone in the Solar System. To answer this question, we
need to return intact samples from Enceladus to terres-
trial laboratories for detailed analyses to determine if it
once had life and if not at what stage of development of
life. LIFE (Life Investigation For Enceladus) proposes
once again a joint NASA/JAXA-ISAS mission to ac-
quire and return the first samples from Enceladus. The
1st joint LIFE Workshop was held in Los Angeles
2013 Figure 3

Figure 3. First Joint
LIFE Workshop was
held in June 2013.

Life Investigation for Enceladus

US-Japan Workshop
June 14 & 1872013
DoubleTree, Monrovia CA
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Introduction: The ultimate goal of biology is to
obtain the answer to the question, “what is life?” We
have two approaches to reach the goal, analytical and
synthetic approaches. In the last century molecular
biology had afforded a number of powerful tools to
analyze molecular mechanism occurring in living or-
ganisms and is still extending our vast knowledge on
life. One of outcomes achieved through the approach
of reductionism is undoubtedly the huge database of
genome sequences of various species. The accumulat-
ing blue-prints of life will allow us to proceed the other
approach, synthetic biology. Based on the gene infor-
mation, we could synthesize a set of proteins encoded
on a particular genome. Such possibility leads us to
challenge the synthesis of cell or life.

Experimentals Results and Discussion: To ad-
dress this objective we first reconstituted cell-free
translation system from translation factors individually
purified from over-expressed E. coli cell and named
the system PURE system[1]. We are addressing to cre-
ate cell-like system in test tube by combining PURE
system with lipid-bilayer. In addition to DNA, RNA
and protein, lipid is indispensable for the cell, due to
several properties, such as compartmentalizing ability,
substance exchange, DNA replication, energy produc-
tion, etc. Thus, cell-like system should be comprised of
gene expression machinery and functional membrane.
Whereas the development of gene expression system
had been realized by the PURE system, the creation of
biologically active membrane in vitro has not been
established so far.

We first made an attempt to create energy-
generating liposome by expressing the genes corre-
sponding to ATPase subunits onto lipid membrane
using the PURE system supplemented with liposome.
We succeeded in construction of membrane insertion
system using the PURE system and membrane fraction
and efficient integration of membrane protein into lipid
bilayer was observed [2]. Furthermore, preliminary
results indicate that Fo subunit of ATPase can be syn-
thesized onto the proteoliposome as active form and F;
assembly can be fulfilled simply by adding a set of
ATPase genes. Through this approach, complete syn-
thesis of ATPase on liposome from template DNA by
PURE system was focused and efficient ATP genera-
tion system derived by the proton gradient across the
liposome membrane was achieved.

The reproduction of gene-expression system in vi-
tro is also necessary to generate an artificial cell. To
address this objective, the reconstitution of ribosome
has been challenged and we succeeded in the efficient
assemble of 30S ribosomal subunit in the presence of
the factors involved in biosynthesis of ribosome. The
reconstitution of ribosome will be discussed.

References: [1] Shimizu et al. (2001) Nat Bio-
technol, 19, 751-755. [2] Kuruma Y. et al. (2005) Bio-
technol Prog, 21, 1243-1251. [3] Kuruma Y. et al.
(2012) Biochemical Journal, 442, 631-638.
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Unique Late Archean Atmosphere due to Enhunced Volcanic and Biological Activities
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Late Arcehan may be characterized by increasing
continental volume and large igneous provinces as well
as by onset of oxygenic photosynthesis [1,2].
Enhanced biological production at that time may not
have readily resulted in oxidizing atmosphere, and
rather caused increasing biological methane in the
atmosphere [3,4], that is supported by anomalously
PC-depleted organic carbon recorded in the Late
Archean sequence [5]. The large volcanic input into
CH,-bearing very reducing atmosphere may cause
unique atmosphere of habitable planet.

In order to test the scenario, we have developed a
sulfur isotopic model by improving our atmospheric
reaction model [6,7]. The improvements to our model
includes the addition of hydrocarbon chemistry,
chemical formation and deposition of organic sulfur
haze, together with newly determined high-accuracy
ultraviolet absorption cross sections of SO,
isotopologues for reproducing the geological record.
The “Sulfur Mass-Independent Fractionation” (S-MIF)
has been useful to monitor chemistry of the Earth’s
early atmosphere. Sedimentary sulfides exhibit
exceptionally large variation of A¥S values in the
latest Archean, from 2.7 to 2.5 Ga, compared to older
period. The maximum scatter of S-MIF may indicate
anomalous chemistry of atmosphere or climatic system
of the late Archean Earth, though the primary cause of
the large MIF is still poorly understand.

Our model results suggest that after a volcanic
injection of SO, into the Archean atmosphere, a
significant fraction of the sulfur is converted into
carbonyl sulfide (OCS) and could be accumulated in
an atmosphere over a timescale of 10 years, if
background atmosphere is reducing enough to yield
hydrocarbon haze and volcanic sulfur input is large
and episodic. Such model could explain the large A**S

scatter observed in the Late Archean sedimentary rocks.

