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The Future of Exploration
5 *166-7" T 1,0008 T 10,000s | 100,000s | 1,000,000s | 10,000,000 | 100,000,000
of Miles | of Miles | of Miles | of Miles | of Miles | of Miles
Deep space gateway |
Lunar surface habitat
(Late 2020s ~ 2030s)

Mars human mission: 3 yrs
(1 yr exploration)

« Food: 2.2 tons per person
_- (Yano and Shimazu 2016)

Gravity as an environmental factor

« Gravitational acceleration vector
¢ Direction: to the center of the earth
e Magnitude: 9.81m/s2=1G
makes the earth
> very stable spherical (c)NASA

¢ Before Newton (1687, Principia), we
did not even notice its presence

¢ Isit necessary for plants to perceive it
and adapt themselves to it?

Newton®'>TDARDFH
Cambridge University Botanic Garden
en.wikipedia.org/wiki/lsaac_Newton
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: Removal of the cap from a
Horizomally oriented horizontal reot abolishes
control root with cap the response to gravity,
shows normal while slightly stimulating
gravitropic bending. elongation growth

FIGURE 19.31 Microsurgery experiments demonstrating that the root cap

produces an inhibitor that regulates root gravitropism. {After Shaw and

Wilkins 1973)

KEFTEDEE (@) NASA

Space farming: ENIRBEDEL)

0.38 G (Mars) {}
0.17 G (Moon)

Farming in Mars space colony (c)NASA e
“"Space crop” ¥ on,Regolith

o HhER FERIBRICE DOM? The Martian (c) 20th Century Fox, 2015

Gravitropism: a matter of direction of gravity

» Plants need to let
— stems grow upward
« to obtain sunlight
— roots grow downward
« to obtain water and nutrients

- b_y utI!IZIng their sense of the Fukaki et al/ Plant Physiology
direction of gravity vector 110.3 (1996): 933-943.
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When a root is placed horizontally,

T

« statoliths move
and sediment at
the new bottom.

* And the basal
and lateral sides
are covered with
cortical ER.

* What happens
next?

4905/546|| wemm 546 5/591 s|
Leitz, Kang, et al. Plant Cell 2009;21:843-860

e
210s/315s

©2009 by American Society of Plant Biologists

Movement of the statoliths activate mechanosensitive sites in the ER and/
or at the plasma membrane leading Ca?* response

B
N\
20° N
Signaling induced by - Stawlih sedimentation |
ER decompression L. ! 00 s :
0-10s L 2 .
. '
A D 52 '
9
statolith
aggregate
4 |- cortical ER —|
ER com;:vession Statolith-induced activation of mechanosensitive sites

Leitz, Kang, et al. Plant Cell 2009;21:843-860

©2009 by American Society of Plant Biologists

Next: Auxin efflux carrier (PIN3) moves

root: placed
horizontally

root: placed
vertically

M is redistributed to the
new bottom side

B usually distributed around
the columella cells
Taiz, Lincoln, and Eduardo Zeiger. "Plant physiology. ed.(1998)

* A contact site between a
statolith and cortical ER

« Sedimentation actually
causes deformation of
an ER membrane

« This should lead

» activation of mechano-
sensitive ion channels

> Ca? response

©2009 by American Society of Plant Biologists.

Guenther Leitz et al. Plant Cell 2009;21:843-860
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shows normal
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(A Removal of the cap Removal of half of the
from the vertical root  cap causes a vertical root
Vertically orlented slightly stimulates to bend toward the side
control root with cap  elongation growth. with the remaining half-cap.

Root cap % /»‘
Taiz, Lincoln, and Eduardo Zeiger. "Plant
l physiology. ed.(1998)

Auxin is preferentially transported to the bottom side

(A) Vertical orientation

Cortex—_ ’ il - T /
- \

| Elongation

Stele —— zone
J synthesis)

ROOL €ap

Root cap cell
(enlarged)

Statoliths

»causing inhibition of cell

elongation at this side
PIN3

* The root bends downward

Taiz, Lincoln, and Eduardo Zeiger. "Plant physiology. ed.(1998)



In the case of shoot gravitropism

« Statoliths are located in the
endodermal (starch sheath) cells

longitudinal
morning glory

» sedimented at the bottom Fukaki et al/ Plant Physiology

110.3 (1996): 933-943.
Kitazawa et al. Proc. Natl. Acad. Sci. USA,102,18742-18747

THHADHE (T 7 #) BRIBLIZ mutant Tl
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Kitazawa et al. Proc. Natl. Acad. Sci.
USA,102,18742-18747

