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“Utilization of the micro gravity condition to examine the cellular process of formation of the
gravity sensor and the molecular mechanism of gravity sensing (Plant Gravity Sensing)
Principal Investigator; Hitoshi Tatsumi (Kanazawa Institute of Technology)
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ZEX]

Gravity is a critical environmental factor affecting the morphology and functions of organisms
on Earth. Plants sense changes in the gravity vector (gravistimulation) and regulate their growth
direction accordingly.

Plants exhibit cytoplasmic calcium concentration ([Ca**].) increases in response to a variety of
endo- and exogenous signals such as phytohormones, temperature and touch, and the mechanisms
of which have been extensively investigated. However, few studies have assessed the relationship
between [Ca®']. increase and gravistimulation, because gravity is a ubiquitous force and difficult to
control on Earth.

In Arabidopsis thaliana seedlings, gravistimulation, achieved by rotating the specimens, is
known to induce a biphasic increase in cytoplasmic calcium concentration ([Ca®].). Based on
kinetic and pharmacological analyses, the first and second [Ca**]. increases appear to be related to
rotation and gravistimulation, respectively, and are mediated by distinct molecular mechanisms.
However, the molecular mechanism of the [Ca’']. increase by gravistimulation has not been
identified and its differentiation in seedling is totally unknown. Recent our preliminary experiments
suggest that a certain putative mechanosensitive channel is involved partially in the [Ca®']. increase
by gravistimulation. It is most likely from our results that the channels are linked to the actin
filament tethered with high and dense objects e.g., amyloplasts, the gravistimulation induces
sedimentation of the amyloplasts mechanically, and activates the channels.

In the proposed research plan, Arabidopsis thaliana seeds are plated and sprouted in the Japanese
Experiment Module (JEM, dubbed as K/BO) under the micro-gravity conditions. These seedlings
are gravistimulated by centrifugation to test whether the gravisensing complex mechanism (i.e.,
amyloplasts-actin-filaments-the channels) is formed under micro-gravity conditions. The same
gravistimulation will be applied to the channel knockout seedlings and the channel over-expressing
seedlings to examine the role of the channel in the gravisensing process. If the channel is involved
in the gravisensing processes, the [Ca”"]. increase will be diminished in the knock out seedlings,
and by contrast the [Ca®']. increase will be augmented in the over-expressing seedlings. The data
obtained in ISS KIBO module showed very small [Ca®']. increase. However, the number of
specimen and data were too small to proceed the further analysis.

The specimen was treated with RN Alater Stabilization Solution and returned to the earth. RNA
array analysis has been done. The RNA was extracted from whole seedlings and used for the
transcriptome analyses. A comparison of micro-g and 1g spaceflight samples with 1g ground
controls identified 200-300 genes that were differentially regulated. However, these numbers are
too large to identify the molecule that is responsible for the gravity sensing in the plant.

[Ca®"]-increases triggered by rotating Arabidopsis seedlings under 1-5 g conditions were also
investigated with swing arm centrifugation machine in Jaxa (Tsukuba). With a backward rotation
from upside-down to right-side-up position, a novel, “very slow” [Ca®"]c-increase in addition to the
biphasic [Ca*"]c-increase was found and the kinetics of the increase was analyzed in this study.
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ZmPINla Z > /37 B ORREIL. A XF AT D pinl-3 SR FAR % rescue T 72D T APINL DZFH
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CEBETHD Z LR L TVWE,

FERBEDMED DR EFGEIZE D K OS2 0B BN T H72DIid BE DR & & big,
FHNES (55 ug) BB EOENFEO WO R b BB CH AR TFE TH D5, B
FEET, A=A % hL (STS) RCEEEFHAT— 3> (ISS) 1ZBIT 55 ng BEL FOlE Lz
D & F X F 7 EFPRSE NG &R VT VBIRED A LR0Z DR T DI S B3 B A
DR SIVTE T2 [17~29), Z DRRAHIBO 2 WEREE T Tl WL TEBAIEREIERL LFHTIND
AT ([30] OvbE2—2M), Fal Tk, BRIEREIEA S W) HREIL, HEEJEREE T CoMii
PARIMEORENT. & R T RORE Z T b7l &5 & & i [31,32], 3%t BD) 7V /&
% N CORHUMYINE B T ChlcR LTI Vb Tng [33~37], 3D 7V 7 %
2y b BT % U RIS EIBLERIO—> T 5 2,3 5-triiodobenzoic acid (TIBA) %5z % & HiEk k-
19 BREE FOWA LB L C, A% UBIEBEIME T L, #b—= > RO 3EE X BRI RUE H AV
b5 L [38, 39]. %72, TIBAIZPIN &% L/ EOHBEA~DHTEIIELS BS LT D Z LR E
TS [40~43]), ZNHOFEFEEEZDH L, TIBA B ng BREE F T ORKRE &34 HliEHd 2%
B, BHOA—F TR U T — X S BB DA TR T OREMO R LA ST A —F
VAT I T AT D TIBA ORZEAMIGET 5 Z LITHETH D EEZ DD,

WIZEREA DX, EAPNMORNE & BT LT EDRREL ML TV D 0EA LT 57
DI, FEARE CBIREDMRIFE A D, 1998 R AR— AL ML [F 4 23— & W AE T
JR (STS-95) % FEf L7-, STS-95 FH IR TIL, TR, FH pg BrEElZIVToafk Alaska = R 3
A Z Sl OV L Golden Cross Bantam |k ™7-E & =1 S gh#EFs L OSSiG] 123817 2 A —F% o L4
MBS NI C, A —% ¥ RN IE /O N ICh 28R Th H = L &7~ L= [44, 45],
FH ug BRBE F Ok L7238k Alaska =2 R 3F4Ex ENZ 351 2 A4 —F% v UARMERBENL, Hilk 1 g
BREE T Ol LA ZOZEN L VRN EaVRENTz [44, 45), LvL7e3 5, #{k Golden Cross
Bantam bk 11 2 LA 2 OSEERNC I A A L oMM EN T, ik 1 g BREE X 0 5T pg BREE
TREMEER LT [44,45), [FREOFERN, 3D 7 U /) A X v b EOBHUMNENEREE T COFERICE
WT b7 [37, 4], STS95 FH EH & TIBA. N-(1-naphtyl)phthalamic acid (NPA) |
9-hydroxyfluorene-9-carboxylic acid (HFCA) 7¢ & DA AR EIRHEA 2 e L ESEBRN S | F
HIZBWTGRO Hivd s b Alaska = > R 7 34 2 O BFSHITZRETERIRFI C 31T B A —F o R O
TiE, BREAFEREIEROMER IR R TH D Z LA LN oT- [44, 46), Lo L7ehs B
b= RUEAEZ L b U r 2 342 Cld 51 pg B NSkl 24 —% & AR B CAEDS
HDOMTHONTIL, HEFE, FFE-CHFROE, B O —F 2 VBB EI S AT AZ D HODEN
THDHAREMNE Z SNDHH, F ORI OV TR TIZ ARV,

2. WFSEGTE
21 WHEEERE
A, BFEAERE BIX, B K > THEIN M ORR., FiER b N EIUTEBAZRER L T
HA—F TV ANAREBENOESJHIE A 71 = X L% 50T LoV T BN T 572012, Z0HF v U 7 —
Th2 PSPINL X° ZmPINla % = — R 5[5 DFEBLE Z DEM ORBENRTEIZE R A Y TT, 1SS
(NASA OIERMAIEIC X DIEM4 - Auxin Transport) (Z81F 252 ug BRBE 2RI L 7= FH =R A1T 9
ZEEFmE L [47), ZOEMPOT=9HIZ, PsPINL <° ZmPIN1a | 2% 2 Fill /2R 20078 Y 7 o —JF
RAEAERLL7- [48,49), Z ZTi% [Auxin Transport] FHFSEBRICIIT 5. FH ug Bebe N CAH L7k
TV FUBIOHIL N UEr 2O X ORE &8ER O FUCERICBhET 54— % o U itER
BOFEHAOLNCT H & L bic, b= FU3EAx Fiiiass T 5 PsPINL mRNA 3 LUk b

2



7 1 o VA 2 ShEERS N RS X OV 51T D ZmPINLIa mRNA OFEBIZKTd %, F7-, PsPINL
R ZmPINla & >3 B ORININIRAE X 2 g BREEOIBE I BT 5 = L &BEnE- 5 H
e Lz, SHI2, BEACK > THIE S b A —% v U ERBENC ST 2 PsPINL 38 OV ZmPINla % >
PRI BOENED & DREREEI A S TV D DOMCONWT BT T 5 2 & & L, 72, Tl g BT T
F—F L UGB EI A SN Z LI L o T, 2L I EEEAE TR D N R LR L ETRESS &
DERIZEAET D OOV T ORISR D Z L & L, IO ORRAERE 2T, EACL 20
DEEHIHD A T) = A LB ENNIT B I & A REOMEEE L LTz,

22 A
WHFHIEBROEMATNIE 1O LB ThD,

7 1. Auxin Transport FH SEBROFERGAH]  (IEFFAR)

ESyiENE
W

EH i KBRS REFREE B R R (A4 S 2d%)
H[RmfsE - B

B ) KRB ST R S 2 E R

o I NS RINE N =T =Y

] HPRT S LIONES

W % FHMZETICRR RS

ST NI EE FHMZETICRR TS

(LIl TFK FHMZET OB TS

WEEE (M) AARFHZ+—T A

78 OA%E BHNFH Y AT MRSt

Lo SR BHNFH Y AT MRSt

Sem ] ) = A — TR, Ta—F¥r—TXmyFA N4 a

23 AR Ta—)
YELTFHIFBRER, BRI, S BICERI NS E TOREAEEIC OV TR 1 IR T &80 T

»H5,
2011~2013 2014~2015 2016 2017 2018
Inc 47
A A SDR (2014/4)
754 FRE (2010) EEPETN 2 N .,
SpX-8
CE~cH | A —> Tl B
ERRHRN =il
—
B - BB T iARITRER
A CDR(2015/1)
0/l j%!t
BE -
A PQR/PSR
Ol REHE
t@_t;w:T - kR

1. Auxin Transport FHISEERDMER, PRSI, & DIZHEM S5 £ CORFHRGE
3. EBRME - EH]



3.1 ekl

Auxin Transport FH# 325 CH == K7 (Pisum sativum L. cv. Alaska) & k71 =13 (Zeamays L. cv.
Golden Cross Bantam) Offif-i, EiZil (K PEOEFEY, (ElR) BIOMERE (WfmE) 7oA
FLT

Ak RO ZISH LT, 727 U UEIERLOD [pea box | (i 95 mmxD BT & 50 mmx i & 63 mm,
Pea Chamber) & 2V \NIBIEHZ%A ©-> pea box) (i 80 mmxD BT X 65 mmx & 55 mm, Observation
chamber) ZfEML7- (X2), W s KHTHSHDO 4 5058 (B L om) 25T, 2z suki:~>
A aR7TE (MilliSeal; Merck Millipore, Tokyo, Japan) T#E-~7z, [peabox| (ZIEFEIZT 4~ b5 L9
2, vy 70— (B 16mm, IAFr—~v b, ) BAry 77— A1) 25, H# ki
BT, % lpeabox) |2 12 DT RUHEFE 2R 1030 v 7 U —/MIERITHE S L o1T, £,
7Ol (F70bh, Il e PR ZFESH) 230 v 7 U — L ORI/ D &5 ITHDIAAT,
ZHH? Tpea box) 13 SpaceX-8 #5 LU SpaceX-10 (Z#4# &, 24 2016 4F 4 H 9 HI LN 2017
2 A 19 BICKEY T 4 Tl v 2 =00 ISS IZFT TS RiF bz,

—J7. Eib bR a Y HEAZIH LT, 77 VU UEHER Tmaize box) (fiF 100 mmxBAT & 62 mmx
& & 150 mm, Maize Chamber) ZAE/H L7z (X 2), 4 maize box) (ZIZ@KMIZIERIZ 4 >, {lifElZ 2
SORERT, RUCBKEO 7 VA a R T B CE-T-, FTOZEHRE LT, = Ry LFEkEOr v
77—V EH, % Imaize box) (2 20 fEOfET-Z, FET- O 7 7 —/LREIIS L THRE L 72
% KO CIEMTIRDIA AT, 2B D Tmaize box) 13 SpaceX-10 [Z#4if &4, 2017 452 A 19 HIZKE
AT A TR =D ISS AT TS B bz,

32 WLE ORI RN E TR 5 7O OFIE: S ONTY o T /VRR O 72D OFIE

AR OFHTFEERIL 4 DD Run THERL S LT D, AR 2016 44 4 9 HIZ SpaceX-8 X vz v
ICBWTCRE S w0 FR (Run 2 BETOYRun 3-1 & Run 3-2) %, 2016 455 XK U6 HIZ ISS
Increment-47 “CEEffi 417z, 2017 -2 H 19 H SpaceX 10 X v+ = > COZEE: (Runl B XL TURun4) 1%
2017 43 HIZISS Increment-50 THEfE Sz, ENENDY T /UE, EiE4L SpaceX-9 & SpaceX-10
\Zf&# 7= [Cargo Dragon Capsule) (25~ T 2016 48 A 27 3L 002017 453 H 19 HI(ZHh EI/FhE
L7, 1SS #FEEDOIEEIFMOHHINC LY. Run2 B X TYRUn 3-1 & Run 3-2 ®FEERIE, Run1 D3R K
D bR FEhgs i,

Runl: #E ECFHAITES, 3 lpeabox) DT FUHMRETIZK (Milli-Q K, F— k2 L—
7) HDHNNE30uUM D TIBA (Sigma-Aldrich, MO, USA) 4% 45 mL Z#5/k 4. Hasz k@ (Cell Biology
Experiment Facility : CBEF) WOFH pg & AL 1gBREEZEHT 5 a2/ — M A MIEE L7z, 2Ok
7RBREE FCHIbT Y KU 2 % 3 AR (68 I 10 49) WERAT 235°C THRFB LU Sz, T
ETRHCEEZ IR Uik, |k RUOFEX & SRR ST OY > 7V FT 5728
(RN S b2EEE /X~ 2 (Chemical Fixation Bag : CFB) %] L CHEEHK CHEE L=, ZD
#%.CFB X7 T AF v 7 OFEIHE SN ISS F v B2 D 7T A 2°C 8855k L OFEER= 7 U —#— (Minus
Eighty-degree Celsius Laboratory Freezer : MELFI) D~ =& 95°C CLRIF-E 472,

Run2 : _EFLOFKE, 1SS D CBEF NOFH pg BE AT 1 g B2BE . AT, 235°C T3 A (74 I
fl. 2043 b= RUFFAER 2R S, £0%, REOFHMRITET ¢4« =27 Kid, LTI
PR 5 X 91z TAuxintube) ZfHH L CA—F L MBI ERZ FEii L= (X 2),

Run3-1 B X URUN3-2 : FHERYTHIZ. #ul F T R@iEEF v 23— (Observation Chamber) PN

4



gy RO 240 ml K (Milli-Q K, A— h 7 L—"7) &f/K L, CBEF NOFH ug B L AT
1gRE F e AESEHR—=>  (V-MEU) WEEH, 235°C THEXEZEF T, 3 H (Run 3-1,
7452 47) BELUY4 H (Run 3-2, 95 IFH] 23 43) #., FHAMTHIIET v o x—2 MWL, K
YTV TRy 7 R L TET TV EEE L, Z20%, 7% -95°C TRAFT 5721
MELFI 2B L7=, Run 3-2 Tid, A FaX— gt 2 HES 4 HA £ T, 6 B T CBEF
D V-MEU @ CCD I A T 1T L » THEWI DR & Fiz% HEIIZRLER L7,

Rund: #fiE ECHREMITELE Imaizebox) (Z120mL ok (Milli-Q &, A—h 27 L—7) ZHkL
7%, Tk Ziplock /N> Z1ZAAL T, CBEF NOFH pg Bebi P CHAEZX 2 F e, Mk hvEr =y
A 2L, 1SS OFH ug BREE T, BEAT, 25°C T4 AW (96 R 27 7)) iR ST, BHEZRESZ,
K OPOFE N TER I OIFA T —F 2 URRHRBENERRI AL U, 7% 0 135 i LT o
7k LC CFB CEET %7, MELFI C-95°C THifk L7=,

STS-O5FHFERRICISIT L b v w 3 VA 2 AW R 2 MEET D701z, i EXTPRSER
AT o7, SRR L IR % FEhi 2 72 OICCFB CEEIR 2 AWV CHEE Sz AEZ b #s 73
BELOWAERDRNVE L LV DT DT O DA Z UL, EET+ 2°CE L UMELFIN-95°C CIR(F S
T WE B2 T —3 o AR EN SR 41T - 7= TAuxin tube | 1%, & D % F OIRAE TMELFIN-95°C
TRIFENTZ, ZNHDOH 7L, SpaceX-1012 & - CiElEiL7- [Cargo Dragon Capsule) (Z & - CTHiER
IE L7es, ZOMB LOZEO% bIREIRESREAHERF T 272D R I A4 T A AGEDIZ S, £DF
FOMRRETHIRRICENT STz, Y 7L OIFRE L OMREFIZ Y > 7LV OfERITRED B -7,

FH IR CHEM L7 B A8 2 M 2 (R T, Foiull BERFEHICOWTILLTO LB TH D,

L

Pea Chamber Observation Chamber
L h o
13;‘: 'l l l P.::;m sativam L
‘\.?l 11 [ cv.Alaska
kyEDTL
; ._'{'.'r frays

cv.Golden Cross Bantam

{EmiET

Bydo—Ib Measurement Exp Unit



-
Small/Large Syringe (TIBA)
b | s TRERS
_" p l ‘. Auxin Transport Cylinder [Auxin TubeZF IR 4]
-

RS L
W

T

Zﬁl‘é“ﬁﬁi'ﬁ'
"

| Mt
(HF-B8-& £

Sampling Box

2. Auxin Transport F=H &5 O L 7- F: 708 & 2R HIA

Auxin Transport FH SE5R 12 B9~ 2 Wi FiE ] 556
Run2, Run3 (HEHEATHARH)
«fTEF . Space X8 4 2016 4-4 A 9 H
- Run2 15#&RfhA . 2016 425 H 23 H
*Run2 B5#8#& 7 : 20164E5 H 26 H