Moreover, isotopically fractionated two reservoirs (i.e.
atmosphere and ocean) can be mixed episodically and
thus possible to explain the observed small scale
heterogeneity of S-MIF even within a hand specimen
level. Combined greenhouse effect by the CH, and
OCS could have resulted in warm Late Archean
climate. Furthermore, subsequent oxidation event of
this highly reducing atmosphere may have been more
significant for cooling than previously thought, thus
could have been the triger of global-scale glaciation at
around the earliest Proterozoic.

References: [1] Sessions et al. (2009) Current Biology
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[3] Hoeler et al. (2001) Nature 412, 324-327. [4]
Pavlov et al. (2001) Geology 29, 1003-1006. [5] Hayes
(1994) Early Life on Earth. pp. 220-236. [6]
Danielache et al. (2008) J Geophys Res 113, D17314.
[7]1 Ueno et al. (2009) PNAS 106, 14784-14789.
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Introduction: Since the first extrasolar planet was
discovered in 1995 [1], more than 800 exoplanets have
been detected as of 2013 March. Although most known
exoplanets are gas giants, Earth-like planets have in-
deed been discovered. Moreover, space telescopes (e.g.,
Kepler) have now released observational data about
many terrestrial planet candidates. Whether terrestrial
planets with liquid water exist is an important question
to consider because it lays the groundwork for the con-
sideration of habitability.

The orbital range around a star for which liquid wa-
ter can exist on a planetary surface is called the habita-
ble zone (HZ; e.g., [2]). Planets with plentiful water on
the surface but outside the outer edge of the HZ would
be globally covered with ice and no liquid water would
exist on the surface. These planets are called “snowball
planets” [3]. Moreover, an ocean planet could be ice-
covered even within the HZ because multiple climate
modes are possible, including ice-free, partially ice-
covered, and globally ice-covered states (e.g., [3]).
Although such planets would be globally ice-covered,
liquid water could exist beneath the surface ice shell if
sufficient geothermal heat flows up from the planetary
interior to melt the interior ice. In this scenario, only a
few kilometers of ice would form at the surface of the
ocean [4] and life could exist in the liquid water under
the surface ice shell (e.g., [5]).

Considering geothermal heat from the planetary in-
terior, Tajika (2008) [3] discusses the theoretical re-
strictions for ice-covered extrasolar terrestrial planets
that, on the timescale of planetary evolution, have an
internal ocean. In this paper, we extend the analysis of
[3] and vary the parameter values such as the abundan-
ce of radiogenic heat sources and the H,O abundance
on the surface. We also check whether ice appears un-
der H,O layers under high-pressure conditions (high-
pressure ice). Therefore, in this work, we consider the
effect of high-pressure ice under an internal ocean and
discuss its implications for habitability (see Discus-
sion). Finally, we investigate the structure of surface
H,0 layers of ice-covered planets by taking into ac-
count the effects of high-pressure ice.

Method: Numerical model. The planetary surfac-
es are assumed to consist of frozen H,O and to have no
continental crust. We define the planetary radius as
R=dw+I[, where dw is the H,O thickness and / is the
mantle-core radius. The mass of H,O on the planetary
surface is given by

M, = @3)mp,[(dw + 1)’ - P, M

where p,, is the density of HO. We vary M,,, from 0.1
M, to 100 M9, where M0 = 0.00023M and M is the
planetary mass, with the coefficient being the H,O
abundance of Earth (0.023% by weight). Assuming
that a heat flux ¢ is transferred from the planetary inte-
rior through the surface ice shell by thermal conduc-
tion, the ice thickness di can be calculated as

dh = k(Ty T/ 4, ®)
where k; is the thermal conductivity of ice, T} is the
temperature at the bottom of the ice, and 7y is the tem-
perature at the surface. From these models, we can
obtain the H,O thickness dw and the ice thickness dh.
The condition for terrestrial planets having an internal
ocean is

dw > dh. 3)
To estimate the geothermal heat flux g through plane-
tary evolution, we investigate the thermal evolution of
terrestrial planets using a parameterized convection
model (e.g., [6]). We assume E, which is the initial
heat generation per unit time and volume, to be 0.1F,
10E,, where the constant E, is the initial heat genera-
tion estimated from the present heat flux of the Earth.

High-pressure ice. Ice undergoes a phase transi-
tion at high pressure. Unlike ice Ih, the other phases
are more dense than liquid H,O. We call the denser ice
“high-pressure ice.” Because Tajika (2008) [3] as-
sumes that the amount of H,O on the planetary surface
is the same as that on the Earth’s surface M, (=
0.00023M), the only possible conditions on the plane-
tary surface are those labeled 1, 2, and 3 in Figure 1.
However, because we consider herein that H,O mass
may range from 0.1 M, to 100 M,,,, the HO-rock
boundary could move to higher pressure, so we should
account for the effect of high-pressure ice (Figure 1(a)).
Therefore, types 4, 5, and 6 of Figure 1(b) are added as
possible surface conditions. Type 2 and type 5 planets
both have an internal ocean, but high-pressure ice ex-
ists in type 5 planets between the internal ocean and
the underlying rock.