Specific structure that strengthens plant body
Cell walls: two types
Primary cell walls Secondary cell walls

Buchanan, Jones,
Gruissem (eds)
2003,
Biochemistry &
Molecular
Biology of Plants

%
clerencyma fibe
» formed during cytokinesis
— cellulose
— hemicellulose
« important for cell
elongation

* added to primary wall in
specific cell types
— lignin

« strengthen the body

* SPACEHAB
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e https://jp.discoverlosangeles.com/

This sense of the direction rscsucomerezs. saviuews.

of gravity vector by the
endodermis

| is also used for
"circumnutation” of the stem

m important for a climbing
plant to climb up something
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Next, a matter of magnitude of gravity

Gravity = Mass x Gravitational acceleration
(no change)
— Plants increase their body mass
as they grow up

— need to resist against increasing .
gravity Gravity

« by strengthening their bodies

» "Gravity resistance" response
— recognition of such a response is
of recent years ° T

* (Hoson, 2003)

Seed Seedling Plant Tree

Body mass
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Gravity = Mass x Gravitational acceleration
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* Centrifuge ("Rotating arm")
« testing for high G when

Z/REZ|L? Presumed architecture of the secondary cell wall
« Lignin infiltrate the space between cellulose microfibrils and
become cross-linked
- I O—REXE) ORICUS =2 (T HU—N) DSk &E
« This architecture makes the secondary cell wall strong

formed by
cross-Tinking phenolic
compounds
Taiz, Lincoln, and Eduardo Zeiger. "Plant physiology. ed." Sunderland: Sinauer Associates
998 (1998): 79.
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Idea: to increase a magnitude of gravitational acceleration

launching

Uni.
Bremen
photo by| &¢
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Arabidopsis thaliana L. Columbia

Grown for
20 - 26 days
in the light

peduncle of 5
mm in length

further
3 days

basal part of A f
the peduncle a\
used for

Microarray
analysis

Light
Lt} > P
Dry
weight
Cell wall

were examined

Effect of hypergravity on length and dry weight of the peduncle
(300 G, 24 h, Dark)

B 8
60 —F _|
50 e
E 40 g i
£ . [ d
< 301 °
‘5) decreased ;
& 204 SN
-
10 increased
0 J 1xg 300xg 1xg 300xg
1xg 300xg Peduncle Rosette leaf

(Tamaoki et al. 2006 J Plant

Res 119:79-84)

-> Increase of the cell wall

Microarray analysis: Expression of lignin-related genes

increased under hypergravity

* Monolignol synthesis (6/78)

Gene Description

300G/1 G
AGI No. Fold change

(C4H 1 gene cinnamate 4-hydroxylase (C4H) ~ At2g30490 2.81 )
4CL 3 genes 4-coumarate--CoA ligase 2 (4CL2) At3g21240  4.24
4-coumarate--CoA ligase family proteinAt1g20510 3.00
4-coumarate-CoA ligase -like protein  At3g48990 2.72
(FAH 1 gene ferulate-5-hydroxylase (FAH1) At4g36220 2.75
(OMT 1 gene O-methyltransferase 1 (OMT1) At5g54160 2.28

S\

* Monolignol polymerization (9/92)

peroxidase 9 genes

(Tamaoki et al.
2009 Advances in
Space Research
44: 245-253.)

peroxidase 30
peroxidase, putative

At3g21770 6.85

per p
peroxidase, putative
peroxidase, putative
peroxidase, putative
peroxidase, putative
peroxidase, putative
peroxidase, putative

At5g64120  10.95

949960  9.36
At5g58390  9.27
At5g39580  6.13
At4g08770  4.28
Atdg11200  3.48
At5g06720  2.54

At3g49120 2.29

Why do we use 300 G ?

« actually not too strong

» Dose response relationships
between gravity acceleration
and elongation of azuki bean
root (Soga et al. 2005)

« Alinear relationship was
observed

» Plants show normal response
under even upto 300 G

Soga et al. Functional Plant
Biology 32: 175-179.