* Run3-1 B5#684A : 2016 5 A 30 H
*Run3-1 588/ T : 20164-6 A 2 H
- Run3-2 £#004A : 2016 456 A 7 H
cRun3-2 558847 . 201646 H 11 H

- J7iE :  Space X9 5 2016 48 H 27 H

Runl., Run4  (AfH34THARKHH)
< T EF : Space X 10 54% 201742 A 19 H
- Rund 5580846 :  20174E3 H 7 H
*Rund B58445 7 0 20174E3 H 11 H
- Runl 8580045 © 2017453 H 12 A
*Runl 58447 : 2017453 H 15 H
- J7iE © Space X 10 i 201743 H 19 H

3.3 Wl ki) DA —% 2 AR B FEER O FIE



ol ECOA—F 2 AREREN IR, DIl Lo ik [44, 48] (B TOEEZNZ TIES
7o HiET, 21100 (v/v) ICAHRL7Z HC-IAA (f > R—/L-3-FiiR, [1-“CJIAA, 55 mCi/ mmol, American
Radiolabeled Chemicals Inc., St. Louis, MO, USA) %#&1e7 / U L /K& (30%, wiw) 20uL % 1.5 mL =
N RV TF a—TDEICEN L (X 3),

RS KOS EERIDNRA CE 5 L D ICFHAY T Ko THEERID_EMd) s+ — B —
N T —7 SRz, JAXA Stem Cutter 2 LC 3 B b R34 2 76 RIS 1 Sify)
R RS20 mm) DUIERS AV, BEHE IAA IZBI R OEEEERAA S ITFEERNREE) Lz [44],
R ofeE 15 mL =y RV T7F a—TDED UC-IAA ZE5TT ) U ATHEA LT, FEiEAIC
UC-IAA DU DY DIV IAEND Z L1270 | ZOMUBEIN D biIvD Z L2 b, KRIT,
19 FFffS v ELARE TU R 2 G v NV T F o —7 i Uiz th, MPERBERIRIER 2 D F FRAFF
I 57-812-95°C O MELFI IZZDF 2 —7 %2 LEE LT,

B N UEr VA Z O BRI D HOEERO A — % o A OTEENE B EN D
LW TS [50), & Z THhBE ks K O IRl 712361 ) % A —% o LR EN 64 5 524 pg
DEBEIRD -0, SEERE L 8 (ShBEE & IR OEAE) Zateth iS22 2898 (RS
20mm) ZHWDHZEE Lz, ZORRCHRIL7- 4 Bk Lz b a a s Oy &, ShEEdl)
DA —F > U IAE D L OIS BT OB Z = X RV T Fa—T AL, Fx v
AR C 16 FFETEEEE L72#%. MELFI 0-95°C Ciks L ClE Lz,

HIER~DIFR 1SS TREIZHRE SIV-FALTH o TIUL R T A T A R L & BITHER v 7 2T S,
D%, AAROEERICHERE Sz, Vo 7V OIfER L OMEICY o 7V OfERITERD Hieho
77

34 VU VIREBROM EIZBT D A R BT I

st R 3HEA 2 O Bl L Oz A3 501281 54 —% o UMM EN S, I CloEs
L7515 [44,45] % HMEEL TiTo 70, K31, =0 R Bfilis KOV s v v a v ol ol
2B DA —F v AR EIORIEFIAZ R LT,

wRE L= by RO AL M 2 894 7 A4 A LT 25 2 L7e<, 730 & SEERIC
PN TEEICOEI Uiz, B IAA 25107 7 U AR LTZED RO #, 4 HIRi) 2 Sl
NH 550DV = (BX3mm) (25 Lz, A8l & vz B o/ i dEsaRiss o Fr—a v
7177 v (UniverSol ESTM, MP Biomedicals, LLC, OH, USA) % &te A 7 /UZ AL, o FLb— g
7177 >4 — (2200CA, Packard Instrument, CT, USA) % FNTHGHEMEZRIE Uiz, S Ofthssi sl L
T EHEME 258 7= IAA D& & LTz,

—J5 . BRI L b B R a3 A OURIE, RSITFT 20mm Th o723, G 13HTE ST
BILOYEER D> T T, SR IAA 258107 /) AZIRIE LT ShEERE oy 2 bR =14,
FUIL T DI EI Lz, ZO%A, Hildzoned & L, FIREEASTT zone 7 & L7z, #E EFEBRCTOL)
HEHY L PRI OHEE ERIZZ N 6.9 mm & 131 mm Th-o7=D T, Sl & sl [FfE D R
5727 20 mm OV % B SEER I Z V=,

35 Mt b 1gBREE T CTOXMRILR
i EScHIRSEER T, Run 1~Run 4 @ 1SS #uE F5E6R & [F] U FIEB L OV DK X A DAY 20— UhiE-
T, JAXA HTFH T v # —72 5 NS KBRS LR Z BN T HEE L7z,



_Apical side

(A) incubated,
B then fixed by
Proximal Distal freezing
side side—» 20mm — »
segment
— Basalside
(8) i
Y
-~
Aqueous lanolin
containing [C]IAA
3 mm piece —_cut
= —
: Proximal “ Distal el _) kept over determine
side D: " N _night radioactivity of
e O [1#C]IAA
/ transported
Frozen pea epicotyl segment Liquid scintillation cocktail
Basal side kf-'Pt over
incubated, then fixed by cut night :
freezing determine
orchy roned . : —* radioactivity of
node [M4C]IAA
/' transported

Liquid scintillation
cocktail

Aqueous lanolin Frozen maize shoot segment
containing [*C]I1AA

3. ¥k Ny bfrdl (F) BXOSbk hoEra i b (F) OURIZET 54 —F o Ak
BENORIETFIE

36 SRR LRI O DAL EE SR OVERY
361 ALFEEDIFE
MEEFHH RO A T 5720100 E, TR, FHER TR O ARE AL, 2O E EDOHE
72 B WNTBIETHEBS LY XV B RTE 2 RFE LTORRETHE EIZBN T 5 Z E N TH D, £DT-
DITIHMEFIES & AN AT EEDS VIR L 72 5, ALFEERRIE, AR E OEV RO S, K -
NEE D EHRE) TR T 5001 (Bfnt. X o/ 0H8%) 12k- T, R/l & iR 5 08
Wb, ALFEEROFEIL, 747 b RREER, 7V a—Ex2 AW ABEAIE TR, SRA A
8



> MOTALEEERR LT b 286 LI RREER 2 EMRERNR DO TH D, 7T FRo&
JBA A DACFETERI TGN D Z L X 2D 5 2 & T - (R a i< 2 LR TE 5, AR
FIEERIIBARVERIC L & R B S0 2 & TRESE LY, RIRFTIKIZ & 24EH -
RADYGHENAE C D78, AR AR T DHMRAZINIIT 5 2 L0135 5,

36.2 FH{FHRIZISIT 5 R LK)

FEHTEBR I TSR LT I - DA b EE R T RS 2 B0 B 5, (LA EERI .
VERL BB O P ER E CRIIFRGT SN D &, (b2 bai 232 & THIkL, DA%
OBSRENH I N2, — 7, AEFEE SRS, BN E< &b 2 BRRITIE, EFE
EMRP DI L, RO~ LT3 5 5, RBOLFEERRN R 25 &, HEloOREE % b
7o b L, ARREE ORI D & o3 7 O E OGN I K D i s 2 bic L - T, 44
R FROROBUGNINENC 72 5, L7ed> T, FHFEBROFERIZIT, Zh b ORI E ik L7 EHRO
WEEBVAL T2 D,

36.3 (b AEE R A DEER

ZIVE TITRERRE 2 U T Sa e Bk AT I - CREFR IS8R D 8 5 % 2 O AES0~FAA O 8 FEEDAL,
FEER AR E Uiz, 2O OEEERE AV 23288, (EFEEIiRE 2 Afcd 5, L
L. FEBEOFHIRAEE LT 5E, (LFEEROREHIH FIZ[EU S5 £ ToR, LEEERICR
IS REEAERE T2, FHEIERAEIOFT I - [RIUZfER 9% Space X [Cargo Dragon Capsule] 1349 1
o AROARRBHIRITH Y . BB IS AAE TORREIR 2 28 Lok, #Ba 1 - AR, (b2
[EERIRIE LT B E 32 2 v B ORI 5 BIEDNT C & DALFAEERPINETH D,
by RUIEZ A FFEHR L7 8 FEEO(LFEEIR T 1 ARYEFEE LI, Skt
SEVEIZ LD | PSPINL DRTEZMT LToAER, TAT & KRB A A4 & W TALEE R TS Sk
BRI HEEA 2 FAO AL BRI L > TEFEE S BHIBW CE D RITEZfiffT 35 = &
WAMRE T o7z, FRIZ, (LFIE TR AESO TRAFSERNG DIz /o, ABS0 & BARHR S LT, &5
ANAY | T Kt SR AV

K2 FERICHE LIALFREERR & < ORI

AR MR

AES50 50% (v/v) ethanol, 5% (v/v) acetic acid

Carnoy 60% (v/v) ethanol, 30% (v/v) chloroform, 10% (v/v) acetic acid

Zinc Fixative  0.05% (w/v) calcium acetate, 0.5% (w/V) zinc acetate, 0.5% (w/V) zinc chloride, 1M Tris—HCI pH7.4
Zinc Formalin ~ 3.7% (v/v) formaldehyde, 1.5% (wi/v) zinc sulfate

PFA+GA 4% (wiv) paraformaldehyde, 0.25% (v/v) glutaraldehyde, 50mM sodium phosphate pH7.2
PFA 4% (wiv) paraformaldehyde, 50mM PIPES pH7.2, 5 mM MgSO4, 5 mM EGTA

FNB 10% (v/v) formalin neutral buffer

FAA 3.7% (v/v) formaldehyde, 50% (v/v) ethanol, 5% (v/v) acetic acid

nAE50 50% (v/v) ethanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40

ndAE50 50% (v/v) ethanol, 5% (v/V) acetic acid, 0.1% (w/v) Nonidet P-40, 5% (v/v) DMSO
AM50 50% (v/v) methanol, 5% (v/v) acetic acid

nAM50 50% (v/v) methanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40

ndAM50 50% (v/v) methanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40, 5% (v/v) DMSO




364 AbFREEIROMAML R
NEE 2 < & EN NI Z L EE U, RIS IVE ORI B4 2 el Lo a7 288, v
LT NT B RR—ZADACZEEIRIC, FRHZENEE B D 72 DI EIEHERIC Y A F VA VR SV R
(DMSO) %D ERINT 52 LT, BIFARFEENMELND Z EMbILT\ 5, £ 2T, AES0 2, Ff
T&EMERI & LT 0.1% Nonidet P-40 %1% 72 nAE50 5 J2 1} 0.1% Nonidet P-40 & 5% DMSO Z /i1 %7~ ndAE50
EHCERE L (E2),

WIZ, 2D OFEERE R L, 362 1 7 A BHEFEE LRI, i s Lo,
PSPINL D JR{EAFRAT LT-, ZOfER, ZORMEIN 21T 2 BINOD & LR 7 B OREIZIX AR ) >
T3, MERrEI R I3 HAMAIOHIBEL CJRAES 5 > 7 Wik, AES0 L Y &, nAES0 <° ndAES0 DIE 9 7%
BAFTH D 2 EWyhnolz, #ZT, nAE50 & ndAE50 O 2 fEffilcAe Y . 2 FROBAMEARETH = &
L7

365 FHEBROINE & A THMT

Auxin Transport FH BRI ZI1T 2B DILAEEICE T 2 A7 ¥ 2 —V &K 3ITRT, FH RO
i UTAL A E ER O LA E R OE I 4 BB X040 A CThoT-, b hvEna v EZD 2
REEITR LTI, # ETiZE5R Tl nAMB0 23 Chdh o 7278, EEROFHEERRD 7 /T L TE
WEE & 7p o 72728, Camoy & Vo, (LFEIEK THIX, EHIT, R EA T H O~ L B
0. FH pg BREE FI2I81T 5 PSPINL 38 L OV ZmPINda & 7 B D JE b L7,

#23. Auxin Transport FH EBROA LA EEREHI T2 2 7 ¥ 2 —b (HAHIA T HARRE)
Runl b=y RUIFFEAEZ ZXRE LIZAF Va—

EER) A {iz=

2017 41 H 30 H NAES0 1 b7 E Y

201752 H 19 H SpaceX-10 ST E

2017 43 A 12 A ik R 3 2 BB

201743 H 15 H Wy RUIEAEZ 1 IRIEEEE il AT b I R

5 : 44 B

201743 H 19 H SpaceX-10 FHrE/K

2017 43 A 27 H (LA ER R TKSC 75

2017 43 H 28 H 1 BAVFEERS T, FrBiaiE nAESO L2 1 WAL EE IR < 13 A M
TEWRIZ & 5 2 ALEE

2017 43 H 29 H 2 REEAL T T, BRIESE

2017 43 A 31 H IRT T 4 B

201744 A3 H RT T 4 pli

Rund #fb b a3z a0l LIZAr v a—/L
AfF A {5
2017 4£1 A 30 H NAMBSO 1127 [ E ik
201752 H 19 H SpaceX-10 ST E
20173 HT7H B N U T o AR X R
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20174E3 A 11 H ¥ UER 3R LRI EREE il AT b I R
5 : 40 B

2017 %3 H 19 H SpaceX-10 EH&FE /K

2017 43 H 27 H b7 ER L TKSC &

201743 H 28 H 1 AEFEER T, Camoy b7 BIERRIC L 1 AR FEESIMA - 17 AH
% 2 AL EE

2017 43 H 29 H 2 REEALFHE T, BKIESE

2017 43 H 31 H INT T 4 EHR

201744 A3 H IRT T

3.7 4 RNA OfffitH
ISS #17E |-THEMi S 417~ Run 1, Run 2 38 L OVRun 3-1 D& FBR) H1G S - B s e R 3#E %
Run 4 DS HAFHAVTZEHS L B 71 2 3R 2 36 JUMER | 1 g B85 T Ol L7 ExchiR Sk
DA 2 % [FBRCHRE L. RNA I L7z,
b=y RUIFAEZTIE, BRo 7 v 768 CGRAEZm 5 0~3mm) &, _HiRtho-1-34[) & <1
B (7> 7 OF 3~8mm OfElL) FI A HEEHFEAZ 2B EI0 LTz, #k byt a s dFAEZICD
WL, SO (0~3 mm) . ShEERROFRAFE, P, AL RoJeh (0~10 mm) FBIUMR
DFAFRIRD 6 DOEITHEILT, BHFEZ LD, ENEID Run o &L 3 ROBHREYIR %
Micro Smash MS-100 & — Xt —4— (Tomy Seiko, Tokyo, Japan) % VT 5,500 rp.m C 20 #0fi 4 [a], J&
Wam Do LT, &7 7 v RREITCIE. K ET3mAILT,
O Tk a—/UTHE-> T, TRIFREE (Sigma-Aldrich, MO, USA) A LT, 4 RNA ZHH L7z,
k—2% /L RNA Ofhit$ J 057 = & 2%, DNase | (Takara Bio, Shiga, Japan) ZLEEZ4T >, 78 DNA
ZERE Lz, BONIZERNALY 7VZ A AERPCR (QPCR) obTicfit L7z7eds, F8kidn = 3 TKE
it L7z,

38 U7 WA LERPCR

Runl, Run2, Run3-1O%RNAIFEXScript RTeAZE*~ [~ (TakaraBio) TH#z5 L. iCyclerth—~ L4
4 27— (Bio-Rad Laboratories, Hercules, CA, USA) % FVNTHiE L7-, FEMHIDNARIL,. SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) Z i L CHIE L7z, ®wAE=FV 7 ZHEE LTV T LA
A LPCRIZ, PCREENEH DT Z A ~—37 %A 2 7= Light Cycler 96 U 7 /L% 4 APCR> A7 2 (Roche
Diagnostics, Switzerland) ZA{H L TIT > 72, SBIn IR 7T A ~—Z &G L, U 7 /L% A LPCR
T o7,

PSPINL (77 &> v a &R : AY222857) |22\ T, forward : 5-TGTTTGGTGGACATGAATTTGG-3
"} L reverse : 5-TCTCTATGACCGTCCACTTTTCC-3; PsSDEAD-box (77t v v a &5 : AY167670)
1%, forward : 5-TTGTGAACACCAGACGGAAAGT-3 "% & Ureverse : 5-GGTCCATGTCTCCGTGTGTTG-3'
& L7, gPCR DPsPIN1iX, DNAY 71—+ % 21— K92 PsDEAD-boxiE A T DFEBUI IOV v Tnormalize
L7= [51],

—7J7. Run4®ZmPINla (7 7 & v 3 a &5 : DQ836239) 2oV Tk, KA~ T A ~—IZ., forward :
5-TGTTAGGGACTTTTCATGCGC-3'%3 L. Otreverse : 5-AAGAGCCCTAGCATCATTCCATCG-3', BI W
ZMAUX1 (77 & v v a & : AJ011794) 1%, forward : 5-GTTCCTCGCCATCATCTTCC-3'$ L Utreverse :
5-TGATATAGACGGTGAAGCTGACG-3'L L7z, ZmPINlalZxf§ o/ \UAX—E L Z#in & LT,
B TND~A 7 0T LA T OT — 2 ) SH L TR D ENIREDOELZ T 2 e xF
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PR 1T HZMUPLEIE T (77 7 & v 3 3 V&5 : AMT749995) % H\ 7=, ZmPINlai# s - & ZmAUX1
L OARRFBE L. ZMUPLIE(E - D3 BIZ% L Tnormalize L7=, 728, ZmUPLI&(s - DOFRI T Z
A ~—I%. forward : 5~-TGGGAGTTTCATCTCGTCCAT-3'5 X Utreverse :
5-TCGTCAGCAGGCCCTTAGAC-3'L L7,