Results: Figures 2(a) and (b) show the surface
conditions for planets with masses from 0.1 Mg to 10
Mg 4.6 billion yr after planetary formation, with vary-
ing H,O masses on their surfaces or initial radiogenic
heat sources. All of the planets are located 1 AU from
thier central star. We assumed E/E, = 1 for Figure 2(a)
and M,,/M,,, = 1 for Figure 2(b). Because larger plan-
ets have larger geothermal heat fluxes and thicker H,O
layers, these objects could have an internal ocean with
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a smaller H,O mass on the planetary surface (Figure
2(a)) and a weaker initial radiogenic heat source (Fig-
ure 2(b)). However, larger planets also have larger
gravitational accelerations. Thus, on those planets,
high-pressure ice tends to appear under the internal
ocean with a smaller H;O mass on the surface (Figure
2(a)). For example, if a planet of mass 1 Mg has an H,O
mass of 0.6 M,,;25 M, it could have an internal
ocean. However, if a planet has an H,O mass > 25M,,,,
high-pressure ice should exist under the ocean (Figure
2(a)). Note, however, that an internal ocean can exist
on a planet having a mass of 1M if the initial radio-
genic heat source exceeds 0.4E, (Figure 2(b)).

Figures 3(a) and (b) show the surface conditions
for free- floating planets (L = 0) with masses from 0.1
Mg to 10 Mg 4.6 billion yr after planetary formation.
The incident flux from the central star affects the sur-
face temperature, thereby affecting the condition on
the surface. Therefore, the conditions, and in particular
those shown in Figure 3(a), are different from those
shown in Figures 3(a) and (b). The results of Figure
3(a) show that, regardless of the amount of H,O a 1Mg
planet has, an internal ocean cannot exist under the ice
shell. An internal ocean could exist on free-floating
planets under certain conditions, but the planetary size
and water abundance strongly constrain these condi-
tions (see Figure 3(a)). For instance, if a free-floating
planet has an initial radiogenic heat source greater than
7E,, it can have an internal ocean (Figure 3(b)).

Discussion: For genesis and sustenance of life, we
need at least (1) liquid water and (2) nutrient salts be-
cause these substances are required to synthesize the
body of life [7]. Because nutrient salts are supplied
from rocks, it is necessary that liquid water be in con-
tact with rock to liberate the salts. A type 5 planet
(Figure 1(b)) is thus not likely to be habitable because

the internal ocean does not come in contract with rocks.

However, it is possible for a type 2 planet to meet this
requirement. We presume that only type 2 planets have
an internal ocean that is possibly habitable. Therefore,
the results of this study indicate that only a planet with
the appropriate planetary mass and H,O mass can have
an internal ocean that is possibly habitable.
Conclusions: Herein, we discuss the conditions
that must be satisfied for ice-covered bound and un-
bound terrestrial planets to have an internal ocean on
the timescale of planetary evolution. Geothermal heat
flow from the planetary interior is considered as the
heat source at the origin of the internal ocean. By ap-
plying and improving the model of Tajika (2008), we
also examine how the amount of radiogenic heat and
H20 mass affect these conditions. Moreover, we in-
vestigate the structures of surface H20 layers of snow-
ball planets by considering the effects of high-pressure

ice. The results indicate that planetary mass and sur-
face H20 mass strongly constrain the conditions under
which an extrasolar terrestrial planet might have an
internal ocean without high-pressure ice existing under
the internal ocean.

Acknowledgement: This work was supported by a
grant for the Global COE Program “From the Earth to
‘Earths’ ” from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan. T.S. was
supported by a Grant-in-Aid for Young Scientists (B),
JSPS KAKENHI grant No. 24740120.

References: [1] Mayor M. & Queloz D. 1995, Na-
tur, 378, 355. [2] Kasting J. F. et al. 1993, Icar, 101,
108. [3] Tajika E. 2008, ApJL, 680, L53. [4] Hoffman
P. F. & Schrag D. P. 2002, Terra Nova, 14, 129. [5]
Gaidos E. J. et al. 1999, Sci, 284, 1631. [6] Tajika E. &
Matsui T. 1992, E&PSL, 113, 251. [7] Maruyama, S.
et al. 2013, Geoscience Frontiers, 4, 141.

® @ ® (b)
H;0-rock Ha0-rock
iqu |_~boundary |~ boundary (a) lce I
® in Tajika(2008); " in this stady Ice I Liquid Water
o d Liquid Water
2 h
o @ 5 ©
§ Ice 1
ce
= Ice I Liquid Water
High-pressure High-pressure High-pressure
Ice Ice Ice
Pressure Rock Rock Rock