K. Soga et al

(2005)
T 16
g
B
H Ae0%
300 G
ol —— o e

3 1 2 3
Log gl

5 h treatment

Effect of hypergravity on the content of cell walls in unit length
of the peduncle

Isolation of secondary
walls from peduncles

& vt )

glued  digesting 3E

~ / enzymes 3 ?;

4 3z

=) i - % 5z

sumizyme 8 z

0.05% 23

secondary ~ Pectolyase "
walls (mainly
consisting of

xylem)

0
1xg 300xg 1xg 300xg 1xg 300xg
Primary Secondary
walls walls

k I / (=secondary walls)

~
3

3
]

Lignin content ( & g/mg)

®
X

(Dry weight) -
(Tamaoki et al. 2006 J
Plant Res 119:79-84)
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(Tamaoki et al. 2006 J
Plant Res 119:79-84)

© BRERBBEROH - BEE ZRED

[Eyas- il
« ZREEBRMMSET
> SEMPLKRICES

isolated "\
secondar
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=

Tensile tester (Tensilon -Gd™ + G
RTM-25, Toyo Baldwin)
(Nakabayashi et al.
2006 Ann Bot (Lond)
97:1083-1090)
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What kind of hormone signaling is involved in the
gravity resistance responses?

| Gravity |

« the primary candidate: ethylene

Ethylene biosynthesis pathway and

microarray data
/ Fold changes \
3 (g
404 34 4 gg;igcesm | hormone signaling? |
J puazsy
2.14 27 4

[rca]
‘ gravity resistance
k-m 234 74 4 74 f/ responses

Expression of many ethylene biosynthesis genes are upregulated under hypergravity
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« Earth Similarity Index (ESI)& B85 ¢ ESle
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EBT-E) Fig. 1. Photographs of the two centrifuges, MIJ-17 (A, B) and
MK-3 (C, D).

Mori et al. 2017 Biological Sciences in Space 31: 9-13.
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Visible in the payload bay is the Leonardo cargo module that acted as a moving

van to bring supplies and equipment to the station during the STS-128 mission
credit: NASA
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Time (days after emergence)

(Hoson et al. 2014)
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SPACE SEED

Plant Experiment in Space 1
Pl #fR4%4 2009-2010

-
(c) NASA
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B U S ¢ RERR-EEHKIE?
(c) JAXA

Slight differences in the
timings of bolting and
flowering under y G

« 28 d after imbibition
Bolting appeared to
take place earlier
under uG
» Opening of the first
flower pace G
—  Growth stage No. 6.00 (Boyes et al.) 3
— Toyama 1 G: 22d e
— Space 1 G:27d ~ B :
|
— Spacey G:20d - 1 e
. EEFERT—La TEEDE JANE ‘E!u'zl’ﬂx’%
FAHERRT—< RBHRRH | olda s\ e [ L
=F B

« http://iss.jaxa.jp/kiboexp/
theme/first/spaceseed/

RERRXIFABLENDENBES £

- —RBE
- ZOBE -—REQES(IFHICHVET
s WUNEHAPSBEHNE T, H—I/RHRBANATEE

o TEHARE- —REBEDFRE
— i ERRE ERETIIENICHEVREET (RSB TIINGT
THETLALY)

— B IZUGT TOLARE(REER
s BEREDREREICLDIEDEBER T EHO/=HOM?
o R -EBOICKVYRLES
c BINEHEBE N TH—AIAERAIE TELN

¢ ZRBRRIIKRBE



HNERRER N ENT TOZH

« Stigma, uG (33 d)

« pollination took place

. E§$EEZ7‘-—°/3“/F—Eli%ﬁllﬁlﬂﬁisﬁj‘-—v RERFUR IR
A

« http://iss.jaxa.jp/kiboexp/themef/first/spaceseed/

Effect of space condition on the length of siliques (62 d)

T %

8 (40) [
= ©®7) 8 ] oo 62
Sot® iy
2| @ wy ay 7
] 4
k=3
@
2
0

929 9A 010 012 007 008 002 004
Toyama 1G Tsukuba 1G Space 16 Space uG

Length of siliques was shorter both under space 1 G and y G when compared to
Tsukuba 1 G (*; Nested ANOVA, P<0.05).

ERFHERT—a EEFIAHERBRT —~ RRRRBREE
http://iss.jaxa.jp/kiboexp/theme/first/spaceseed/

HHERRICBIT2ENTE

BIEHAIIUG T TIZB Y, BEA T TIHENS
HCHBLVBEN T I SR E MR ELUEE
EZFRFL MENELS

seed to seedREREL TUG T CTOERIRTE TICIZARTH
EFELFHICEIT 2 (EHAEELND) REHIHICZRE

Effect of space conditions and microgravity on the morphology of flowers
and siliques (33 d)

Toyama 1G

Space uG

Space 1G

Flowers were formed under either condition

However, length of siliques appered shorter both under space 1 G and G
ERFERT—ar[EF5 FIANFERRT —< RBRRRES
http://iss.jaxa.jp/kiboexp/theme/first/spaceseed/

HTERENDFHREDFE (NASA)

o b b (FHEEMISENEEDN
%) Zinnia x hybrida 'Profusion

Orange' (Garden Ready)
— ©2018 Thompson & Morgan

—  https://www.thompson-morgan.com/p/
L o y

zini

den-

y P
ready/t72176TM

* F,ISS:Zinnia hybrida

CV.