BPCRIZOWTIE, TR A65°CH>595°CE CT0.2°Clsec T LF- Xt A ORIfRIERN D K55
DNHE—DEFTH D = & 2MER LTz, H#rid, 7 LTl S 7=3BIRORNAIZ DUV C3[E[T 1T -
77

39 [y L AVEOMME AL T my MM

Run 12545 572 3RO E L B HAE 2 (2o TIL, TEMSRRE, _EiRdh7- BRI L ORCF-3Em
DEHFEET, BELORUN4DTFL N 7 E 1 2 3L X OYFEEEO S (0~3mm), ShEEREOFRAR, +
i, ATE, AR OS5 (0~10 mm) 36 KL OMROFRAFFRI D6 S DERI X, 0.2 mIdffiH /Y~ 7 7 — (8 M Urea,
2% (w/v) 3-[(3-cholamidepropyl)dimethylammonio]—1-propanesulphonate (CHAPS), proteinase inhibitor
cocktail tablets (Roche, Germany) % %3 50mM dithiothreitol (DTT) TEEREL 7=, [RHED5% (viv) SDSIA
R RE T — MIMRA TR NS 7 B i 27210 REVR— F24°CTURRIR & 5 L7z,
4°CT547[#113,000 g Crzd Loplile L 7214, Mo " B aite 2RI LT, B2 ™7 Blpsyho 2
A7, B OFBASC (GE Healthcare, Tokyo, Japan) (26> CT2-D Quant Kitz W CTER Lz,

PsPINL 33 X N ZmPINla & > /87 B OEER LT T A X 7 v MEFTE, BRC#E LI BRI~
TITo7z [49), #x 374 8ug % Ready Gel 5-20% (Wako Pure Chemicals Co., Osaka Japan) % FH T
SDS-PAGE |Zfit L7=, SDS-PAGE 4. # L /XJ /&% KR 7 v{ke’ =V 5 % (Bio-Rad Laboratories, Inc.,
Tokyo, Japan) |ZHEE L7z, 71 h L7EEZYES Sy 7 7 — (137 mM NaCl A &1 20 mM Tris-HCI /3 >
77—, pH7.6) THHFL. 5% W/V) AFLINT LA FaXx—h LI, Toy hLizAVT L
YEFIPPINLFUE L A o F a— b Uiz, —UFURE A > Fa—Tar Lk T2 (-
3 VAR 7 7 —C3EPES LTz, WRIZ, ATV XA B— 3 UEE 10,000 (EAR LBt
¥ Ig. HRP fEA7"— L Ab (GE Healthcare) & & $1Z 2 FEfilA > = ~X— k L7z, 14 L7-%. ECL Select
VxAZ Ty T 4 v RS (GE Healthcare) & A > F 2X— k L7z, VersaDoc > AT A

(Bio-Rad) i L TIbZFRNT 7 Izt Uiz, n—F 47 ay ha—i e LTL HIB-727F
> O—HUA (Clone C4, Santa Cruz Biotechnology, CA, USA) & “kHiA. HRP f&& Whole Ab (GE
Healthcare) Z i\ =, VA X T a7 4 7O, Imagel Y7 7 =7 (Wayne Rasband, National
Institute of Health, USA) %4 L T PsPIN1 33 X TN ZmPINla & /X7 B OFREE 2R, WNHHEAEL LT
W=7 7 F 2 Tnomalize L7z, #EEHOMHCIE, 3D L7 1 v T 4 v Z T b T —
2 LT,

310 L RER b RAT
3.10.1 PsPIN1 HifA&$s L OV ZmPINla Bk DOpEA

PSPINL 7R U 77 0 —F VFURD FEA DWW TIILL F O I CTf T o 7= [48), PSPINL OFU/KMGERD T 2
/ 1% 387-400, §723>H VDGHRETQEDYLEK % [&fH~7"F N5 Hki% (Eurofins Genomics, Tokyo, Japan)
P> TH LT, KIS, (BOe~TF RidduUR &3 57291 keyhole limpet hemocyanin (25 L, ¥
PR 77 BRIGEE LT, A—B—OFUREET T h 22— /UZHEV, PSPINL AU ST F RIZRpRMEE
IRTT 7 4 =T A FERE T C, RV 7 m—F U1 PsPINL HLifii 245372,

ZMPIN1afTRDFEAEIZ OV T B [AREDO THEIZ L > THT - 72 [49], ZMmPINladBUKVEREROD 7 </ 15282
75297, 372> HGATPRPSNYEEDPQGK (accession# /5 : DQ836239) % [EFH~<7"F KA kik (Eurofins
Genomics) (ZHE-> TERL LT, &57-~7F R keyhole limpet hemocyaniniZfE & L7z, 7 ¥ =3
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b EIEA LIUR2 mga 77 B U s Ltk B onIcAR Y 7 m—J L HiZmPINlaftiis 2,
EEEOPUAPEET 1 s a2 — /UZHE> TZmPIN1aFF R A Y ITF RICK L TT 7 4 =7 4 — i %
7. AU 7 v —F HZmPIN1af s 21577,

3.10.2 PsPIN1 335N ZmPINla % > /X7 B O ik b

Run 1 55T, 3 HH ISS OFH pg B LOFH 1 g B Ol S8 70 b= R OFFA 213k
FRIZEE S, 1SS 36 L UM BIfists & mslE CIREIREZ 2°C ITHERF L T IAXA S IXFHE V¥
—ZEfF S, by RUFEAZ O 70X, CFB H17C nAES0 DEEHRIZ 13 H FEIERTF S 7=,
b=y RUFEAEZ OV 7 V% CFB HLELD Y L7=tk, EidliEl (73 L O FEERD) B IO
TEG 7 7 fEI AR L, REE & LTI BT 7 USH L < RS L 72 nAESO [EETR & 1= S,
ACTWRAF LTz, =& /) —/L & tert- 7 F LT L a—)L s ) — X TRk LT, 7/ % Paraplast Plus
(Sigma-Aldrich) (ZH&®iAA, 71 h—2A (£7 /L RM2135; Leica Biosystems, Germany) T/E X 10 um
DR ZFRLL, ) arTa—TF 4 VI ENZATA RHT ATENZ, St by Lo
A = BIEI T Gl L= 5 (48] 12> Tl L7z, Run 1128155 5 RO L7-#k
T RO Z B ik b et PsPINL 58 & AN BT ER#IT A Imaged V' 7 ho =7 A L
TiTo77

ZmPINla & /7 OGP HR LI DN T, T CIClE SN TV 5 ik [49] 2 —fMEE L TF
i L=, EDMOFBRI TR OV b=y RUEEZ OBRE L FETH D,

311 Rt

HEtE. RY 7 o =7 71 77 A (R ver.2.14.2; htp:/Mww.r-project.org; R Development Core Team, R
Foundation for Statistical Computing, Vienna, Austria) # /L CiT>72, [E RS, [TIBAOEE), 1
L THEE OB OEWEHEET 572002, 287 Qw) E/2IF3EF Gw) DT (ANOVA)
R ST CE Uz, SEYD D 723512, post-hoc Tukey multiple comparisons testiZ L - CZ D7 %7
NIz, POOSTHIUTHFHNAE THD &AL LI,

4. FEERERB LURCR

Auxin Transport FHEBRIT. JElR LIE AT Y a—Uht - CIEC S92 Z LN T& 7=, F£7-.
T VIFRE O FIZISIT 2 AT IR G e < EiT D Z LN TE L, EMFHEERETIL. I
O DOFHIEFRORZ GRS MO E L TART S Z LI L TUWadd, 2019 4FEEIZTCILT 2 s ERE
FEICHIRIAZR S, BUE LIROF O ERTTHY . B2 A TV 7 ERAITHYT 5 2 OO
1 FRiT R Ch 5, 2B RE O LRI DWW CHIERSUFRZHET TH 5, L EDO LD | Auxin
Transport FH ERIZHOWTII R TOEFHE A2 R TEX 2RIUZH Y, KEEEITHDH EAA LTS,
S 512 Auxin Transport FHf FEERO IR A FIR IR 2B ATV D HiL EEAFESEBROFER S L OVE ORILER
([ZOWTH 2018 T TIZ 2 w3 & L CEESSICHIBIAR LTz L ZATH D,

LLUFIZ Auxin Transport F2H7 5288 CfF D= #E R 72 B NS Z DRI OV CRER T 5,

41 FH g BT TSR Db v R 3R X OpliR & S
ISS  CBEF (24317 251 pg & FH 1 g BjEE CORb o R U3 Z DRk & FEEITHOWTHIR L7z,
RFH pg BRFL & A —F L ARSI EAITH D TIBA & OMALERIZ OV T HIH~T,
WiE B THK 3 Ffkds KON RARICHRSE SV O BRSO TREMTZAT > 72/, T
LgBREE &l LT, T8 pg BRI = RV RURE - DRFITIT L A UL L7212 b 0D, 34
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Z DR EFEIITRE B LI, #/K 3 BROGHEMN D, 5 ng BEIIHFA 2 OERE L Z0);
MICHEE L7 (B4), F9H 1 g B35 N C 3 HAE S8 7osbm FU3/Ex Bl 7245054 90
R TR L (R 4), T8 pg B2 T C 3 AR Sk RUIFEAEX FMEhORREIL, 5
H1gBRE T ORE Lbo g L ChPaicES Iz, Bl X 7 3E@irty G L, 7315
40~50 RN TR L7, B e FRRICIRORE Fm b8 sz, T 1 gBREE ToEb— R
FAEZ ORI, 1HF 19 DESRZ MAFINCEE Li-, W2, 8 pg BEE F CldE Lzibm > R
FAEZOTRTORIL, TN DR 20 FEEEN D HIENCBE Uiz, ZTORES, 5945 ug 5 F Ok L7z
b= R OIFE X IFEBPIER R E R LTz,

TIBA [, 1SS N CBEF DT 1 g Bebids L OYFH pg B OV AU BN TH = R FORIFITIE
LRI LI o7, TIBA X, T8 1gBREE F Ol Lk Ry OFEZITHBWT, _Lifdho
HIERIEREI AR DI 2358 L= (M 4), TIBA L, T8 19 BEE N COMROMEHE OFE S EMHRG
LT DL L BIT 7y U AREE TCORDREE LIROEF AN LT, 5945 pg 85 T Tl
TIBA | Endil S AR DR 2K T S 872, FH pg BREE FOiiR Lz b L7c— 2 RO O X TIIRN
LD TR L7223, TIBA IAROEEHFMNCEEE L, —EOMBIRF E21de v 7 v —/L Kk
IR THER Lz, £72. 5980 pg BRBE T, &AHPICRE LIARORE SITIF E A S B L -7z, H#
EXIRFEERTIEL, 30uM O TIBA I E#E b= RO A% FMOMMEMREZ% L <BHFE Uiz, 5 ug B8
BT Tl TIBA OF DOFLESRITBER SN2 -T2, ZHHOHEET, TIBA T png B FCTAB L
7oA Z O BRI Tl ARIZB W TS, ZO BB Z S 37 reRCEE LD
ZEEREL TN,

Run 3-2 FEEACIX, 77 UV UIIBBIER T v v "—NOsE b= R34 X Ok & %613 CBEF @ CCD
A AZIZE > THBIMICE SRS, b= U4 X ORRE 2 EESRICAT 5 & #K%E 3 B
F T, FH pg BEHIREICOTMNCEEL, ZO®RITIREE L, STS95 FHEERCIX, FH
ug BRBE N CRkE L7265 B0 b R34z EIMioMER L, HbefoZzn L i L Ch
EICHE S [45, 46), Ak 1SS TOIFBRIL, F7H pg B E{b—= 2 RO IFEAEZ OREMRRIZE
BHNEES 5 &0 ) LIRIORERZE T2 D Th o7z,

WRECRIIRAT N D | Fa/KTR 2 B ECL FHH 19 8RB POk L7 bm o RO 3R L5594 pg BREE T
B L= by RO EEZ IR, & HIE O B x 73T < C 780 D X5 HIANCH 40 LA
STz (R4, EDOh, FH pg B FCO_ERllE Z o5 ma R L7ens bk Lz, —J7, FH 1
g BRI N OAE Lz B sE S iE, AOBEJEMISEIC K-> TXEN M Ebo T, FEFE%
T, AR Z R o/ Bf 3T 0 1 g B F COLBIE SN2 &0 D, BIFEEKE OV
R BN E SRR A ST TN T EAVRIB S I D, FERIZIR L TR, 75T pg BB 1 Chk
FLIEHEZ OBROREF NI T Y, [FREOZELDFR b,
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L

Space artificial 1G-Water

25

Epicotyl growth, mm
= =
=] w =] w

Artificial Space uG Artificial Space pG
1G Water Water 1GTIBA  TIBA

4. TIBATAETFTRIOIEFET, i 1g (Arificial 1 G) X OFH pg BT

Epicotyl bending, degree

90 r

5 r

45

30

15

b= RUFEZ O FIRhoOR (/) LmihAE OF)

Artificial Space uG Artificial Space pG

1G Water

Water

1G TIBA TIBA

TICBWTABR LI-HK
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30 . 105
w
=
=
25 - LG-Water ?.. 90
°
E - o= Art-1G-Water 5 75
. €=
g E 60
15 g3
= & ¥4as
£ 3
S 10 2
& @ 30
=E
3 . 3 15 —*uG-Water O ArtlG-Water
z
0 2 0
42 48 54 60 66 72 78 B4 90 96 § 42 52 62 72 82 92

Incubation, h Incubation, h

(5 FHlg (A1 G) BEOFH pg (G) BREE FIZRWTAE Licsb—r R 3R FIREoORL
£ () LEihAaE )

42 T pg BREE FICRIT 28 b e m 3 VAR OpfR & FEiE

FH pg BEEONEA b v 1 2 U X GIBERIC R D A — % U RS B A (et L 72 STS-95 T E
BRCOMRERGRET D720, FTHTOHFEZME LHE, BLOA—F U tiBEz i - 1 g 55
TObHOE G LT,

E 2BV TR 4 B BICIRE L7233 EZ OBEND, FH ug BBEEIX. hvEna v o105
FINF L A ERBE LI 2 Eivbirot, Fio, Bt b UEm 2342 OSEERIIREITME L
PSR E T v F LGB L CRE L (K6), 7, M b1 g T ORE L by
T LTI S L PN T E S B R &S, BHRY ML SIS OHNTAER L
7o T pg BRBE Ok L723&(k b 7 v = 3R X OSEEIR LU R S1%, Hi ExXERSERO 2
e L TELIAESNZ ("6),

e e e e e e e

J |
mEa! SaAS
L - AP
I1_._ -
I L | e =
q | ]
-4 = -1
At~ | —f
g ommcine
e - ]
SN 401 )
**atering “60mL x 2times”
Maize seedlings grown under Maize seedlings grown under
1 g conditions on Earth microgravity conditions on the IS5
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60
@ 1G ground

0iss
50 [

40 1

30

20 :
10 | I
0

Col.

6. FH pg BT (ISS) BLUME (1G ground) (T 2k hUERr 2T 3F4E % (Col. ShEEH,
Mes. HHfifdh) DR & FsE

Lengtn, mm

43 FHF pg BREE FICBWTAR L-d b= R U3 2 EIREoO A—2 o AR E)

A, 1SS FHIEBR A I LT, T pg BRI N OB L7ci b=y RUIFEEXICBIT 24 —% 2 U4
PEBENC T 2 B/ DOFEE T, UC TERR S IAA Z b RO 3EA 2 B Jeim{il e
B L. 1SS D% v B NOFH pg 81l F CEOBEZRH~LZ & & L,

1 EIEEEBROFER NS, # by RO EE . SR TERI IS D A — % o AR ERENE D
TEARDOZEINL Y BIXDTKRENE WO FERZ B E 2T [38, 39), 1SS FHFERRIZIWTH, s
DFHENF X OBRFHANC T THA—F & AR BN 2 ~7-, #0E EEBROKE THRICHHE Sz iklb
T oA Z BRI ATE, I EOFEBRRICBWNTHIERT 5 Z LR RIA T A A ETTHEEAIB L
OB AN LT (R3), IR ORI OIS RS U 7= BTS2 B8 L7 1AA D& L
L7z,

FH 1gBREE FOlE Lk RUFEEZ O —F v UMM EN T, i E 1gRE T ORE LD
O LIVHEFREE CTh o7, FH g BRBEClE, THEMAS X O T ERfho A4 —% o AR Eh A &
AT L7e, TIBAIX FH 19 B L OFH pg BB F COA—F U AR EN 235 L (K FSE72720,
F— 2 RN O LT, TIBA IXFH pg Beb S FHAMER T2 2 L 0V S/, STS-95 FHT 96k
IZBWORE L7z X 912, AR OTFHFFEBRICIBO T, A—F 3 UEBEN O T3 ng B3 KT
wibey RUFEX ORE (ARATEREERD) CHEBECEEL WD Z EavRshz (X 7).,
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120
B Proximal side

O Distal side

L1

Art.1G-Water pG-Water  Art.1G-TIBA nG-TIBA

100

80 r

60

40 r

20

IAA transported, % of 1G control (proximal side)

X 7. TIBATHETBIOIFEET, FHi 1g (At 16) I LU pg BB FIcBW AR L-be
R34 2 3] (Proximal side) 35 X OV F-EEMH] (Distal side) _EARHHOD A—2F 3 L i Eh