Figure 1. (a) Schematic phase diagram of H,O (gray
lines), temperature gradient (black lines), and H,O—
rock boundaries (dashed lines). (b) Types of planets
that have H,O on their surfaces.
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Figure 2. Surface conditions for a planet at 1 AU
around a central star (L = Lg; the present luminosity of
our Sun). (a) The x axis is the surface H,O mass and
the y axis is planetary mass normalized by the Earth’s
mass, assuming E/E, = 1. (b) The x axis is initial radi-
ogenic heat, and the y axis is the planetary mass nor-
malized by the Earth’s mass, assuming M,,,/M,,o= 1.
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Introduction: A Deep-sea hydrothermal vents
discharge subseafloor hot and reductive fluids into cool
and oxidative seawater. The inter-fluidal oxidation-
reduction potential substantially drives various abiotic
and biotic oxidation-reduction reactions and supports
chemosynthetic ecosystems in the mixing zones. It has
been predicted that an electric current will be generat-
ed if the two solutions are connected by a conductor
with electrodes. Here, we used in situ electrochemical
analyses and installation of a fuel cell on the vents to
demonstrate that deep-sea hydrothermal vents have the
ability to generate electricity . We successfully meas-
ured the oxidation-reduction potential (ORP) at high
temperatures of approximately 309°C in deep-sea
hydrothermal fluids (i.e., approximately -39 mV versus
standard hydrogen electrode). Deffernce of ORP be-
tween the hydrothermal fluid and ambient seawater
bridged was 0.52 V. We have provided the first evi-
dence of in situ generation of electricity in a newly
developed fuel cell installed in deep-sea hydrothermal
vents and witnessed the illumination of a light emitting
diode (LED) lamp in a dark deep-sea environment.
Moreover, we have shown that sulfide minerals of
chimney wall formed around the deep-sea hydrother-
mal vents have high electric conductivity and electro-
catalytic activities 1*!. These results suggest that hydro-
thermal vent chimney walls can generate a continuual
flow of electrons from inside hydrothermal fluid to
outside seawater. This implies that at least a portion of
the chemolithotrophic microbial components living in
chimney habitats may directly utilize the electrons
transported from the hydrothermal fluids via the sulfi-
de crystal network as not only the reductive electron
donors but also an energy source. In addition, the po-
tential electron transfer may be associated with the
prebiotic synthesis of organic compounds in ancient
deep-sea hydrothermal environments. This expectation
of the electroecosystems will provide important in-
sights into understanding of microbial ecosystems and
chemical processes in the present and ancient deep
ocean.
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Introduction and Mission Design: The origin of
life is one of the most profound scientific quests to be
challenged in this century. Yet we don't know if terres-
trial life has been originated on the earth or in other
parts of the solar system yet. On the other hand, it is
known that “life precursors” or complex organic com-
pounds are discovered both in molecular clouds nearby
young stars and inside meteorites and cosmic dust,
reaching to the earth from asteroids and comets.

Named after dandelion, a grass whose seeds with
floss are spread by the wind, the TANPOPO is the first
astrobiology experiment to be performed on a small
pallet called “ExHAM?” on the handrail of the ISS-Kibo
Exposed Facility (EF) in the duration of 1-3 years start-
ing from the 2014-5 timeframe, in order to test key
questions consisted of the “quasi-panspermia” hy-
pothesis, a theory for exogenesis origin of life and their
transports among celestial bodies (Fig. 1) [1].

System Description: The TANPOPO employs
blocks of uktra-low dense aerogels [2] on the Capture
Panels (CP) that will be exposed and retrieved to cap-
ture impacting solid microparticles such as organic-
bearing micrometeoroids and possible terrestrial parti-
cles in the low Earth orbit, for assessing the possibility
of interplanetary transport of life and its precursors.
By analyzing captured micrometeoroids in the aerogels,
one can lear what kinds of extraterrestrial organic com-
pounds in the pristine states inside micrometeoroids
can be transported to the earth from primitive bodies
and how they will be altered in outer space .

Once impacting microparticles of terrestrial origin
impacted into the CPs, one can test if terrestrial mi-
crobes (e.g., aerosols embedding microbial colonies)
may be present, even temporarily and in “freezed dry”
form in the low earth orbit altitudes. Also by evaluat-
ing retrieved samples of exposed terrestrial microbes
and astronomical organic analogs on the Exposure Pan-

els (EP), one can investigate their survivals and altera-
tions in the duration of interplanetary transport.

Six Sub-Themes: The TANPOPO experiment con-
sists of following six sub-themes (ST): 1) capture of
microbes in space, 2) exposure of microbes in space, 3)
exposure of organic compounds in space, 4) capture of
organic compounds in micrometeoroids in space, 5)
evaluation of ultra low-density aerogel developed for
the Tanpopo mission, and 6) capture of space debris at
the ISS orbit. Each will utlize one or more CP and EP
samples from various pointing faces onboard the Ex-
HAM as the ISS is a earth gravity gradient three-axis
stabilized satellite (Fig. 2 and Table 1).:

(ST1:Terrestrial Life-bearing Aerosols Capture)
Some research groups have conducted aerosol collec-
tions at high altitudes using balloons and aircraft. Mi-
crobes were isolated, suggesting their possible migra-
tion from ground to high altitudes. There has also been
an unsolved discussion of how terrestrial microbial
colonies embedded inside aerosols can escape to outer
space. Potential candidates of the delivery mechanisms
are energetic volcanic eruption, cloud-to-space elec-
tromagnetic discharges such as sprites, combined with
the electromagnetic field around the earth, and occa-
sional, large meteorite impacts. Microparticles cap-
tured in aerogels mainly on the leading and north faces
will be microbiologically analyzed in order to test if the
microbes may reach to the ISS orbit altitude. They will
be observed under a fluorescence microscope in the
presence of the DNA specific fluorescence pigment [3].