‘Profusion’ Jan. 16, 2016

— https://www.nasa.gov/image-featureffirst-
flower-grown-in-sp: tati i

1-orange-g

facility-0

— B (FIRTE) EE DML RS
N5, BT (BHRTE) 8 2<

Ronizin

+ BEBIOHTIE EMRET)O

Ran

« start from a pilot plant (factory

level)

— hydroculture
« expand to a farm level

— use regolith of moon or

mars

The Martian (c) 20th Century Fox,

2015

99

RORE

o3 NERBEES A -2 (100 AME)
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Rhizosphere
Regolith, moon and mars

» Similarities (to earth soil)
— nutrient poor

« traces of nitrates and
ammonium

« Differences
— Moon wH,0), high pH 9.6
« earth, 8.3; mars, 7.3
— Mars, high Kand C

« Growth exp. using simulant (w/o
nutrients)

— Mars = Earth > Moon
« Wamelink et al. (2014)PLoS P AR 4 ‘3,,-*“ PR
One 9: €103138. T A Y A &

% Alive 50 Days
22
P

RICHTDEHNDHE
ERNDEHFHE

o EHEE : £ eaiwin 2013): B4 Kuya and sato,

2011)

- Eﬂﬁﬁ[iZO x 103 GLJ-F (Driss-Ecole

etal., 2008)
: %E'E@Eﬁ(:&éﬂﬂ% LOMXFXFERDUGTT
— Eﬂ{[ﬁ[io.'] GL;[‘F (Kiss, 2014) DB (Kiss, 2014, Plant

Biology 16: 12-17.)

> A KETHIROEHBRIMELZ?
. 7}(6‘}& 'I@E (Miyazawa et al., 2012
EHIRIENOENTE
« BEAFZHFP ORI NHICHE

JL£5, 2018)

> IBRLAILTOEAZEITRM  beanMetznoret

al. (2015) Plant

> RRDARIEZFDEDHERE methods 11: 17.
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Fig. 1. 3D surface model of an
Arabidopsis root constructed by
using a software IMOD (Hutch1
data). Bar = 200 pm.

Kurogane et al. 2019 Microscopy 68:
i51-i51.
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+ At6:01 p.m. EDT, or 22:01 UTC,
on Thursday, July 25, SpaceX
launched its eighteenth
Commercial Resupply Services
mission (CRS-18) from Space
Launch Complex 40 (SLC-40) at
Cape Canaveral Air Force
Station, Florida.

« https://lwww.spacex.com/news/
2019/07/25/dragon-resupply-
mission-crs-18-launch

https://youtu.be/SIgrxVuP5jk



Space Moss arrived at the ISS

‘ Nick Hague & =S

Working on the @JAXA_en Space Moss
axperiment! It compares mosses grown on
@Space_Station vs. on Earth to discover
now microgravity affects its growth. The
olants only need a small area for growth — an
advantage for their potential use in space &
< future bases on the Moon or Mars.

Dragon captured
(c) NASATV

https://twitter.com/AstroHague

Acknowledgements, Collaborators

Ryohei Yamaura, Tomofumi Kurogane, Ryota Sawada, Koshiro Tanihata, Masaki
Muramoto, Shunya Sujishi, Takamichi Suto, Umi Yashiro, Emi Okamoto, Daisuke
Tamaoki, Seiichiro Kamisaka (Univ. Toyama)

Sachiko Yano, Fumiaki Tanigaki (Japan Aerospace Exploration Agency)

Toru Shimazu, Keiji Fukui (Japan Space Forum)

Haruo Kasahara, Daisuke Masuda (Japan Manned Space System Ltd.)
Hirokazu Kasahara (Tokai University), Mitsuhiro Yamada (University of Tokyo)

Takayuki Hoson, Koichi Soga (Osaka City University)

Yoshinobu Mineyuki, Daisuke Yamauchi (University of Hyogo), Kentaro Uesugi,
Makoto Hoshino, Akihisa Takeuchi, Yoshio Suzuki (JASRI)

This study was supported by MEXT KAKENHI (No. 21570064,24620003)

Experiments were performed with the approval of JASRI (Proposal nos
2014A1265, 2014B1225, 2015B1556, 2016A1390).