44 T pg AR FIZBWTASR Lk h UEw a L3 Z O —F o R E)

T CITIRATZ L 912, SOFH IR TN L7 3EEE L O M2 472 1R | IR B s
THEGE ECHRE SN, TOFEEMETHZ L IRE L, BEEIAA 25T /U TRE LTS
BEMR Y R BEFE LT=1%, Yl % 7 20 zone |25 Lz, Y OEIOE Sy & BT IAA 285 LT SOkt
MEZihEizoned & zonel & L TEFER LTz, ik hVEa a v OFEEZ OA—F 2 AARMEBEIOH E
RIPRERRIE, FHEBR G SO I U O E SRR S =Y R 2 VT T o 7,

zone 7 725 zone 5 12T T, IAA ORREI IR 2 IZIK T L7223, zone 4 CTiEZ D IAA O—IR 725 F5 M
OB (X 8), FH pg BB F O L7ow b b 7w a U BRI 5 4 —% o kR
BE, HE1gRE T CRELEZLOLY bEEICEN-T, AROFHERICK T HF5R &Rk, 5
b b UEm a T AFEZ L U OA—% 2 AR ENL 3D 2 U J A v N TOHELNREEIC L -
TRELRDZENHRE LTS [45,46), F7z. IEEMRICIST 24— & O AERENT, TifdEhicds
FOA—F AR LY b ARICEWZ L bHE LTS [50], LAEDOFEFEL, A —F iR
BEMEIC3E T2 T pg OFBNTE L U r 2 U HAE X OYEE & R TR 5 2 b Hi (Tebh
LG & IR OREAER) 1 ISBERE) & IR I S AL D A 2 v DA IR ATIERGT & L CRERE
LTWHZ EZRRL TN,

18



1400
=
1200 —
OSpace
g. 1000
g=]
"
= 800
o
o
2 L
o 600
E 400 [
200 ﬂ
D —
1 2 3 4 5 3] 7

Zone
Basal (1-3 mesocotyl-4 node-5-7 coleoptile) Apical

8. FH ugBRBE T (Space) BLOMIE (1G) ICBWTAER L N vEna Iz 04 —%
R

zone 1-3, FfRdh, zoned, £fi (MRl & ShEERI DR . zone 57, SIHEH]

HEEA—% 2 (MCIAA) TSRO SE N - ST,

45 PsPIN1 mRNA OEFET 25 pg B IBREE O
9A I[ZBWTRENTNS LBV, 3 JEhLE ANOVA OFESEMN S, Bk N34z L)
(subapical) FEIEIZI51T 2 PsPINL mRNA O&FEIL, [EEREE (G) ) LU TEfko@E - (T)) 12k
THEHOCEEEZN D Z L b=, [G) x [TIBA (S) O] OMAIEROEIZBNTE K
EFERL LT (E9A), post-hoc Tukey multiple comparisons test OO 5, ¥72 % B 1BRES T ChRcE L
=Hb=y RO EZ O BIREhO TR D PSPINL MRNA OFFEII THMI O & g L=
7R 128, BEFHER & Hole % & FHERICO P NS B MBI A DL (R9A), 2 SihcfE ANOVA
DOFESR, 34 Z OTESSRET (apical hook) FEIE T PSPINL mRNA OERIL, T8 g BRBE DO A4 %
FTTND Z otz (9B), EIBREL L (TMERIRIZ, 30uM D TIBA I&, Lo 7444113 LU
FHEMITD PSPINL MRNA OEREICE U eho7= (K 9B), LU, 5 pg Babs FORE L7344 %
DTEBRERREAER T, PSPINL mRNA OEFE 350 19 B2 FCRE L= b D X0 & K& ) - 7- (K 9B),
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A: subapical region

25

T *

o
o

-
o

-
o

ab

Relative intensity of PsPINT mRNA

o
2]

0.0
19

9. PsPIN1 mRNA OEFEIZA3 5 FH pg BREEDH

ANOVA results
G *
S ns GxT

GxS
SxT

ns
ns

GxSxT ns

| Ground  Artificial

1g
Water

* L EHAICAEZED D
ns AR EZER L

46 PSPINL Z > /™7 BOERUT 25 pg E/JEREED

3 JTCACLE ANOVA I, & HBREEIC 1T A b v R34 2 Fshoo 7RI Co PSPINL # > 787
Gy x [T) & TS) x [T OMHESERZEIZHKE 72D
S (K 10A), post-hoc Tukey multiple comparisons test (2 &2 0 | 72 2 B/ JBREE FOliE L7-#b= >
R 3EA 2 O FIHOFZAITTO PSPINL & > /X7 E OEREIL, RO & g U CEIT Do T2
23 (B 10A) . SC7-HE(H] & bl U C 73 TR R & < 72 MR H H Z L VR E N7, FHT ng BRET
TCHE L7ci b= RUOHFAEZ T, TIBA DIFEE N T, -3/ PSPINL & /37 E D
I FEROZN LY AR -2 (R 10A), —77. 2 JchdiE ANOVA OFERDG, #fbm 2 R
D DA Z OTESRSTIRTERN 351 5 PSPINL & o /7 B DEMEIL. TIBA OIFE FE£/2I13HEFE T CH

DERBICHEEN DD Z L ZR LI,

ab

pg in
space

Distal

a

ab

Hg in
space

TIBREE DA Z T2\ T L vb-7- (K 10B),

B: apical hook region
ANOVA results

Relative intensity of PsPINT mRNA

Ground Artificial pgin |Ground Artificial pgin




A: subapical region B: apical hook region

Water TIBA Water TIBA
Ground Artificial  Hgin  Ground Artificial Mg in o . )
Ground Artificial pg in Ground Artificial pg in
19 1g  space 9 1g- Space 1g 1g space 1g 1g space
P DPDZPDUZPUDUZPUDUPD
PEPINT | w— c— —— — —
PSPINT | i s s s s e s s
Actin -—-—..& A —
L I e —
20 2 ANOVA results
z ANOVA results OProximal ~ @Distal 3 = Gns GxS ns
T G™ GxS ns ] T S ns
5 S ns  GxT E w7 w 1.5
o 15 F Tns SxT * 7 o .
P GxSxT ns % 5 N a
; ab ab ab b ab % =
@ 10 b % ‘s 1.0
b 7 @
£ : | £
! 7 | e
2 08 % || 2os ¢
5 . =
v | | e
€ oo 24, /1 oo bl R B RG] REd R
Ground Artificial pgin | Ground Artificial  pgin " |Ground Artificial pgin | Ground Artificial pg in
1g 1g space 1g 1g space 1g 1g space 1g 1g space
Water TIBA Water TIBA

10. PsPIN1 % /"7 B DOZERRITKRIS 5570 pg BREEDs 8

A7 FH IR EE R OTE

ZAVE TOHL EPRFERRIZIBOTE, TS TSRO FE E R 2 W CRRBR 2 320 L7, LasL,
FHER T, LFREEROERFIOREYIFNHE L 725, T72b b ALFEERZ T ERic/ER L,
{EEEERBRICEAL, fIb EF5 22825 L, HFERE T3, B, 1~2 » HRRE S
NIACFEEH 2 VD Z EBNRETH D, Hib= R34 2126 LTE, nAE50 3 L TN ndAES0 %
TR, 1~2 » AMWIERE L, 2 a2 HOTEREE 1 AREFEE L7k, Bk b Esic Lo
TPsPINL % R EDRHE AT Uz, Batofdt, 1ERG% 1 » A MR © nAES0 35 U ndAES0 C
IZ PSPINL D JSES 7 M I BRI -T2, LinL, TERI% 2 » H RS O nAES0 35 L TN ndAES0
TlZ. ndAE50 X Y & nAES0 DIE 9 T, I PsPINL Z 2 70 B D JIAES 7 F N EGHND Z L3
oSlz, ULEOFERNS, FHIEBROT Y Ro A2 AHOCFEEIRICIZ nAES 2 WD Z L & LT,

—J., Eib v 3 A Z O 2 REEISHR LT, 1 ETPESERRCIE nAMBS0 23 CTdh o 7273,
FERROFHFERY L 7 /T L CIRBETE & 72> 72728, Camnoy & V=, AL EEK T, EHIC,
TP LA fRAT O AR~ L R 0 525 pg B FIZ3817 % PSPINL 38 LTV ZmPINLa # > /"7 EDJRE
IR LT,

4.8 PsPIN1 % > /X7 B ORISR 3T 255 Yg 1 BREE D2
oD PN RIS RIARIRL 351 T 5 PSPINL & L /R DJFHEIF 4 DD X A T END, T 70b b,
LSRR, FEEER-AIE ] G ARl . il G AAD . B LD TdH D, PsPINL i, FIZ 1SS
OFH 1 g B PR L UMER B> 19 B3BE FChkiE Lz #bm > Ro3E 2 o Bl (subapical) #EC
%, NEGHREOAREED ZE YA GRIA) ~OJFENTRD B, HiERK Eod 1 g B85 T ChakilR L7234
ZClE, PSPINL % > 7327 B D#) 80~90% 7314 Esihon PN Bz HAa OO ARREAR O FLENZ JRFE LTy vz

(®11), 3 JchciE ANOVA FEHTOfER, PSPINL & o727 AN F-HEM_EARsHoO A FEAN JRE L
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TEABROBERL X, KT EIDZ N E RN EovREnT: (K12),

PSPINL Ol FEECHMH,  FEER-HIE A, 38 X OB~ BAEZBIT % 3 JthdiE ANOVA fiftT
DfER, 16 BRG] x [S] OHAMFEMMRIAEZEZSA BN (K 12), TIBA DIFEE T, FEFE
T BT, RO ZLEA O PSPINL B7EIL, FH ug BREIC L > THEIE T L (M12),

TEIRERIRES DN BRI OB Z 3317 5 PSPINL & o /7 B D JaifElL, 3 DA A AT ENTz, T
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49 Fb b UERaTOIEZITIITSH ZmPINLa 35 KON ZMmAUXL mRNA ORISR 25 g Bibs
DFE

UTNEA I PCR HTORERIL, hEERDSeih & 2O Tk, 3 L Oz %5 ZmPINla
MRNA OERT, H ECHE L2k 7 r avo3Ex SITFERBRECTHH = & 4R Uiz, Tl ug
BREE T CRitR L72 3k b 7 v = U3 AR X OSBRI NEEEGS L OHIMiicis T 5 ZmPINIa mRNA
OEMIL, 19 BEE FClE L2 EZ 0L 0 LIRERRE TH 7208, T8 pg BEE F Ok L34
X DEHHERGCII R\ ME A STz,

FN7ER T TIE4 D0 ZMPINL 77 7 X U —i#{s 1. ZmPINla, b, ¢, BEXOd BEEINTE
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EHTRRR I > T2 N ESHITES X O EC IO MO I ECER A (R (ZRFE LTz, FH ug B R ¢
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Summary report of the ISS-Kibo utilization mission,
“Studies on gravity-controlled growth and development in plants using true microgravity conditions
(Auxin Transport)”
Principal Investigator: Professor Junichi Ueda (Graduate School of Science, Osaka Prefecture University)
March 2, 2020

We conducted “Auxin Transport” space experiments in 2016 and 2017 in the Japanese Experiment Module
(JEM) on the International Space Station (ISS), with the principal objective being integrated analyses of the growth
and development of etiolated pea (Pisum sativum L. cv Alaska) and maize (Zea mays L. cv Golden Cross Bantam)
seedlings under true microgravity conditions in space relative to auxin dynamics. Etiolated pea seedlings grown
under microgravity conditions in space for 3 days showed automorphogenesis. Epicotyls and roots bent ca. 45
degree and 20 degree toward the direction away from the cotyledons, respectively, whereas those grown under
artificial 1 g conditions produced by a centrifuge in the Cell Biology Experiment Facility (CBEF) in space showed
negative and positive gravitropic response in epicotyls and in roots, respectively. On the other hand, the coleoptiles
of 4-day-old etiolated maize seedlings grew almost straight, but the mesocotyls curved and grew toward a random
direction under microgravity conditions in space. In contrast, the coleoptiles and mesocotyls of etiolated maize
seedlings grown under 1 g conditions on Earth were almost straight and grew upward or toward the direction against
the gravity vector. The polar auxin transport activity in etiolated pea epicotyls and in maize shoots was significantly
inhibited and enhanced, respectively, under microgravity conditions in space as compared with artificial 1 g
conditions in space or 1 g conditions on Earth. An inhibitor of polar auxin transport, 2,3,5-trilodobenzoic acid
(TIBA) substantially affected the growth direction and polar auxin transport activity in etiolated pea seedlings grown
under both artificial 1 g and microgravity conditions in space. These results strongly suggest that adequate polar

auxin transport is essential for gravitropic response in plants.

To clarify the mechanism of gravity-controlled polar auxin transport, we focused on the expression of genes
related to auxin efflux carrier protein PsPIN1 and its localization in the hook and epicotyl cells of etiolated Alaska
pea seedlings grown for three days in the dark under microgravity and artificial 1 g conditions on a centrifuge in the
CBEF in the ISS, and under 1 g conditions on Earth. Regardless of gravity conditions, the accumulation of PsPIN/
mRNA in the proximal side of epicotyls of the seedlings was not different, but tended to be slightly higher as
compared with that in the distal side. TIBA also did not affect the accumulation of PsPINImRNA in the proximal
and distal sides of epicotyls. However, in the apical hook region, TIBA increased the accumulation of PsPINI
mRNA under microgravity conditions as compared with that under artificial 1 g conditions in the ISS. The
accumulation of PsPIN1 proteins in epicotyls determined by western blotting was almost parallel to that of PsPINI
mRNA. Immunohistochemical analysis with a specific polyclonal antibody of PsPIN1 revealed that a majority of
PsPINT1 in the apical hook and subapical regions of the seedlings grown under artificial 1 g conditions in the ISS
localized in the basal side (rootward) of the plasma membrane of the endodermal tissues. Conversely, in the
seedlings grown under microgravity conditions, localization of PsPIN1 was greatly disarrayed. TIBA substantially
altered the cellular localization pattern of PsPIN1, especially under microgravity conditions. These results strongly
suggest that the mechanisms by which gravity controls polar auxin transport are more likely to be due to the
membrane localization of PsPIN1. This physiologically valuable finding of a close relationship between

gravity-controlled polar auxin transport and the localization of auxin efflux carrier PSPIN1 in etiolated pea seedlings



based on the microgravity experiment conducted in space will contribute to establish how to cultivate plants in space
in future.

To clarify the mechanisms of microgravity-enhanced polar auxin transport in shoots of etiolated maize (Zea mays
L. cv Golden Cross Bantam) seedlings grown under microgravity conditions in space as compared with seedlings
grown on Earth at molecular levels, we also investigate effects of microgravity on the expression of gene encoding
essential efflux carriers for auxin transport of ZmPINla proteins, and cellular localization of its products. The
accumulations of ZmPINIa mRNA in the coleoptiles and the mesocotyls in seedlings grown in space were almost
the same as in seedlings grown on Earth. The amount of ZmPIN1a proteins in the coleoptiles and the mesocotyls in
seedlings grown in space was not different from that in seedlings grown on Earth, whereas microgravity conditions
tended to increase it slightly. Immunohistochemical analysis with a specific polyclonal antibody of ZmPINla
revealed a majority of ZmPIN1a was observed in the basal (rootward) side of the plasma membrane of endodermal
tissue cells in the coleoptiles and the mesocotyls, and in the basal and lateral sides of the plasma membrane in
parenchymatous cells of the coleoptiles. Microgravity substantially altered ZmPINla localization in the
parenchymatous cells of the coleoptiles, shifting more toward the vascular bundles than those grown on Earth. These
suggest that the mechanisms by which gravity enhances polar auxin transport in maize shoots are more likely to be
due to the altered ZmPIN1a localization in parenchymatous cells of the coleoptiles, which facilitates auxin loading
into vascular tissues, than by the enhanced gene expression of ZmPINla or the increased ZmPINla proteins.
Together with our previous ISS results with peas described above, these suggest that gravity substantially regulates

polar auxin transport, depending on plant species.

We have already published 2 manuscripts (plus one submission) relevance to the ISS experiment results (full
success) describe above. In addition, we are now just before submitting a manuscript of microarray analysis of gene
expression in etiolated pea seedlings grown under microgravity conditions in space as an extra success according to
the program of this space experiment ‘Auxin Transport’. Preparation of a manuscript relevance to plant hormone

estimated is now under progress as well.
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Summary report of the ISS-Kibo utilization mission
Effects of space radiation to mammalian germ cells (Stem Cells)
Principal Investigator ; Takashi Morita
(Osaka City University, Graduate School of Medicine)

Jan, 2020

When we think of space environment, we must care about micro—gravity and space
radiation. Recently, it should be planned of manned flight to develop earth-moon and to travel
to mars. So, it is necessary to establish risk assessment of space radiation during the long-
termed flight and stay in space. Space radiation is low-dose and low—dose rate radiation, but
it contains heavy particles as carbon and ion having high LET. In our project, we planned to
launch mouse embryonic stem cells (ES cells) as frozen condition to ISS. They were retrieved
to ground after about 1, 2, 3, 4 years. We studied biological effect of space radiation and
compare the data with the physical data to use PADLES bio—dosimeter. Our purpose was to
know the biological effects of space
radiation to mammals. Space Radiation

In this project, we launched mouse ES
cells of wild—-type and histone H2AX-
deficient ES cells after freezing and
kept them in freezer, MELFI at =95°C in
ISS-Kibo ( Fig.1). After 14, 23, 38, and
52 months, the cells were taken back in
dry-ice to the ground. The thin and
small bio-dosimeter PADLES were

ISS (Kibo)
MELFI -95°C

38E8

attached to the cell samples in the (2013 March 1 | 14M 23M 38M 52M 52M
MELFI. The absorbed dose rate is about @ mﬂ} Fﬂﬂ (] FIEH Fﬂ]ﬂ
0.36 mGy/day, and totally about 0.57

Gy of space radiation was absorbed by Fig. 1 Scheme of space experiment

the samples of 52 months.
(1) Analyses of chromosome aberrations

The mouse ES cells exposed for14, 23, 38, and 52 months in ISS were retrieved. They
were thawed and cultured. Then, chromosomes were spread on the slide glasses. The
chromosome were hybridized with FISH probes and observed by UV-microscope equipped by
Cytovision software. Wild-type cells of histone H2AX had normal chromosomes kept in ISS
for 52 months. When we observed H2AX (+/-) ES cells, we found increase of numbers of
chromosome aberrations depending on the duration of stock in ISS.

We also showed chromosome aberrations using mouse ES cells exposed by proton and Fe
ion-irradiated at 0.2Gy and 1Gy using HIMAC accelerator at NIRS in Chiba. From these
results, we can give supporting evidence from biological aspect to space radiation risk
assessment to mammals.