(ST2: Terrestrial Microbe Exposure) We will also
expose UV-resistant and other terrestrial extremephile
microbes on EPs and see how well they will survive in
the low-earth orbit in a few years. We will analyze the
survival of these microbes after transferring the ex-
posed samples back to the ground laboratory.

(ST3: Astronomical Organic Analog Exposure)
Life has evolved on the earth for ~4 billion years. Be-



fore the evolution of life, organic compounds were
needed to accumulate on the terrestrial surface. One of
the major sources of the organic compounds on the
earth is micrometeoroids. Thus analogs of organic
compounds known to exist in molecular clouds and
meteorites will be exposed on EPs in order to see how
much these organic compounds may be modified by
the space environment. In order to assess properly
synergy effects of the space environmental factors,
both radiometers and thermometers will be exposed
together with the EPs and identical blank samples will
be kept in the Kibo Pressurized Facility (PF) in the
same duration as the TANPOPO exposure.

(ST4: Organic-bearing Micrometeoroid Capture)
This sub-theme will try to detect organic compounds in
micrometeoroids in space to discuss whether IDPs con-
taining prebiotic organic compounds migrate among
solar system bodies. Captured particles and their pene-
tration tracks in the aerogels will be offered for various
analyses after retrieval to Earth. Samples will be ana-
lyzed for mineralogical and organic characteristics. [4].

(ST5: Lowest Density Space-borne Aerogel Verifi-
cation) The aerogel to be used in the TANPOPO ex-
periment is uniquely designed to capture miccroparti-
cles at hypervelocity at the least alteration, in order to
protect for organic and biological signatures as much
as possible. Thus the bulk density of the upper part of
this “double-layered” aerogel is ~0.01g/cc. The lower
part of the aerogel is ~0.03g/cc. The upper layer is
expected to capture microparticles at the least peak
heat, while the lower layer should withstand shock and
vibration during the launch a rocket and landing a re-
turn capsule. Ground impact calibration tests have
been performed but the TANPOPO flight will be its
first space proven opportunity.

(ST6: Orbital Debris Flux Evaluation) Space de-
bris is a real, existing threat to the sustainable space
program. The CPs will also capture sub-mm sized
space debris in the ISS orbit, which are impossible to
be observed by remote sensing, in the entire duration of
its exposure operation. Mainly from the leading face
capture, post-retrieval analysis will allow one to study
flux, sizes, impact direction, approximate velocities of
such micro-scale debris in the low earth orbit.

Initial Sample Analysis and Curation Plan: The
TANPOPO-Initial Sample Analysis and Curation
(ISAC) is planned and will be conducted by its Pre-
liminary Examination Team (PET). The ISAC plan for
CPs covers the receipt of retrieved samples, their initial
inspection and documentation, processing and distribu-
tion of the samples for detailed analyses of each sub-
themes, cataloging for data archiving and sample stor-
age. For initial inspection and documentation, they will
map and measure aerogel penetration tracks and cap-
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tured particles (e.g., incoming angle, track depth and
track volume). Then they will process keystones or
quickstones containing microparticles to be inspected
further and their penetration tracks for allocation to
respective sub-theme researchers, in accordance with
their requests for the subsequent detailed analyses.

References: [1] Yamagishi A. et al. 2009. Trans. JSASS
Space Tech. Jpn. 7: Tk 49-Tk 55. [2] Tabata M. et al. 2011.
Biol. Sci. Space. 25: 7-12. [3] Yokobori S. et al. 2009. Life
Evol. Biosph. 39: 377-378. [4] Kobayashi K. et al. 2009.
Orig. Life Evol. Biosph. 39: 4.
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Table 1. Tanpopo Sub-themes and Experiment
Conditions (*= Anti-Pressurized Facility face)

Sub-themes Main Ex- Panels Exchange
posed Faces frequency
ST1: Potentially Leading, Capture Every year,
Terrestrial Life-bearing North* x3 times
Acrosols Capture
ST2: Terrestrial Mi- Space Exposure | 1 tray after
crobe Exposure 18t 2nd,
31d years
ST3: Astronomical Space Exposure | 1 tray after
Organic Analog Expo- 1st, ond,
sure 374 years
ST4: Organic-bearing | Space, Capture Every year,
Micrometeoroid Capture | North* x3 times
ST5:  Lowest Density Space, Capture Every year,
Space-borne Aerogel Leading, x3 times
Verification North*
ST6: Orbital Debris Leading, Capture Every year,
Flux Evaluation North* x3 times
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Introduction: All extant terrestrial life is classi-
fied into three domains, Bacteria, Archaea, and Eukar-
ya, although the relationship among three domains is
still under debate [1-3]. The membrane component
before the appearance of Bacteria and Archaea is one
of the foci of the argument, because membrane lipids
that divide inside and outside of the cell are essential
for life [4-5].