(2) Analyses of development of mouse ES cells

Mouse ES cells stocked in ISS or on ground for 38 months or 52 months were
microinjected into blastocysts to make pups. We obtained chimeric mice with white and black



coat color from 38 and 52 months stocked ES cells, either in ISS or on ground. It showed
that both mouse ES cells had capability to differentiate to produce adult tissues and organs.
Those chimeric mice had crossed with C57BL/6 mice, and black mice had produced, showing
that both ES cells kept in ISS and on ground for 52 months had ability to become sperms or
eggs to transmit. The black mice derived from 38 months stocked in ISS were further
crossed with C57BL/6 mice and they got pups from male or female, indicating that their
germ cells were potent to transmit their DNA to descendants.

(3) Responsive expression of genes involving in DNA repair of ES cells stocked in ISS

The importance of DNA repair genes to space radiation was clearly shown by our result
that histone H2AX-deficient mouse ES cells were more sensitive to space radiation than
wild—type cells. We also examined gene expressions of ES cells in ISS or on ground by RNA
sequencing. Although expressions of major DNA repair genes were constant, we observed a
few of upregulated genes concerning stress response in ISS stock. We think they are
involved in the regulation of DNA repair and apoptosis against stresses of space radiation.

Conclusion

In this project, we observed the effect of space radiation to mouse ES cells stocked 52
months in ISS by the increase of chromosome aberration and increase of stress responsive-
gene expression, in spite of the low—dose and low—dose rate of irradiation. To analyze effects
of space radiation from biological aspect is essential for risk assessment of manned flight to
moon of the earth or mars,
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Summary report of the ISS-Kibo utilization mission,
“Characterization of amyloid formation under microgravity environment: Toward

understanding the mechanisms of neurodegenerative diseases (Amyloid)”

Principal Investigator, Koichi Kato, phD. (Exploratory Research Center on Life and
Living Systems (ExCELLS)/ Institute for Molecular Science (IMS), National Institutes

of Natural Sciences)

Nov. 2020

Amyloid fibrils are self-assembled ordered supramolecules comprising proteins and known to be
associated with various diseases including Alzheimer’s diseases and diabetes. Although each of these
diseases is characterized by its specific amyloidogenic proteins, it has been speculated that there exist
common molecular mechanisms that govern amyloid formation across diverse systems. Hence, it is
important to elucidate the underlying mechanisms of amyloid formation for promoting clinical
approaches to the amyloid diseases. Recent evidence has suggested similarity between amyloid
formation and protein crystallization. However, little has been known about the detailed mechanisms
of amyloid formation. Under these circumstances, we attempted to characterize the amyloids formed
under a microgravity environment.

We compared the fibril formation of Alzheimer's disease-related amyloid B (AP) proteins on the
International Space Station (ISS) with that on the Earth and found that the process of A fibrillization
significantly slowed down in the microgravity environment. Furthermore, distinct morphologies of Ap
fibrils were formed on the ISS. Type-1 fibrils, which made up ~80% of total fibrils, exhibited narrow
widths (6—8 nm) at the crossover points, whereas Type-2 fibrils, which accounted for the remaining
20%, had broader widths (>10 nm) at the crossover points. Cryo-EM data showed that the cross-
sectional structures of Type-1 fibril exhibited a compact shape, while the cross-section of Type-2
accommodated a square trace with symmetrical orientation, suggesting their distinct differences in the
relative orientation and internal substructure of protofilaments.

By inspection of these results, the project highlights the utility of the ISS as an ideal experimental
environment for investigating the mechanisms of amyloid formation without uncontrollable
perturbations caused by gravity, thereby providing fundamental insights into the pathological amyloid

formation.
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5 LRBBET, AR/ 4 b, Rk o/ N %D 72 Ver2 Z8EL 7z, 20
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TArA LTHiExy ) v (DL) dd 1R EEER ORI 24 v 7). 2R7 —
2 (WHEBET—%), HS 7—4% GRE, EE. 27— 2 ZF0EHR) 1wz, ok
LoD b, HHSHARTE ZEAICRY (Bl ~ 28I 1, 8k~ 1 6 KRl
), ORTF—% (WBEF—%) # DL L7z, DL a3 h/=7 — 2 3% 2T 7-—
FIAGEFIC X O IFFEE F — o~k L, Rl 7 — X R8T & 2l % 5 2 7=,

(4) PADLES [E[JJY

e EHABRAA 2 & 3 20 H LA EFGE L 7 v 3 7 2 2RI 2B 7 SRR 2 Ak f . R
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HHEco7rHOM., 7—2HRIETE kb o,

(6) PS-TEPC oD AA&k[m]IL
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17




bEToOH FETIcE W T RELOBAEIMRTE T, JRKEN %2 kT T H 2 238
LT3, BHAPICHRELZ N7 70, LE, BonzHRIconwT, £3.3-2 1D 3,

%332 #ELEAREALLY RV AT —VF

HBETRMAREL:.

ELETCLTHIBLE.

g TEARE - nENE LyRUXS—Uk
0BT —RMFTPERE P (ZCPUNR T — . R
ZUte. —E T —ZF Db SHAAYE FIPEETAEANTATILER | () pegan 7055 LOTFHANFE
LT BOHELT . 2BIEMEHBLT RS REToan | ThbcimbhoTLS. MM
Liggﬂiﬁ;‘l%ﬂt:‘;ﬁﬁ?%‘? iz it N iﬁ&f;)%%ﬁ%i{:ﬁﬁtf%ﬁ;ﬁﬁ*ﬁ
| ALEELTLE -, BEHIS. S LA e BoELBL MRS TIND, REBr—X
@ = g BE LSV T by T EDssHIBIEHE - ol iy
D. RSP AT EEEOHR gggfﬁ;’f;'ﬁ;ﬁjﬁ@%ﬁ LEHXEDBIERIEE 0, A—h—(-HEE
ﬁg:—f{?g_ﬂf%ﬁMfﬁxﬁliﬁllb et | B THREE DLENSS.
#EERGOTESAERRENHLET
7L I ATLOERPCOSOE | {8HIZF 20 ssoOELE EEB{EIZDT
AVR=ILFDEHOE2ER | BETIRERERIRLELIERES
EERBAIAA S Hoam B #ISTL AR MERHEN. STIEONT. | HHLOD. HB5IBNE EOsSDIZ L5
@AREL, AT—H AT LERIEL ZMEOSSOEBMTITEFL. | BEAHRS > TV ELS 2 IAXARS
@| fEZB.0sboothIZI—XFHE | BE | ELZRLEECAHEALE, | BELA—H—(Thot-bBbhb. Ch
SARELE, COBRRIIBAMICE FRARENSEBETIABM | FREFO DI T L SR
Y. R TOHMATEEE -, B, tOMOHANR{TE | ThokbhEBEhD, JOU1oME
fitvote. (A TUAALAGRE | BhT . ssoIcBRT 5 FEADNRES
*) LTS RORBEEOLDOHRE
t E S CHA B D HEAROMAC
LROTESMEOT-th. SSDIEHE P i | FRFLRABRENFOFER>TIM=IEM
®| ®L. BEBECEERALLN, — | B | YAPFIT—OREEELE | @RI LY I

Y BB hvhD— o ELHZEB L
KD

18




4. FEEHRE L OHER

4.1 Bl EEBROMER
4.1.1  ASTBCE R 0 B

(1) =RICHRBRENT

il - FEERCEUS L 72 3 RICREF T — & & LT, ¥ 4.1-11C 20017 4£ 2 A 10 Ho DU1
OHET =2 O PR L 720 %l LTRT, u-PIC~OHMEEIZ IOV T, FV
7 F 7L — Vv ~OHNEEIX 3300V TH 5, RUTHENE R, FERIZER 7 4 v F OFiRZR
4, lF LET O E K2 R~FHD I 757 —> a v TRLTWE, AL LDASE
b, FHANER DA X v b ARG 3, AR oM SR % o CFERO 3
RICIEHR % B L 7= D 13 il 23 72 W

HIE St

Fitids : DUI

HIEH  :2017/02/10

- u-PICHIfIERE  : +900V

- FU 7T L — vHNERE : -3300V

(R EAFY 7+ 7L —v, FAu-PIC )

% "\.___________ ____2_'.6
2 0 Anode (mm)

X 4.1-1 B EFRECHUS L 22 ik D 3 RITHRER

ol FEBOREREGED -0, A0 A ALF—0 afiZ 3 2 24Am IR 2B HE
DFY7F7L— v HREHICEE I N T 5, SBICR L7 3 RITRIFOKITIE, X 4.1-2 1
TFT X, MBI ANALF—DERAEHL afiof Xy P 2R EERIT> TV,

X 4.1-3 1, B EW e Fic BT 2380 %, a4~y P 2RI L 25E EORINL 22
WA T TR T, MR F — 23 & 2 BRI O A L R AR T,
D a FHTHEIC S L P 0.1cps DEHCKA a OFHCEE LTI S RTH D, 4 =Y
FeLZyavBIELITORATRE I EZRL TS,

(2) ABHEEHRD A4 <Y L —}

X 4.1-4 I2B T, ERIZA RV b L—F (AFBEHROGHECEE) o 2R L., H
ERFEIIE] (3990 43 1A (ST 2 L — b OB ARG, 4 ERILAEATRE %R
LTHD, ARV IFL—MCEoTEIT LTS, FE-50 . T30 AT ciiic

19




ARV P L= 2@, SHIEE TRIOR T REFER S IE (SAA) L LTHbR TS
M E RIS L TWa,  X4.1-5 1cid, s, JEE, SAA I/ I 78604 XV
FL—toiafi (EB) eA4_v L=l (TE) %27 L7z, REFlE LT2017 4
2H1I0HD DU2 DF =2 bf#fi L7zb D% /RL TS (ZD& EDu-PIC ~DHINE
JEIZ900 V F U 7 F 7L — v ~oHMNETEIX 3300 V), JEMK, ik, SAA fEIgD 4~ v
b L — T DIfED % 1 E L cps. L cps~10cps. 10cps~%H cps ICHIGL TWw3, 2D
Tepb, LAY FIFEHEHRERTHD, L— MCEFIGERL TV Z L2350
25,

( : ) MR

ﬁ*ﬁﬁﬁ&m"/// > L0 X 1.0mm
- l: Drift plane
: —
Am-241 s p —mmE——
selection s <::>
= >
WPIC
g 5.5 MeV peak
250
-3.2 < Xogge [mm] < 3.2 : |
3.2 < Yogqe [mm] < 3.2 St
L<0.193* E2+ 0.693 o0 J e wN TS, -0
100~ ] | E—S{EFALNT
| ’ I$»#—{vUj
Am-241 — A QB Y T+ 5"5_ L—3i/3 HtAJEE,
A EORH HEFERETEHaY e
A— b En M Energy (A.U.)

Energy spectrum
(Am-241 events selected)

X 4.1-2 MAM aFRRIC X 28 FCo ) T X 4 LREIE

— : Before selection
1 — : After selection

— : Before selection
1 — : After selection

Count rate [cps]
Count rate [cps]

v

== Araltar|

}" L 1 L 1

9 10 1" 12 13 14
Time [hour]

~0.1 cps

4 5
Time [hour]

Event rate (in the ISS) Event rate (on the ground)
X413 A_vikLZ¥av

20




2 b
& | DU#2 205 B, ikl ATsAA gm:—
H (1S, Eocone
£ - . 40l
805 T2E — 22, 00557 HER oy &N X
e L. ll2E85, 200 PV ,{
o X X AAN
X A
10
1 L 1 L
2 4 6 B 10 12 14 18 18 W 2 1
Time [hour]
{EL-—F 8%: 10~20cpe
L —kBF: 20~50cps - e opuai = - >
2WL —F8Y: 100~ cpe 80 R “’:-’"\. /[ Sl ST
& L T LAV e
60 r g _‘"‘\;’\.\. e i
. i N Q/ - }H’}
0 i TS =0 P
A Nl RN bis
20 &;:;“\\ L N\ 10
0 [ AR RN
20 \ L g“?9~
| '8 b b,
-4 ; ¢
: » 10
-60

A SAA
30 =5 e AR R
150 <100 50 0 50 100 150

Distribution of Proton (> 30MeV) at 400 km (AP8MAX)

hitp:fhersanray ess sci.osaka-u.ac jp/OskXrayTlabHP/foldfresearch1/
maxifexofiradiation p ! findex. htrml

P

4.1-4 4 _vbL—1t &REMMEDRER

%m:— i
E H
LS R . w3 10

- . =

20

of

mf— o 10

a0 o

80— sof~

a0 sof

1L f By 1
i 10 0 w0 150 s 100 50 0 0 W0 1%
Longitude Lengitude

7 10" T WE T WE
% % g % i

10 10E 0
f H L

1 1 1

0 w0 10

] o i 0? PR AR R OO | P9 | TR
0 2 4 e 8 0 3 4 i 18 202 2 24 & 8 1 12 4 16 8 220 2 74 6 8 10 12 W 6 W B 4

Time[hour] Time{hour] Time{hour]

4.1-5 FRATREIKICHN § 2 =T —2 DA v} L— T OEA{L,

4.1.2 LET &fn
elF— 2208 L7 LET 9%z, DUl CHIELZD D% H e LK 4.1-6 IZRT,
CCZTCRLZEDUl OF—%1320164F 12 H 25 HoF—4% (& LET i) & 2017 %61 H

21




31 Ho7—% (K LET fll) #FEA-dbDoTh s, 5507 LET i, & LET fll K
LET filics»Colfe L Cfet L CH 0, k& /KB TR L7Z RRMD-II (STS84/, ifi tric
STS911 1) Ic X W3 b7z LET 7910 & B OHIPAN T L T3,

4.1-7 i1, DUL O DU2 I W TEHAI L 72 LET i o ik %7~ 3, DUl 57 — £ 13
2016 £ 12 H 25 Ho 57 —% (@ LET ) & 201741 A 31 HoF—4% (K LET ) #&E
N7=bDT, DU2DF—&I1320164E 12 A25 HoF—% (@ LET ) & 201741 A 11
Ho7—% (KLETHl) 2FN72dDTH 5, FMHED LET MR INT NI L2 b,
Bon T3 LET 2R ERO G 7 A =2 IKF LRV b D TH % 2 L2355 H
3., ¥7-. SEoHIE L 758K LET X 650keV/mm-water f2E D+ (Fe L BN 3)TH
25, ZLL E®D 1000 keV/mm-water F2EE DK T F CRIEZR CHIERRETH B,

4.1-8 12 DU1 X * DU2 o FRIEERI GHEH 12017 461 H 19 H) ic X v#EH L7 LET
O34 % g, & LET il %2 DUL % ¢ % LET fill%# DU2 Z T3l L 724550 CcH 3,
Wit o 7291% 4.1- 6 ® DUL @ LET 4345 2 R\ S T T v 3, Wi CRZ D 90355
NTEH, 2 5OMEHOREFEHINCL Y VT A2 4 2ic 7L v Y LET 4345 % HJI5E 7]
HETH B LRI NT,

10

—
=3 RRMD-III(STS84)
ER L,
> et
£ o =0 RRMD-II(STS91)
3 Tl
» 107 ]
T L o dul_20170131
& 107 e 1
= o]
S o4 ke I o dul_20181225
o =
g d
= 107° “od
3 =
o -5 '
10 i "
10—? 5
—5—
1078 i
5
107
10—10\||\| | |||IH‘ | | \I\\Ill | | I\\II\‘ | |
—1 2
10 1 10 0% LET [keV/ pm]

4.1-6  BE ECHIE L 72 AU B D LET 204 (DU1)

22




_— 10 =
= = RRMD-III(STS84)
= = P AAMD-II(STS91)
= =1 L
;;- 10 = ‘ ' ® dul_ 20170131
& 102 $
& = 8 B dui_20161225
@ = oy
'\.'E 107 = .-_. @ duz 20170111
= @
% 10 PY W du2 20161225
I =
o LS
= 10° = LJ
3 0.
107 n
= |
10° = u
109 i
10|°|_||l L 1 JIJlJIl L L JJJlJJl Il L JJJlJJl L Il Ll L1l
1 2
10 ! 10 0% ET keV/um)
X 4.1-7 & ECHNE L 72 ASTE B D LET 734 (DUL K OF DU2 @ Hi)
— 10g
= = RRMD-III(STS84)
= = ® AAMD-II(STS91)
= o'l e
. = $ ® dul_20170131
& 102 L
& = ® B dui_20161225
@ = oy
'\.'E 107 = .-_. @ duz 20170118
= @
% 10 ® W dul_20170119
] - L]
£ 10°E .
3 LS
O 107 e B
= B
107 = i
= |
10°® E- n
109 '
10|°|_||l L 1 JIJlJIl L L JJJlJJl Il L JJJlJJl L Il Ll L1l

1 2
10 ! 10 0% LET KeV/pum)

X 4.1-8 #&.ECHIE L 7= ASTHUE#RD LET 494 (DU1 & DU2 [ARfE1HED

4.1.3 WINFRE. FRE Y E R CERE REL

F4.1-1 Ric£ 4.1-2 1, 2nFn, B2 EI%G 4 » AR (2016 4£ 12 A 25
H~2017 £ 4 H 17 H) & L2 OO HOEE L LTk MY E, TRIRE, kW
FNME R D F-MAS F, Wi Z 1 He LCZ oo L LRk 7zt Y &,
AR, O ERE R O FHFE R 2 R, a2k, OMRBEORERE (BEFoF
Y7 FEEORIERE, WIC VY 7 McfE B e &), QW H (1 E7-A4 vtz 4
ST % DICHE R PHTANF —) OFEFE, QT AN F—KRIEICER S 338%5, @ 4 v

23




¥—FaE. O F Y 7+ OB R OGN S A, @©FEY A A b Y ICERT
%A, ol L 72 [13],

F4.1-1 {15 EFR, 94 7 AEOFE L LORD ZHREYS 8, WINHRE,
KRNBRE R N Z ALt 3 5 3

<¢”U1 LERED>

I T R P e ) PP

BT E [ 1 Gy/min] 6.39E-02 6.47E-03 7.276-03
wENg [ 1 Sv/min] 2.56E-01 3.29E-02 4_0BE-02
IR E R 3.99E+00 6. 44E-01 7.78E-01
<HREDIE>
__
R R 48 &
BELE [%] - 12.6 15.8
E I RE [%] = 16.2 19.5

#41-2 MB1H GH1I7THKAKUC4H 12 H) offE N8, WIGERE,
TR EREL, MO Z Tt d % e

<HilMEEE
__
Ve R [ 1Gy/min] 6.81E-02 7.44E-03 7.78E-03
BEUFE [ 1 8v/min] 3.18E-01 3.95E-02 4 .85E-02
ERhIE RE 4 _66E+00 7.72E-01 8.89E-01

ERRE R [%] - 16.6 19.1

4.1.4 EEBHTR 1 £ EiCh 72 2 TERERTHI
B EIERE DRERF R L IR, & L TR 2o bic k-T2 b | INEBM T 720

24




bHEEEE D ¢ 28R LTS, ZOJRRIE, BN O EHE MW
BED O E N 2 A MY RN 2B NEOMELEZ 2005, BTAEE2IGE LEM
B2 H WREE HoL35) »ETHEIERE G84r» Hpu-PIC £ TOMEHE) xicxfL T
B T2 & LT, BER H/H X
H/Hy=exp(nx).