Various lipid structures are found in the three do-
mains. However, all cellular organisims have a glycer-
ol backbone as the common structure, with the excep-
tion of the stereostructure. The stereostructure of the
glycerol backbone in polar lipids of Bacteria and Eu-
karya is sn-glycerol-3-phosphate (G3P), while in polar
lipids of Archaea, it is sn-glycerol-1-phosphate (G1P)
[5-6]. G3P and G1P are generated from dihydroxyace-
tone phosphate (DHAP) by different enzymes: G3P
dehydrogenase (G3PDH) and GI1P dehydrogenase
(G1PDH), respectively. There is no sequence similari-
ty between G3PDH and GIPDH at gene and protein
levels. It was proposed that division of Bacteria and
Archaea have been caused by the cellularization with
different type of membrance lipids synthesized by
G3PDH and G1PDH with different origins [6].

Wichtershduser proposed a model [7] that incorpo-
rated the Koga model [6] and the precell theory [8]. In
his hypothesis, in the earliest stage, precell had hetero-
chiral membrane lipids. Under the assumption that the
homochiral membrane is more stable than heterochiral
membrane, the heterochiral membrane is thought to
have evolved toward homochiral membrane. After
invention of G3PDH in the cells with G3P-rich mem-
brane, Bacteria was thought to have appeared. After
invention of G1PDH in the cells with G1P-rich mem-
brane, Archaea was thought to have appeared. Howev-
er, Shimada and Yamagishi suggested that the mem-
brane with heterochiral lipids is stable as that with ho-
mochiral lipids [9]. This suggests that the cells with the
membrance with heterochiral lipids could have existed
not only in the earliest cellular stage but also in later
stages. For example, the replacement of the membrane
with G1P by that with G3P, or the replacement of the
membrane with G3P by that with G1P, could occurred
during the evolution of cellular cells, and could direct-
ly been related to the origin of either of Bacteria and
Archaea.

Proteins with GIPDH activity have been reported
from certain bacterial lineage [10-11]. If they were not
originated by the horizontal gene transfer from arache-
al species after the separation of Bacteria and Archaea,
the common ancestor of Bacteria and Archaea (or
LUCA/Commonote) could have had GIP in its mem-
brane. Proteins with G3PDH activity have also been
reported from certain archaeal lineage [12]. If they
were not originated by the horizontal gene transfer
from bacterial species after the separation of Bacteria
and Archaea, the common ancestor of Bacteria and
Archaea (or LUCA/Commonote) could have had G3P
in its membrane.

To understand the early evolution of cellular mem-
brane, we reconstructed the molecular phylogenetic
trees of G1IPDH and G3PDH separately. First, we col-
lected G1PDH and G3PDH sequences from Bacteria
and Archaea together with the sequences of their
homolog proteins. GIPDH and its homolog protein
sequences were aligned carefully, and then used for the
maximum likelihood (ML) analysis and Bayesian (BI)
analysis. G3PDH and its homolog protein sequences
were also used for similar phylogenetic analyses.

Results and Discussion: The ML and BI analyses
suggested that the bacterial GIPDHs were originated
from crenarchaeal GIPDHs by the horizontal gene
transfer. However, archaeal G3PDHs form the separate
group from bacterial G3PDHs.

Our phylogenetic analyses of GIPDH and G3PDH
suggested that the common ancestor of Bacteria and
Archaea (or LUCA/Commonote) had cellular mem-
brane with G3P that were formed by G3PDH. During
the appearance of Archaea, GIPDH was acquired by
the archaeal ancestry, and then the membrane with
G3P was replaced with that with GIP. Since the heter-
ochiral membrane may not be unstable [9], the period
with heterochiral membrance might have existed dur-
ing the establishment of Arcahea, even though Arcaeal
common ancestor is thought to have been thermo-
phile/hyperthermophile [13].
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The possible interplanetary transfer of microbes: Assessing the viability of Deinococcus spp. under the ISS
environmental conditions for performing exposure experiments of microbes in the Tanpopo mission.
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Introduction: The possibility of transfer of life be- (a) 10
tween the Earth and exterrestrial has been proposed by
Arrenius in 1908 [1]. The transfer prosess is called

17 *

“panspermia”. To investigate the panspermia hypothe- Sl
sis, numerous exposure experiments have been carried g e
out on various some organisms e.g., spores of Bacillus 5 001 : ;g:g
spp. and the lichens, in space since 1960’s [2]. The 3 ®288.0
results suggested that some organisms might survive § 0.001 :;gg
for a long period if the organisms are shielded from S S
intense solar radiation [3, 4]. We have proposed to 0-0001 0 . - - . . 6'0
carry out the experiments on capture and space expo- Thickness (um)
sure of microbes at the Exposure Facility of Japanese (b) 10 [
Experimental Moduke of International Space Station
(ISS) — Tanpopo mission [5]. Microbial candidates 11 v 4
for the exposure experiments in space include Dein- s i
ococcus radiodurans, D. aerius and D. aetherius. We ‘E? 0.1 1
have examined the survivability of Deinococcus spp. .E-_-” 0.1 (kJfm?)
under the environmental conditions on ISS in orbit (i.e., I; 0.01 0.1 ;fédtz
long exposure to heavy-ion beams, temperature cycles, 3 0] —24
vacuum and UV irradiation). 0.001 . L N N N
0 50 100 150 200 250