&b, TZTRREERTH Y., p-PIC OEBOEMEZ @ET 54 v PMLEHL T
B L OEMELZBTOBBEMCN LT 7oy F LIBREK T4 v P& 528 T
Kdp LB TE D, BEICRT ZRFEICNT 2R EREIET 2 &, X4.1-9(a)
IR TRRICHT B PSRN AT 1T FRICIREERIT NS 2l e 72 5, FEEEICN S 2%
il (IEEERR) o2, RKMGICRIHERE 2%, ZoffiiEZHW T LET /0% =k
5L, FMICRT AL 20 FTH EFERICEG L 2016 (K (c) 812X 4.1-6)
LA DOHEIPAN T T 3 AL T,

b -02F 7~ . 1=
E \ =] N
fé E) Bk
b S ¥ < > (a) 09 (b)
’ 2017.1.31 E
04 08
—05— E
E 07
-06F- E
E 06—
-0.7 E
E 05
—08fF E
E 2017.12.25 F
E 04—
-0.91— P E
E Vb 03—
-1 | | | ~ 4N | I AN Y
2016/12/31 17/04/01 2017/07/02 2017/10/01 2017/12/31 05 1 15 2 25 3 35 4 45
Drift length [em]
F/A/8
LET flux LET flux
— 10g
[ RAMD-I(STS84) T E .| RAMD-ISTS6S)
- -S| S
o 2 E i N
. (STSO1) _2 107 oS e RRMD-INSTS1)
8 oeC = .
- | dut_20170131 T E ‘ —l— [ du_20171225
o w107 |
e I dut_20181225 & 104 = ‘ | o dul 20171227
=g K E |
B E b =
e g oy
Ty S 10 e
E " E b -
107 & =i 107 (d) T
E T E e
10° & C 548 10 -
E —t E
10° = 107
et - 1070 - —e)
10 ! 1o 07 LT keipm) 1o ! 10 10 et keVrum]

4.1-9 H2HfLic X 2HEEEH L 1 Fib@E%O LET 7016

4.2 FERDOEZE
4.2.1 {hoHIELEE L O
(1) PADRES

25




4.2-1 1< LET 94ilc2\T PADLES D#EH & o bl # /73, PS-TEPC O F — %1%
DUl Db DT, 2016412 H25 HOoF— 4 (F LETfl) & 20174 1 A 31 Ho 75— % (&
LETfll) #~—3L7=bDTH%, PADLES 12 2016 4£ 11 H 29 HICHU Y f11F, 2017 4 7

BICHY AL 72b DTH %, packl~6, pack7~12 23% ¥ DUL, DU2 iIcHLY fFiF 5
M. packl3 (Z PS-TEPC it OEEICHLY ff1J b7z b DTH %, PADRES D7 — & |31
fHE LT, FIAE R I KRS 0. kM0 ERS & o CREZFEO3, 20D
#iPHPN <, PS-TEPC THIE L 72z LET 4l X K INE o T %

1.E+03
\ ——Packl
1.E+02
= —&—pack2
’g pack3
= 1.E+01 L4
—~ pac
g
= LE+00 packs
E —m—packb
.
k7
T 1E-01 pac
é pack8
-~
5 1E02 packd
g; —e—packl0
A 1.E-03 —&—packll
—e—packl2
1.E-04 ) ) ‘ —+—pack13
1.E+00 1.E+01 1.E+02 1.E+03 ——PS-TEPC DU#1

LET o, H20(kev/ [ m)
4.2-1 12 LET 94 ic 2T PADLES D #58 & o ik

(2) NASA/TEPC & ot
PS-TEPC oixf#%ic NASA/TEPC (Intra-Vehicular TEPC) %% LHIE T 22035 -
72o NASA/TEPC iz LET HIE#iPH (7272 L. TEPC <l LET (&JFHAICHIE T %
o) L FEEROFAHL 2 I ENT VA WO THMIZIKIZTE R vas, £4.2-1 1R
THER L o T,
#4.2-1 NASA/TEPC (Intra-Vehicular TEPC) & o i

/da] [ Sv/da]

PS—TEPC 92 (+11, 369 (+59, —46) 2017.4.12&L4.11DT—%
IV—TEPG 145 430 2017. 4. 12007 —%
sk SN D RAIE |3 PRAE FRAE

26




43 V7R 747 )T OEBRI

Y7 R 774 TV TOEBIRRIEUTORICE LD B,

K43 192222 5475 TEMRI(FEER)

Yo =357 "
Lo AE e 3 R FE 41| TEAR B0
CFHERRECETAEEBATRY JTEPCHEIFSAERIZERE LETRIZFITL., ASTA <2k
Minimum 2RPUETFDASHF(IHLT, E D3RR RIE ICLETS T ERIEL . BRI
Success ASA R EO3ETREETA © BEHHL.
WICLETD FEREL . UL ARUMIFEAEOTEMFRU 2 PEFO AL
BEIEFTEHHEELDL, 1Z£5EDTHS.
CFEHBFARCHLTEESNS )
LETHREE (K P (3T DLETELT EROLETHE T3 A Ll EICh iU EHRIEIT LTI E
Full 0.2~1000 keV/um)%EHh/i—L1= FR | BEITo.
Success BEFINAICHIZVITA.RE © |HELUEFNEIS%T. EPNLSBERNTRE20%
LEEEDNCRERBERE TRELT-.
30%LIATRETELHI L,
A OLETHE Tikd7h A RO hiEiEas . em A LL
Ll =YUariEiT o1,
FEMRECHLTEEEND | gn SSORE B & FAEBEATOFAIRLN '&Mﬁ‘}flﬁﬂ)i’fiﬁ'l
LETHE (K BRI+ BLETEL T O ERTIE. BELNEFRELSHT. ENMNTHRERMY
Ed - ST | B2 | smEmonTaETETLAS.
ra 0.2~1000 keV/um)&E A/ —L1=z © | 2s i .
Success AEEch L TR BELE tAIBAle e A B O T —RIFssOMEFT RS- LYEF
LA B R A IS 2 30% S8 O D, SSDR I K HEHRER® (RE
LN TRETEL L, BB MSHIIM R R LIS OFT —421/352EMNTET
WD, FIEHROEIENEATINDT 8, FHERTTIE
BAZLA, ChETEEBOLRVLETAHZIETE
THEY. ERORAHDEL,
K432V 7 wR7 74T ) TEMIRDLCEE S O E B
Yo
L HE 2Rl 2 Rl BE ] FE R HL
A O _. 201612 AR M 3M ARIZHT=Y, 5l
N TEROZRTLHRA | g | ELToEAERRREE. LETH%. 3R
Minimum T5. D -HDT — =13 =3 s
Success —QHR‘T%fJ@)'JHFsﬁHjﬂﬁé @ Eﬂ%mm 5+JH|D mﬁ;ﬁﬁ&%mﬁbs Iﬁlﬁrﬁﬂ lﬂ‘-.t
-5 [cht=n THELELLETHETEET 5L
=& R TE,
SEOVATLEEIZE 2018 F4 B TICETRISRELTOERTEEE (K
Full T4, HEETHED-HDOT | ER | IEEE. LETH 4. SRTRBD 8] O 3T
Success —SEEIN1IEMHEES ©® |ZZTLAELUEICHEYIEELI-2LETH
&, B TEET A EMNEIETE . (GF)
Extra
Success N/A N/A N/A
o MEOGHIFMER® 3 013F L LT DU PICRKHE L Tv 3 A FR%Eli7 2 05 Th

%, DUNOEREI LI ENE T Y P A RIC X Y ETT 2HLIEFHNZIT o T el
MY ETL 72 F 2o, ARG XY &K 7 2 HEOFHIAGEMIE 2S5 - 7225, FHH
FtED 5 1 FRD 7 — 2 RS T & 2720, FHEIRALR S 1 EM D TERERHIIC R 2 7 — X

27




UG53 ¢ & 72,

(&)}
i
)

5.1 R D#RIE
ISS - 2IF5 MM I v a v MIBEARBEFRFEMLGIEFEAEIC X3 FHAT—a vHT

D fig e B EHHIET O ML (PS-TEPC) | 12 & v, BUF oM/ Oz,

(1) AR KBRS LGS (PS-TEPC) @7 74 F &7 A (PFM) % aXatHd
F L., WENTEA A+ v hkgs HIMAC % v 7= B BB SRS 2 F2hi.  FrE o ThRE % i
AL ISS ~TH BiF, 2135 PIRICREB L 72, E X 0 HIIFERR A TV, FHBE RO A
WA~y b2 &3 RITRIEHANGE i LET 04 28 L, WIGRE2EH L7z, 4~
v M EFHBROMER TR P2 XFETOAFICL2b0TH 2,

(2) FHIBEHMCHE S5 LET #if (kHicd1F 3 LET & LT 0.2~1000 keV/um) T 4
2 HICH T 0GR Z AT WHEIFEERZ 1T o 72, MREMEZ A 15% T, EMN BRI
R 20% THE L 72,

(3) LET #ipH (kvics 1% LET & LT 0.2~1000 keV/um) T, i&H SSD oA EAI1C X 3
7 Aoz s, @R 6 » AL Eichb 7z 0 gl 247 - 72, FWTERTD 4 » H DR C
X, FEYEZIE 15% T, ERMMREREZ IE 20% TIRETE TH Y, SSD itk
DOFHAFFRRE (EBEFAE2 58 11 » Af%) Td 7 — ZES B A[RETH o 7z, HHAT AT
& 5 ST 7 2 DR ITEA TH Y . MERGTEHE AL W2, ZhE LBy
LET i A3 C & 72, MEMYE R OENN R REREE ERICRkD 20 $-
PSTEPC (PFM) BADIAMER S & <. BIFED T 2 ki b cd 2,

52 Fiw®

(1) ZEER¥. BiEEoBlS» 01k, MESFE LTI HFUE QA Fe 4 7 A5, &b
Wr 7 » H) Y EHIAEETH o722 & iF. TR R Do TEAVALEbN S,
W EEBOEERCEELCH 0, EEOMAML CICREEZ MLz weE2 3,
(2) SRELNZEEIR. AR KR I vy avHomEH L LToERMLIcZOEE 7 4
—FRNy 7 TELEEZTVDS, T2, X —Eo/nfic X 2 atkaE o [ B, B
BRI ERE RT3 90 10 72 S N7z R AT SR T & A, Mo B B 13 2 s ER-C i PR o
JEACTOFHANC S IEHTE 3 B2 5, HEEHEORASICN L CEICHEH#EIF O A
BBy 27 LD R EDZ LR TEL LEbND,

28




EZ PN

[1] ICRP, ICRP 1990 Recommendations of the International Commission on Radiological Protection, Vol.
60, ICRP, 1991.

[2] G. Badhwar, A. Konradi, W. Atwell, M. Golightly, F. Cucinotta, J. Wilson, V. Petrov, I.
Tchernykh, V. Shurshakov, A. Lobakov, Measurements of the linear energy transfer spectra on
the mir orbital station and comparison with radiation transport models, Radiation Measurements
26 (2) (1996) 147-158. doi:https://doi.org/10.1016/1350-4487 (95) 00290-1.

URL http://www.sciencedirect.com/science/article/pii/1350448795002901

[3] NCRP, “Operational Radiation Safety Program for Astronauts in low-earth orbit: a basic framework,
NCRP Report No. 142, 2002, 56. ISBN 0-929600-75-4.

[4] T. Doke, T. Hayashi, J. Kikuchi, T. Sakaguchi, K. Terasawa, E. Yoshihira, S. Nagaoka, T. Nakano, S.
Takahashi, Measurements of let-distribution, dose equivalent and quality factor with the rrmd-iii on the
space shuttle missions sts-84, -89 and -91, Radiation Measurements 33 (3) (2001) 373{387, cited By
25. doi:10.1016/S1350-4487(00)00149-9.

[5] R.Beaujean, C. Reitz, J. Kopp, Mutation Res., 430 (1999) 183.

[6] T. Nagayoshi, T. Doke, Y. Fujita, K. Hattori, K. Ishida, J. Kikuchi, H. Kitamura, H. Kubo,
H.Matsumoto, K. Miuchi, H. Nishimura, K. Saito, S. Sasaki, H. Sekiya, A. Takada, T. Tanimori, K.
Terasawa, H. Tawara, Y. Uchihori, and K. Ueno: “Response of a Micro Pixel Chamber to Heavy lons
with the Energy of Several Hundreds of MeV/n” Nucl. Instr. Meth. A 581, 110-114 (2007).

[7] S. Sasaki, K. Saito, H. Tawara, T. Nagayoshi, Y. Fujita, T. Doke, K. Terasawa, K. Miuchi, H.
Matsumoto, Y. Uchihori, Development of position-sensitive tissue equivalent proportional chamber for
space dosimetry, in: 2007 IEEE Nuclear Science Symposium Conference Record, Vol. 3, 2007, pp.
1826-1829. doi:10.1109/NSSMIC.2007.4436513.

[8] S. Sasaki, “Development of a New Space Dismeter Based on LET Measurements for Heavy Charged
Paerticles”, J. Jpn. Soc. Microgravity Appl. Vol.28 No.3 (2011) 67-73.

[9] A. Ochi, T. Nagayoshi, S. Koishi, T. Tanimori, T. Nagae, M. Nakamura, A new design of the
gaseous imaging detector: Micro pixel chamber, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 471 (1)
(2001) 264-267, imaging 2000.  doi:https://doi.org/10.1016/S0168-9002(01)00996-2.

URL http://www.sciencedirect.com/science/article/pii/S0168900201009962

[10] Y. Kishimoto, S. Sasaki, K. Saito, K. Takahashi, T. Doke, K. Miuchi, T. Fuse, A. Nagamatsu, Y.
Uchihori, H. Kitamura, K. Terasawa, “Basic performance of a position-sensitive tissue-equivalent
proportional chamber (PS-TEPC)”, Nucl. Instr. and Meth. A732 (2013) 591-594.

[11] H. Tawara, K. Murakami, A. Nagamatsu, K. Kitajo, K. Kumagai, N. Yasuda, Jpn. J. Appl.

29




Phys., 47 (2008) 7324.

[12] Yuji Kishimoto, Shinichi Sasaki, Kazutoshi Takahashi, Kazuhiro Terasawa, Kentaro
Miuchi, Masato Katsuta, Aiko Nagamatsu, Tetsuhito Fuse , Kunishiro Mori, Hisashi
Kitamura, Detector performance of the position-sensitive tissue-equivalent proportional
chamber for space dosimetry onboard the international space station, Jpn. J. Appl. Phy., Vol.
59, 016003-1, (2020). doi: https://doi.org/10.7567/1347-4065/ab5de2

[13] J. F. Ziegler, M. Ziegler, J. Biersack, Srim the stopping and range of ions in matter (2010),
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms 268 (11) (2010) 1818 { 1823, 19th International Conference on lon Beam Analysis.

doi: https://doi.org/10.1016/j.nimb.2010.02.091.

URL http://www.sciencedirect.com/science/article/pii/S0168583X10001862

BREY 2+ (SDR LAK)

1. &
1.1 Yv¥—F2n

+ S. Sasaki, “Development of a New Space Dismeter Based on LET Measurements for Heavy Charged
Paerticles”, J. Jpn. Soc. Microgravity Appl. Vol.28 No.3 (2011) 67-73.

* Y. Kishimoto, S. Sasaki, K. Saito, K. Takahashi, T. Doke, K. Miuchi, T. Fuse, A. Nagamatsu, Y.
Uchihori, H. Kitamura, K. Terasawa, “Basic performance of a position-sensitive tissue-equivalent
proportional chamber (PS-TEPC)”, Nucl. Instr. and Meth. A732 (2013) 591-594.

*Yuji Kishimoto, Shinichi Sasaki, Kazutoshi Takahashi, Kazuhiro Terasawa, Kentaro Miuchi,
Masato Katsuta, Aiko Nagamatsu, Tetsuhito Fuse , Kunishiro Mori, Hisashi Kitamura,
Detector performance of the position-sensitive tissue-equivalent proportional chamber for

space dosimetry onboard the international space station, Jpn. J. Appl. Phy., Vol. 59,
016003-1, (2020), (https://doi.org/10.7567/1347-4065/ab5de2)

1.2 Proceedings

- K. Terasawa, T. Doke, T. Fuse, Y. Ito, H. Kitamura, T. Komiyama, H. Kubo, H. Matsumoto,
K. Miuchi, A. Nagamatsu, K. Saito, S. Sasaki, K. Takahashi, T. Tanimori, H. Tawara, and
Y. Uchihori, Development of Position Sensitive Tissue Equivalent Proportional Counter
(PS-TEPC) and establishment of a technique for space dosimetry on the International
Space Station , Space Utilization Research 29  (2017).