Results and Discussion: Thikcness (um)

Among the space environmental factors, the solar 10 ¢
UV is most lethal to microbes, and this UV correlated ©)
with this absorption wavelength of DNA. In this report, ' - v N
we examined the effect of solar UV radiation (172 nm, 0.1 1 — (kdfm?)
254 nm respectively) on the deinococcal cell aggre- é 0.01 01 3242
gates with different thicknesses to determine whether § 0.001 00631 1367
the size of the cell aggregate influences the cell surviv- 2 o001 | 00001 | o _;_34'4
ability. Though the cells in thin layers of aggregates 2 0.00001 [ ! —122
were killed by UV 17, o, radiation, large number of 05,0'00001 0000001 T T T T T s gg}
cells survived the radiation when the cell layer was 0.000001 (; 5 1(‘)0 1é0 2(}0 ”50
thick (Fig. 1). The similar trend of survivability was Thickness (um)
observed for UV ;54 4. Considering with these results,
the submillimeter-sized aggregate cells that are suffi- Fig. 1. Survival curves of D. radiodurans (a), D. aeri-
cient to shield the cells in the inner layer from solar us (b) and D. aetherius (c) following exposure to dif-
UV radiation after one-year exposure. ferent doses of VUV 7, nm radiarion ubder vacuum.

A One-year dose of heavy-ion beam irradiation (<
1 Gy) did not affect the viability of Deinococcus spp.



within the detection limit. Vacuum (10~ Pa) also had
little effect on the cell viability. Experiments to test the
effects of changes in temperature from 80 °C to —80 °C
in 90 min (+ 80 °C/90 min cycle) or from 60 °C to —60
°C in 90 min (+ 60 °C/90 min cycle) on cell viability
revealed that the survival rate decreased severely by
the + 80 °C/90 min temperature cycle.

The survivability of Deinococcus spp. after one-
year in space was estimated by multiplying the surviv-
al rates after one-year exposure of heavy-ions, y ray,
temperature changes, vacuum and UV radiation. D.
aerius cells will be killed when the temperature fluc-
tion is = 80 °C/90 min cycle, but the would survive if
the temperature fluctuation is less than = 60 °C/90 min
cycle. Based on our results, Deinococcus spp. could be
suitable candidate microes for ecposure experiment in
Tanpopo mission.

Conclusion:

From our results, we would like to emphasize the
importance of microbial cell-aggregates as an ark for
interplanetary transfer of microbes. We call this con-
sept ‘massapanspermia’ [6]. The proposed experiment
for the Tanpopo mission enhances the possibility that
this massapanspermia concept might be true.
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Astrobiology, 12, 508-516. [5] Yamagishi A., et al.
(2008) Int Symp Space Tech Sci (ISTS) Web Paper
Archives, 2008-k-05. [6] Kawaguchi Y., et al. (2013)
Orig Life Evol Biosph, in press.
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Light harvesting and energy transfer in photosystem: implication for biosignatures.
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Abstract: In searching for Earth-like planets
(ELPs), several planets in the habitable zone where
planets can sustain liquid water have been detected.
As detectable signs for lifes in reflection spectra on
extrasolar planets, several indicators called as biosig-
natures have been proposed [1]. One of the biosigna-
tures is red edge, which is a steep change in NIR re-
gion (around 700~750 nm) in vegetation spectra [2].
The sign of red edge is observed by Earthshine or re-
mote sensing [3]-[4].

On Earth, photosynthetic organisms have devel-
oped to optimize the Sun light spectra, so that the red
edge can be observed in about 700~750 nm. However,
given photosynthetic organisms on extrasolar planets,
they should have evolved to utilize the spectra of its
principal star. From these consideration, It is not
strange if they show different absorption spectra.

In this study, we focused on the light absorption
mechanism in photosynthetic organism and investigat-
ed the fundamental properties of the light harvesting
complexes (LHCs), which contein photosynthetic pig-
ments such as chlorophylls. In LHCs, efficient light
absorption and energy transfer are accomplished by
corporative electronic excitations of pigments. To in-
vestigate the mechanism, we constructed a theoretical
model that can simulate the light harvesting and energy
transfer. A dipole-dipole approximation was used for
the electronic excitations. Excited states of each pig-
ment were calculated at the time-dependent density
functional theory (TDDFT) level [5]. By using these
values, quantum dynamics simulations were performed
by the Liouvelle’s equation. We adopted the model to
LHC aggregations in purple bacteria. The bacteria is
known to absorb lower energy and has a red edge in
the longer wavelength region. Thus it is important to
focus on this bacteria because M star planets will be
targets in the search of ELPs. In addition, the bacteria
has a simple structure and has been studied well exper-
imentally.

The calculated oscillator strength in a single LHC
was in a good agreement with the experimental data. In
order to deal with a realistic system, we calculated at a
macro structural model. As shown in Fig. 1, the rea-
sonable energy transfer from the outer to the inner ring
was observed in our model. The energy transer be-
tween the complexes was achieved through the inner
rings and its energy transfer time was calculated to be

about 3 ps, which is consistent with experimental re-
sults.