- SPRURIPE. ESERER. A KE—. B, AR, 81 WL, EHAL A
A2 ek, SNEORB, KR DR —. i AL Bt . WBRIE. &

30




fE—8. P, ek, LREXES.  TZE AR OE A 4 v i %
JOE L PR 28 FERERREE AR AT IEAT - BT 23 A TR e E 2 L RIF AT e &
(2017) 184-185.

1.3 *ofhoEE
e A KE—, TFHE R TF L0 72 XL <], NL7ZXVY 6 HS No.498 F

2.

He7v X7 (2019) 1.

ARE TR

2.1 HERAE

- Y. Kishimoto, S. Sasaki, K. Saito, K. Takahashi, T. Doke, K. Miuchi, T. Fuse, A.

Nagamatsu, Y. Uchihori, H. Kitamura, K. Terasawa, Basic performance of a
position-sensitive tissue-equivalent proportional chamber (PS-TEPC), Vienna
Conference on Instrumentation 2013 (VCI12013).
doi:https://doi.org/10.1016/j.nima.2013.05.149.

URL http://www.sciencedirect.com/science/article/pii/S0168900213007602

* Yuji Kishimoto, Shin-ichi Sasaki, Kiwamu Saito, Kazutoshi Takahashi, Kazuhiro Terasawa,

Kentaro Miuchi, Aiko Nagamatsu, Masato Katsuta, Haruhisa Matsumoto, Toru Tanimori,
Hidetoshi Kubo, Yukio Uchihori, Hisashi Kitamura, "Development of A Tissue-Equivalent
Space Dosimeter with An Ability of Charged-Particle Tracking", ISRD2016 : International
Symposium on Radiation Detectors and Their Uses, January 18, 2016.

* Yuji Kishimoto, Shin-ichi Sasaki, Kiwamu Saito, Kazutoshi Takahashi, Kazuhiro Terasawa,

Kentaro Miuchi, Aiko Nagamatsu, Masato Katsuta, Tetsuhito Fuse, Haruhisa Matsumoto,
Toru Tanimori, Hidetoshi Kubo, Yukio Uchihori, Hisashi Kitamura, "The Initial Results of
Experiment on board the International Space Station using Position Sensitive
Tissue-Equivalent Proportional Chamber “PS-TEPC”", 2017 IEEE Nuclear Science
Symposium and Medical Imaging Conference, Hyatt Regency, Atlanta, Georgia, U.S.A.,
October 25, 2017.

* Yuji Kishimoto, Shin-ichi Sasaki, Kiwamu Saito, Kazutoshi Takahashi, Kazuhiro Terasawa,

Kentaro Miuchi, Aiko Nagamatsu, Masato Katsuta, Tetsuhito Fuse, Haruhisa Matsumoto,
Toru Tanimori, Hidetoshi Kubo, Yukio Uchihori, Hisashi Kitamura, "Experiment on
board the International Space Station using Position Sensitive Tissue-Equivalent
Proportional Chamber “PS-TEPC”", ISRD2018 : International Symposium on Radiation
Detectors and Their Uses, January 23, 2018.

31



http://www.sciencedirect.com/science/article/pii/S0168900213007602

2.2 ERNFRE

AT, AKE—, SiE R, RS, SFRAE, SNECRE, KIRE T, BHE
&, N, PR, VARG, RBUR, AfE, EHA, AEeER, dbkhE, 6z
B A LB PS-TEPC D FA%  ~1SS #§ EikBRic i <~", %8 13 [a] Micro
Pattern Gas Detector ff784, M KM AR BEAIEMEa v vy a vk
—, 2016 % 12 A 9 H.

A TR X AT K LRREFHI, SRRBUN MR RS R - i, K
ity 2 —, 201747 H 11 H.

AR, AL E A A I EHEGE PS-TEPC oFAR", HEHREIE & 2 0SS 186 £ 8
&5 24 ItgE S, KPR F v v 82,2017 47 A 31 H.

AT, AKE—, EE R, RS, SFRAE, SNERE, KIRE T, BHE
B, NG, PR, INKREEA, REUR, AfE, EHAL AEsER, dbkE, 6z
B A BIEHEGE PS-TEPC DFAFE « B FEBR O WIIAKE R, 5 78 ISP ALK
LTS, EERR S - mRER e v 2 — - @Y v oS 2T v, 2017429 H 5
H.

A, LA I H A 80 PS-TEPC ic X 2 EBRFH 27— 3 v COBEFEGF",
%5 14 [0 MPGD fiff9t &, AFRFAHA+—0, 2017 4F 12 A 2 H.

ARG, A KE—, SE R, RS, SFRAIE, BNECRE, MmHEESE, Bk,
KINEET, BSHEG IR, AR, FREM, %2 EFA, WEER, ek,
"7 A R I EHEGE PS-TEPC % : ISS ic313 3 LET 2 01", 55 79 MG
YIS AR S, fhEERRS S, 2018 /£ 9 A 18 H.

- FRAHE T, BT E A I H I EH U PS-TEPC ic X 28 3BT — % ", 4 15 [0
MPGD fiff5t %, HERRS:, 2018 4F 12 H 15 H.

C A, MO E A A LB PS-TEPC < ISS #ifNIC 3515 2 LET i D", ~ A4 7
o8 x— v A ZARHEER(MPGD) &7 7 7 4 78 TPC &FRIFZES, BALEWHFZERT, 2019
F£12H 6 H.

32




Al $K8-2
20204 E 1SS -ZXS5FIAIvIav PR FTMiER

S EEREAREMEPHBBICESIFERT—avNTOREULUER AT O®EL
(PS-TEPC)
REARE ELKIE— (BEIR/ILIT—INEDRHFIREE)

A

A BEZFEDICTERLI=-(ILYIEXEY)

ISSIZKREINHMMIKIEIMBEZEZ T, B~ KEAE NEDOEEEFOILRHATRELL
TERNAEE. FEFE COFRBRENDSRETRFRMDOMELIL, EREDZRERETHD,
ARIyiavld, CORBDEREZBIEL. REREZT)TILAA LTI TETHIRE T D HElT
RIIZFTo-tDTH5H, sTRIZFELTOMHREE. £ AMICKREZEL . TR OREAF.
IRILF— BIRILXT—T5 (LET)ZRIBFICEHATESALE DRI EELZ T R THE L.
RENEBRRZE LT -RmEdS<EMmT 5. GH. TRADE Ik, MNEERGEDFEBIZEFIE
BEMYMBO ZEITKY .. SEDFERAROEBLLGHIIEFZHFIT D,

AFEORRIE. FHEPLGE MHOBICE->TEEETHY .. SLVEDZFELONDZTD
EEZOND, KZSVLAVDHR - BEEZLYENDI-OIZH BELUELITTEL FT 4
FEOT MO FRARAZ AT AND L -HEFRETTHEEHET S,

202046 B
Z(ZSFAT—EEZTMEES VE - YERIFEDFT)



Il ##8-3

ISS: ZEFH>FIHI vy a v
(57 8 A AR SRR S E e B B DR & it L 5
FHAT— 3 VN TOMREY &IOS (PS-TEPC) |

WEEA: Ex RE— (B /L —IEF o)
2020 1 H

1. =5

FH CTOANBOWEHEIL, k23 FROFH SR K D HIRIZ X - THREMIZ
HIRR D ATRETED S E VN, T AVE, FEHETRAT L D FUH R gNR & I FRAE 2 48 2 7o &5 10
A5 Z LIRS T 5D, RIS, HEKEZ B2 7 PKE~ORYMAEARITOLAE, Iy
a VIR OMENHIRE S FRE L7252 L bEEIND, S OIZIXKBIEE OZ
(R FH BRI RE KB L, FHMMEEER S O/ L0 BAET 20 Fofh
T O ZIRBEISRO RS ZT D, R KO ZIRBE R © 72 5 T BUN SRR R &= &
TE DT EMRICHERET L &I, FHBBRREOZBHCHEBOER L ) 72 A LT
FRF LRIV BRI DNMNATH L, ZHET, BRRROEFEHEENR, A= -
¥ MK ISS FEICHRERT & AT 5 R MEHIRS 258 L TV D28, K& 2FERYRRZAEN
5, BDEMERL T LR R R WEDIRPLT, KEBHNR#EZES (NCRP) Offt
EFHNZ D300 B RIEREE DR 272 LIZREFHIR B S T2 nWBRIZH 5,

AT T BASE % 0 3D D N7 (A AR IS HEL A A A L 51 51258 (Position Sensitive Tissue
Equivalent Proportional Chamber, PS-TEPC) (. farfEhi % 0@ & 35 AFHEfriz &t
L CTEDORBLWIN =L F—D, #HFEIC L2 ELZRTHEREK Q@ £ 52 AR/ ¥
—f+ 5 (LET) Z#E#NFIETHET 220 TE, HEYE (DXQ) ZEHFAHRETH D,
AMFFETIL, PS-TEPC % ISS NITRXE L., RO RHAEIC T AR 2 ) 7L 2 A L5
BT RRRERE & L CEMET 5 2 L A 9550 L, FH U SR Es HRIEIR Ot 2 o0 37,

2. B

PS-TEPC I3, e HH#siE Aom 7 A & ALk S A A B O L. B IR BB p-PIC
I A 2 ot E M ER 2 ECE L7- Time Projection Chamber (TPC) T %,
p-PIC L, FLFRO T 2 — K (B 40pm) KT Y — K ([F] 100pm) OEMKE%Z 400pm
[HIRR CHEECE L oS 2 FF D (2.6x2.6cm) | B CEFHEE S NE 50 bEMMEL (F
BbhbTxX—) & 2 WA EERES. EFORITRHZMNZ T 3 KM EEZGFD b
DOTHDH (RS 2.6x2.6x5.0 cm3), Z AT £ 0 R R L F—ZFH L, BRI %
¥ — R, LET ZRET 5, K 1ICEREIC PS-TEPC (PFM) O &, pwPIC
WX 2WERA AR, WEICIEE LET JIEMH &KX LET JIEH O Z> otz vy
2 (DUL X *DU2), FIR[EEEDOENT T, EH L L EMRTH S, PS-TEPC 12X 5 H



ElL, ISSICH D RITHi#E S 7= 2016 4E 12 H RO EUE 4 HE T, Z0% 7 » H O
DAH -T2, 20184F 4 AW TCOMIZHI- Y Efissnr-, K212, ISSH FTHlE L
T FHERE D 3R 2~ d, LET OERITRNOFDO S 75— a T Liz,

WRIEM o RRZEH

L
@HZII%B 0)1:%3@_:' Control Unit(CU) DT 214

(ADC)I=TFUALESTL

FHBSTR

[ AFLMSHREDBEERICEYAECBHEFEBBICL>THBES
b= . uPICEIE TG - 18 H .

u-PIC o HlliE J7

1 PS-TEPC 77 A hET /L (PFM) O#i&E & p—PIC (T X 2l R H

3 REROBZE

LET %5341% 0.2-700 keV/um (KZAf) D#
PHORLT IR L CHIE S4v, 2 B O HE CTHIE
L7z fmidmd TRW—8%ER~L7, Z® LET
DAAE, A=« T x MVNTO SiIEZRTD
FE L (STS-84, 89, 91) W NZAMERRICEES
L7 A8t Est PADRES OfER & £
FRAEORFANT—H L, A ET Si B
PADRES (Z & 2 HIFERE Rl 3 do 223 AMEZR D X
IR MR R C X 5 LET HIE 30
THOZETHD, TMEORETIZ, HADHIL
L DEIEOHRICE Y BEHIBED L
e, BEEEEHAOCCRIEEMEL, 1D 1
FIE &R D72\ LET 2947 OBAFIZ k) L7z,

D
N
)

I Drift plane

\ p-PIC

Anode (mm)

X 2 ISS # FCHIE LT
B 3 R ITTIEHN

1D EF#% 4 7 ARGE L72RER T, RS A2 15%., TR ERRE A 787 20% T
WE LTz, ZHUE, YWIRE LY 7RI TAT VT OIAY I BRAEERTHHDOT
HY . REMTPTCHLINZF A N T 7B RABERAIALTH S, 1 FELLEOHM ISS
2o T, EFICENEL TRV | HEORENE RO E 2 7l L 72\,



Summary report of the ISS-Kibo utilization mission,
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Establishment of Dosimetric Technique in the International Space Station (ISS) (PS-TEPC)”

Principal Investigator,
Shinichi Sasaki (High Energy Accelerator Research Organization)
January, 2020

1. Introduction

Astronauts in spacecraft are exposed to radiation that is mainly contributed by ionizing particles
and their secondary ones such as neutrons and photons. The radiation dose should be controlled
not such that it does not exceed a fixed limit. The periods of stay in space is restricted owing to
the amounts of radiation dose, because the dose received in the long-term operation like a
mission to Mars possibly exceeds the limit. Thus, an active dosimeter which can measure the
dose in real time are essential for such operations. The effect of radiation on human body are
evaluated using a dose equivalent H, defined as a product of an absorbed dose D and a quality
factor Q which indicates the effectiveness of a given radiation and is a function of the linear
energy transfer (LET). As the LET of cosmic rays widely spreads, it is essential to measure an
absorbed energy and a track length of radiation to determine LET for evaluation of H. The
National Council of Radiological Protection strongly recommends an accuracy of less than 30%
in the dose measurements for astronauts (NCRP Report-142). However, thus far there exists no
instrument that has the ability to measure H for both charged particles and neutrons within the
accuracy specified by NCRP, though several instruments have been developed.

To realize a dosimeter which has sufficient accuracy and sensitivity for dose measurement for
any kind of radiation we developed a new space dosimeter called position-sensitive
tissue-equivalent proportional chamber (PS-TEPC), through which we aim to establish the

dosimetric system in space.

2. Experiment

PS-TEPC is a proportional chamber constructed with tissue-equivalent materials and a
miniaturized p-PIC of size 2.6 x 2.6 cm, and works as a three-dimensional (3D) time projection
chamber. PS-TEPC measures the deposit energy and the trajectory of incident particles
simultaneously. Therefore, event-by-event LET of the particles can be directly measured. The
flight model of PS-TEPC consists of two detector units (DU) which work complementarily with
each other and a control unit (CU). Figure 1 depicts the detector unit, where the operational

principle of u-PIC is also shown. The flight model was launched to the ISS on December 9,
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2016, and was used for experiments in a period from December 28, 2016 to April 3, 2018 with

an approximate 7 months break from April, 2017 due to the issue of a solid state drive in CU.

Figure 2 shows a typical result for 3-D tracking measured at the ISS.

@ —particle source
for energy calibration

S

Charged particle

The electrons ionized by an incident radiation are drifted, multiplied

T Tatat “mTalal T T and then detected by a p-PIC.

Structure of a I i .
dWEDU] To digitizers(ADCs) in

a control unit(CU)

Measurement principle of PS-TEPC

Fig.1 Flight model (PFM) of PS-TEPC and principal of measurement using p-PIC.

3. Result

LET distributions were measured for the particles with
LET of 0.2~700 keV/um-water. The distributions
measured by two DUs were compatible, and in good
agreement with the previous results using Si detectors in
the space-shuttle experiments (STS-84, 89 & 91). The
distributions were also consistent with those obtained from
PADRES attached to DU within the errors. In the
measurements  performed after the break (after
approximately 11 months), the reduction of charge number
from DU was observed owing to contamination of

detection gas. Using the correction for attenuations

‘ Drift pla

\ p-PIC

20 Anode (mm)

Fig.2 Trajectories of particles
measured at the ISS.

of electrons drifting in the gas, the LET distributions could be obtained to be

consistent with those immediately after the launch. The dose equivalent and the

effective quality factor at 4 months after the launch were determined to be within

the uncertainties of 15% and 20 %, respectively.