When one pigment was exchanged to different one
that has lower excited state, a faster energy transfer
was observed and the excitation energy was collected
in the low excitation pigment.

We investigated efficiencies of light absorption in
the LHC model under various spectrum of Sun, M star
and so on. Moreover, the light harvesting and energy
transfer mechanisms in purple bacteria, cyanobacteria
and plants will be compared by using our methodology.
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Fig. 1 Illustration of energy transfer in light har-
vesting complexes (LHCs). LHC contains pig-
ments, which are arranged in an outer ring (shown
in shade grey pigments) and in an inner ring
(shown in light grey ones). Light is absorbed by
collective excitations of pigments.
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Restaurant Map between JAXA/ISAS and JR Fuchinobe Station (as of Nov. 2013)

b 5 'l Gig] CTUES Restaurants Cuisine Category Lunch | Walking Time
mu‘;g‘:}ﬁ_ 26 25 Fuchinobe Statl9n 1 ISAS Canteen (FEHEHRE) Japanese Set Meal, O 0 (min.)
JR Yokohama Line | % o Noodles, Rice Bowls
RN JuERIERE O : & CbmnUnversity, " - : - :
I Intersectlon - y “\ ;‘;zrjtﬁﬁhn qﬂﬁg 2 Mamma Pasta (¥ </VR4A) Italian Pasta and Pizza O 5 (min.)
» ¥ 9N AT 3 Rokkakudo (7RAE) Ramen Noodles @) 7 (min.)
@ s 1 .2 (Lmih#;ﬁ S 3 JQ T 4 Ringer Hut (> H—7vyh) “Chang Pong” Noodles @] 7 (min.)
(= Fi 0 -
= R] Ny - ° 2’ unig s Sukiya (§"EK) Beef Rice Bowls @) 7 (min.)
L6, Toyoko Inn %, %) “IE”_!?
- o Kanuma Park 'ﬁ@, 06 06 B IS Sato (&) Japanese Set Meal O 8 (min.)
ChH, ey
) bl OJ'i 1 9 . 51 [} ~ ‘?"’Q 7 Katsuya (M D4°) Pork Cutlet Rice Bowls e} 8 (min.)
5 o1 HMELERFAOAD rERE 8 Kazuya (1% E) Soba Noodles @) 8 (min.)
uEs 7y UMADAI ? Intersectlon it :
ET 12 H}.‘l E_. e A 9 Don Don (EAEA) Grilled Meat BBQ (@) 8 (min.)
s R
. 1 6 M E HE—TH| N 10 | Kourakuen (FF#%8) Ramen Noodles @) 9 (min.)
o
1 5{ OME 11 Jolly Pasta (3')—/3R %) Italian Pasta and Pizza (@) 9 (min.)
p @ =%z
2. CHOME il 1 ﬂ;{ FF'EEW & ?'-TE 12 | Don-Tei (EAZ) “Shabu Shabu” O 9 (min.)
mE o o P, #th.:- s 13 Streak No Don Steak House O 9 (min.)
- N
- & 1 2 : T b | » RF—FDEA)
- N ‘1:'1 16:' j 14 | Yonakiken (RIEZEF) Ramen Noodles O 9 (min.)
REZEH e SENRITENG 0 :
e nc; = S R S 1 0 06 15 | Uokaku (a58) Japanese Seafood O 10 (min.)
O
[ ] s B ETES @ e .
B " . CHOME QIQ 16 Onyasai (R EF3) Shabu Shabu O 10 (min.)
=y 5 . .
i ES 17 | Kappa Zushi (B2 (EFF]) “Conveyor Belt” Sushi @) 10 (min.)
N ® | Kyowa ES |5 :
yowa = |, it%cllT =] . =
18 Shichirinbou (L##E) Grilled Meat BBQ O 12 (min.)
a Intersection 7
"y . B _ 19 Kiteya (ETE) “Yakitori”, Grilled 13 (min.)
W YOSHI ﬁ/;;r}; ! ! . Chicken on Skewer
=0 .
Sagamihara City Museurn : ._ﬂ 20 E};a;i‘c; ;}:ij;ri o) Italian Pasta and Pizza @] 15 (min.)
/ \ A 21 | Tsubohachi (DIF/\) Japanese Pub 15 (min.)
Yasi =
(oo 22 Gyoza No Ohsho (B F®D E %) Dumplings & Chinese O 16 (min.)
f= 8- —
;‘ 23 Ootoya (KF &) Japanese Set Meal @) 16 (min.)
400 m 24 | Yaruki-Jaya (PHREE) Japanese Pub - 17 (min.)
o g ¢ 25 | Jaruan (SxL7) Thai Food o} 19 (min.)
Yaei Hig! d . .
School Fuchinobe Park Yoshinodai MS FFITwk 26 | Torichou (EYE) “Yakitori”, Grilled 19 (min.)
TR - L e Chicken on Skewer

(Original Design Credits: ISAS-Extraterrestrial Sample Curation Team and R. Imaeda; Modified by H. Yano and ITAW2013 LOC)