These are satisfied with “full

success” in the success criteria set at the beginning of this study. The “extra success”

1s also expected as the PS-TEPC was found to be properly and stably operating for a

period of more than one year.
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Ul 0.1 BRLUNICET S, oy NOBIE(ZIEIBEEIE— ¥ —IC L2 M/NMEBI A EE L TWDH N,
BRI TIX U2 5. Rla>>1 THHMD, GLIOBIR{EFIEE L TaMLR TS X H I, B A
b SN eKIZ, AV AR ETICRIBICHER L, FEHICRE 2EEE 22T TEAITHE
BT 200 TCThHhD. ERNOBHIEEREERKER CRE)PICES ST =y hOREE
ABmEEN AT TREL, BB T — X2 Bk THOM L. £V U PICEALEZKE
ETHWEID L, Kol AR DX T, AIUERZBEVEL HFHMEOF = v 7128 T
HEr oLz,

521  Three types of an experimental run

A type B type C type
uv 4[s] uv urv
Unna/V ﬁ"l-‘:‘ro.os Una/V [ =
/ ., A3
/ “ . Js) k
Targeted discharge :'I \\ \\F T o551 ‘(;]l::)lze“ .
speed profile ! S ~ * 1\[‘4]:(lllm
Unin/V T 0.1 Unin/V pel‘l.od
LO=F 1.0 available
4[s] in an run
0 t 0 t 0 t

Demonstratethat the present jet disintegration The capillary wave system developed g, jiz0 the steady jet disintegration

Purpose state depends on the history of capillary wave |along the jet at each jet discharge state for a given jet speed.
formation in the past. speed is independent of each other.
Nozzle used #2, 3: repetition of the same experimental run
Length (| Radius a Underlined number: injector end coated with teflon
0 mm 1.0 mm
. Exp.3 #1,2; Exp.7 #1.2; Exp.23 #1,2; Exp.25 #1.2 Exp.4 #1,2; Exp.8 #1
(Orifice) |
1.0 mm Exp.1#1.,2; Exp.5 #1.2; Exp.20 #1; Exp.24 #1 Exp.2 #1: Exp.6 #1
0.8 mm | Exp.21 #1,2; Exp.22 #1 Exp.6 #1
30 mm ==
0.55mm | Exp18#12 Exp.19 #1,2; Exp.26 #1,2
0.4 mm Exp.9 #1,2; Exp.10 #1,2 Exp.11 #1
120 mm | 0.4 mm | Exp.12 #1-3; Exp.13 #1-3; Exp.15 #1-3; Exp.16 #1-3 Exp.14 #1; Exp.17 #1

4.2.2 EREH

AKEHEROBMWIL, BOARLEMBEOFELZEIEL,ZO0FEMEALNITLHZLETH
L. FZDOLDICHBEREROFTEBE L ) ANVHKREE X, K1 OER 1~25 2 FH L.
FxlZBEICAV 7 4 AV 2y POEBREERICBVWCENMERNY = v N E ST 5 RE
EWEED BCARLECEEDOFAL EIEL TWAH10]. RETTHERT D X I,/ XA big
SEan/eky =y MELBEESHEMCED, FIRICITSICE>TY 2y hORBEENEND
HMRKLTWLS., WEOHW EREH R IIREHEICBEIE TCHLI 0D, Ay =y FOERE
EBRTIE, EOMEY =y FEFREKROBE CALZENBEGRREICEH Z LIy, VAP
Yy MZEAOBOCARLENEMELRET 2N TE RN, oD, REHFFER TIZ, AL
Vrxy FOFEEBEFELIHRDIZELICERZEE, AV 70 AV 2y MIBwREDOHER L,
ANV xy hEHBBBAONME ST TEELZ. /- T, LFTIX/ ALy =y hOFERIC
ERZEZRKTRT. AV 74 AV 2y FORRIT, 41 ICEMLZHEGEY OFBE 2R~ LT,
423 J ANV vy bORE

AREBRTEEL L THRIC LM HEGM (1<UV<2) TIEHZEXEHRICLD Y=y bR
ARICHEINDANZ BT 5D T2 N REHIZRNWEZ XTIV, 2 XA LT7eK
X/ ANVHNEBEDOEBER DIZL Y EENSM AR >, / X/ ELOH Bousinesq @ By & i
Le/(2a)=0.065Rep (Rep=2aU/ »<2300)L ¥ £\ / X)L CTiX, FHEE U O R 5 A 12 3%
HLEWTHEFE IS, BV XV(RE ¢=0.4mm, & S 0=120mm) % £ > 72 £ Tlx, 2 o 54
oz SN TVD, ARICHATIEIZEN RN E > TN TH S ANV TERICHET D.
WE SR I N RS PR LS o TR RS AT < ATHE W B B R E Oy AR s D — KR FE 3 AR IS [ 0y > C
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BRULREWEH Y=y PEERBRLEL I &5 CEESMEM . M 4-8 3R mENZEHL
BEHAATHESMABEMBERZARE LEMRTOL L. v BIEEY =y bORFTFE,

WU =@/n) Gz, WEOA D O(a) Bk C Wik X8 1 — e fEo/u=12012 72 > TH Y, i

LTV xy P¥EEIL r/a=088 ICHELENTWD. Z OFFEITMEFHROE & L EH & O RAF
A2 BHIN2EIC—HL, FEAKOEENEHRTE L2 L2 EMIT 0D, EEITIE, H
M6 1 ORI K s A ERT KR, MnaFzrv i rea, u=U OY = v MNI7ZR
L. ZOBEIIE, MAOPOEENALDICHEWY =y POREEE us BENS UL 2> THK
LCWL —J, FLEh EOEE un (X 20 205 U IZHE > THA L TV, Z O =
Au=tmax-us, D FJH THAEE D R FRICEALT D, BOBEEEZRE ,A/U O 7 7 7 13RO
B ICEEl T 5.
Au /U =1.5341exp(—25.572X): X >0.01

_5 v _5 v _5 1 1 (a=0.4mm) X 1 1
Tazau " a JWe 339.4 e ' aWe 536.6
a Za aza\/% i a e a e

pa (13)

JANVTWA LT KIFADELS TIHEBICRERBENDEZZ1TH5DT, 0 <Le THL <O0(a)
TRINE, BB OEESAAIZHR> TREH L, BV AL ERIKICIESES .

X

(a=1.0mm)

2.0 . ,
A

Lo mu=(ain )y ——— _ us | Au

10 — Ts -» [« 0.01U

0.5 - =7 bir

) b
0.0 ' ' 0 > U
000 005 010 015 020 025 Hmax
X=(x/a)/Req
(a) Numerical simulation result (b) \Elocity profile relaxation model

H4-8 ANz y b OEESTRIERE ORI R & WEEES T 7

4.2.4 EHLE

BHEN AT TIRE LEET AEG ORI Y 7 A JAXAIZ L »> TR STz,
4.2.4.1 V= v NgEBR O

O EBMA T RIER 2 ¥ =y M RO WRE LRI L TE R D KR TIEARLE WK
DEEFPT TR PIEEOFEBEFARDL N KRETHDL. AREWOEEHIZIFICERLE
WEOEBRMFETIZ ML LGNS Y =y OB AHMEIENTWDER, Z0Fik
TIH/NESREWEFFS TP IEEZR A2 ENRETHD. WERBBICXDRE I, ¥
Ty FEBIWMTA2ELBMIIAFRMEICL S THEITOBRELZEX THATICADLDT, Ml
Yy hOEXRHERTYH, BRICHIE LI ERFMOBESMENE L7256 3[10]. AEEKRT
I 49 ISR LEEEBAEEICIVZEBROY =y ORISRz EEME T 5 %2 L.
X 4-9(a) & —H O EF A E AT, X 4-9(b)D AN D X%, X 4-9(a) D HEHR T O BEFE 45 A &
zT. A7 7 71 3F20EEAKTHL. WHIZAAMMHD 2 DOMERIZHD EEZLR
20T, ZOHEBEOIWWESZBHBT 2 2R OMIERETED,Y =y MR- &LE T
DER (KEBROY =y MIERWICEHNHRE CHD) 25H L CTmEHEeEz RO 2975
ik oT1I BNV E /NS RREENMNE CTHAINDL. —HlE LK 4-9(c)IiZ X 4-9(a)
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OEBENSHHB LY 2y FOWESHRERT. ZOMNS KEER TIZ/, ALYz y T
FV 74 A2V 2y b ERE, Y2y FERNMICL Y EB SN RERO BT 2 R 2 ek
L oTHHMAREETTWAEI ENbNS.

Frame No. 3924

°
—t- ST -
I 4] I
Frame No. 3920 PR o S === S N
—e= 80 ¢ 0 ©] F0 S ammaia
IS
£ 4 r
Frame No. 3916 =9
2,
.. 4,
I
Frame No. 3912 BF EesssessoccEs=—exa==E=
—ttESNE o, ., % o ow
Distance from nozzle exit x/a
(a) Video image (c) Instantaneous jet outline
) N
NERREY T
S le) — \ i}
‘--h.__\\ - C--.\
2r
30 V. ™
e
Pixel P,, AT p Prot Tl |
1 PUNEEE e il —(Pn+1 = Pro1)
25 ] 8 P=P+
™ J?n:.ﬁ.__q_éh bolic birte 2(Ppy1 = 2Py + Py_1)

20 |
0 50 100 150-40 -20 O 20 40
Brightness B, Edge strength (B,41-B.1)/2

(b) Calculation method of local jet diameter

X 4-9 Py bOBEHBEOHHE (¢=1mm-{ =30 mm nozzle- jet at U/V = 1.53)

4.2.4.2 K BB

KREBRO - HOBEBEIZ, Yy POWIBROMRKEMEL 72y P LT &K 4-10 12
RT XD B KRB AT D, IO ESCHIERZIC L VAT D IEFITE VRO
MRS OB ZR LT 57D MRROERTIEEY G o747 vLOETEIRL LK
a2 RV, X 4-10 OFEHCIE, a5 Y ey bJuLEic) - THl - 72 R x 20 05
a CTERITLTRARLTHD. HMHEITEHBEEZEZRL, F2Db EiCmro TR AT, /£
e X R TR Ve 2R T FEH EBRAE IR O W B R B IAR KRR XIS W T T
N5HDT, KA OFA S22 Z Tl L TH<.

BOKRERIZY =y MM EOBREZ RS, KERSOHBIZZDOERTY = v O
MRS E T2 L ERT. RREROLEMIZ T oy b IR aftEomRn, FREEXICBIT S
Vv MgSBROMRKEMEELTRT. TOMELLETHREROB X NER > 8F05
AR D., BREBERIT vy VEE U TES RO ART. ZOEBOMEZITHS, K
RKEBBIOBEERREDNDNEDONICE-T, MIZBHA TV D RmE DR OREIE N 58 T &
L, BEERIVBEXNARE VD, HD5VIFAOHEE ZFOMKSEENL, EHRGHEERE ()7
S E=U—EfH) #Fo7EE2RL, T, FFlIZ¥=y MEMREHFOZ XL X —JHIZ LT
ELNTZHETRIINIERLARW. RO EZ LTI, Yoy MZEATWSIIE, T
FLTWVWTHIEFEAELETHR Y2y Mol Tox X —2 b b o TEONTZHETHD Z L
Nond., Vv hOGKRERHIEORSENLEI s TELRLTW DO ThHhIE, EREIRD
TR MAEE=U+EME) bHFEELRTNERLT, BEEROBEEX LV /INSRED
HEZFHFOMRKEMFLENTLNEZRETHIN, TNV, 2O Z L0E, RKICHERD
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AZXWENELWE LTH,ZOIEEIZX 4-10 ICEROLNDEORBEIV /NS WD & 2FEKT
L. ZORIFMOMRKEMBHICBWNWTHRETH-T. BITRT LI, /ALYy b
THARLEWREROMBIIBRLERICTEITICRD. 2O X9 2B AEBIIHIHICY = v
FEWMITSICARZD. Yoy PBRHOD E XL T REER I KX, M
WZ¥ =y NEWRIZWAE D PIEHLTWD Z e nbhd.

FaxDREL TV DLIERNKOH AL EMEAETIEL, Yz y MmO IEL X ORLE KO
HEERE (LicERmEEME N TR THD) THBEINTZERmE R LT —O A REIE
T3 (BREN /W= BRIC K 2#BNIXRE) OF CERICEZ DI, H- I8 H Sl
A ZEWZAED DI D, &K O &l B s B 4 0B L TG O 2 7 iR R BT
Blix, /DERBRO LREBHEREENEOZEEE TCLILEZTHEY, BCARLEL—T %
RETHDOICHNRT —XIZhoT.

RS A2 BRI hT > THEBELARTNIEWT 2 WA 25T, B O < Cllmm DB
Lo TV =y NEEAANMICEH A o 72 H#ERICR D 720,22 ZIC A TERIBO /NS 721X %R
T DK S ZAED 720, [FERO TR, BEE L 72 REEW OFE L@ cb AL 5.

1000 —7 ——— T 7860 -
/ = 47840 0
7 Exp.8 #1. U/V=1.38
TCW 17820 i
J | Unstable wave 47800 ™

997.5
7780

995
9925
990
9875
985
982,51
980 — y.
9775 s

875 L 7660

e : ] = 7640 -
970 ' , 7620 -

967.5 - 2800 -
965 /E’./ S’ r 7580

962.5 N & -

l_'l-l ) fl
960 e /| & 13 7 7560 -
8

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
X/a -

LT

T

Vt/a
i
1.
4
.
\\..

N
~ o~ = o~ =
[= - N R R . L |
[5= I o T R N = ]
o O O O O

Frame number
§ 8338

(a) a=1mm orifice jet at U/V=1.38

(a) a=1mm orifice jet at U/V=1.38

104715 ] [ e L T+ AR 33:3
o - g-— ';’ o o "o = \n—!‘ e B 3960
1030 - - 3940
il = - T — — Frames
1020 L T e T | s ysed in Fig.8(a)(c)
- v > = v 3880
L™ | e . —T
1010 A i T A [ ™ — 3860
& wl 'y
e e
= u i - - 3800
990 il e HE e | L -i’:“ 0 O
g | e s P - i as0 2
-
S w - P I-L‘r'-:lﬂ.i-l :: ﬂ'ﬂm‘fﬁ-"' e an " X o g
- L-T i Sl P ™ L o oint moving atU oo 1=
970 L .
ST e T e ory ol PO DOTE
960 3 o | g L — — w0 -
5
3 E o - ’7‘F 3840
950 - | 3520
o w—— T = —
940 e L - - Caitl | . 3:23
I P il Ol e 2 s 200
930 i i i’ e - — o o 560
", S L I e B} - e ety s
—g* —— 3520
: P L g = ol Al - 0

916,713
0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 3B 40 42 44 46 48 50

x/a

(b) a=1mm-/=30mm nozzle jet at U/V=1.53
X 4-10 R K BRI 51
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AV 74 AV 2y hE ANV 2y NOBKEIBIXOENCERL L. 4-10(a) D
R R NIE B 4-3(b) & K< —FT 5. FATRER S TRAIN MmN RITY = v b
SWALEA L B LB RMERO FRICTETWD. 4V 7 0 AR THELRERE
EW OB LR8O b D, 5K 4-10(b) Ti el A3 o 7= Je 0 IUE 3 o # KOSELBR 28 /B 2, Tt
BT O VWEENMMEISN TALZERBERICELLTVWDIORDND. /J ANVY =y
FOHOCARZENEEOFEMEMAT57-DI10, ZOXHOYHNERELEBZ THELIHS.
4.2.4.3 V= v NESRALEBE

—EHHYzy PR TERREEHTEICY =y NEWMATFEET S, 2 OBt E X, 4
BoOYzy MgEHHEEIOVRKRESL., —HlE LT 411 ITEW ANV EHWEAZ A TFERTH
by =y MM ERBEZ YT, ERTE, F4PBOBREHEEORKREZD 1 BB
DR 4000 =2 v TREIN TS, MERICKRE G EMITT &, A LIV dElE o
NARZ I > TV D, KL gy O TH L TEX2Y =y FOEIHIZIRO W RFL] tga) £ T
[ZALE Lpn 705 Lpaer £ CBENT 5. AEBR TGO EEICK LTV = v bIEIALE
DIFMFEHZHEA L TFEY Y2y FE LO)ERD . FESEEREIL Le, DEMNFEE E LT
KE 5.

L
130- n+l
I—n

120

110 T /
o 100
: 80 LBn
= Il.‘wJ
5] Sow el
[
2 5 Mn L ten  tgn
-
2L, 60
=
o
L a0
i L
c 30
<
g 20

10

-

20000 0000 40000 50000 60000 70000 BO000 80000 100000 110000 120000

Frame number

4-11 AFZATERTOY =y MEWRMEBERBEF (Exp.12#1:a=0.4mm- [ =120 mm)

43EH TV y FEIETIERERE L ER
4.3.1 EH TV =y PROEHNEEKFE

Bl 4-12 12KV ANVEHWEAZA TERTHIZFEY Y =y MR OB EEKRTEEZ ST,
s D 723 LRI O B TRAT TIT 272 C X A 7B (Bico MR EZHER) OfELTAL
Toh D, £ B o5 B T e SR E ML L/U L0 +aIc&EV. X 4-12(2) 1IT1F /7 X
NY oy NOHOARLZEEBEDFIELZ FEIET HRDO 2 OOFEENRIIENTNSD.
4.3.1.1 BE#HE

JANTY =y MZHLTHHERD ) A AETIHAA ) A APRBEEINTE Y,/ TR
ME S — kR e 2O N ) AVHOTHIELN TRB Y, ZOH )5 KEIERERZER N E
HAICHIEL CY 2y b2 T5LEX0N TS, ZHIXERZRY = v FoWricx+ 5
— H BN EETHDLIND,  EENEHEN S D E U EE SR BGE R Le/U %121
x=Lpg THMNBOBEENIEFESWIREBICADZIZTTHL. 41 THERLEAY 74 2T 2y
FOBOCALZEAMEEICLINL, Yy MIHEBN DT 2Ls/U LA EOFFRE 2 FEE L THI
THEFNEEDOETEIEZRMT DI L. TEOBRENELINDICIE, MOME Y =
v NEWEEOMTO —HEO THMREARSBETHD. FEOFEMHZT, ALYy b T
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bERD. S ANTY 2y hTE Y2y FRELSR2DT, EFSBREBICELESIZEDL -
ERWEEBAME /D, 2D, Lp/U LV IXH0E WS UGS L E 4y Bk e 28 i
ST HAITE O CHE N EHEE A AL ST D L ATOEKNEERRIELD R o R EE
Bl Y, MUEREZBIVELTHLEEDOFEH Y=y PERRUMHEICARL R 25, X 4-
12(a) OBEO M, BBEHY v NAEKRENLDBEHRICE > THEDO Y = v ko Wik i
DREDLZLZRLTEBY BOTHEBEOEMELEMIT TND.

A-type experiment:
Incr Decr
T 390 —T—T—T ]
ﬁ% A-type exgwr?'ment]:) _ [}
120 HExpas #1 — -- 300 [TExp13 ﬂme—ase - ]
o 72— - © B = I X
= 100 |- — 3 250 HEI67] — -
= C-type experiment: *l =
Oy 2 200 —
2 -
% 60 [~ 3 150—
2 2 '
g 40| § 100—
< £
20 |- T ﬁ 50—
4 A I No unsn1ble wave |
0 | | | I 0 -
1.0 1.2 1.4 1.6 1.8 2.0 0 1 2 3 4 5 6 7
Jet issue speed U/V Jet issue speed U/V
a
@ Parabolic flight experiment ®
afmm] | 0.4 |04 |1.0 al[mm] | 0.4 ] 1.0
Nozzl Orifi
OZZ€ g [mm]| 120 30 | 30 THCE 9 [mm]
™ ol a ° A

X 4-12 AZATERTOFEH Y =y FEOEFEEKRFHE
4.3.1.2 _fHi#

FV 74 ATy hOHBCARZENAKEE CIIALERTEORKN TOAELR, Y = v b
FAIEHHE O —MBEMIC 2. ZOREEIARAFHER COMER CINL. K4-12()D / X
VY OB, EAE TR O@EERRE LTRSS LD AN O E 53 Bk B8 53 0 SR
FERPH 1<U/V<2 WCHFEETHZERLTWD. FRIOEAKMOEIRNI,AY 74 APy bD
EHDWOIREEIZEI TR Y, 20/ ANy y OSSRk EE LI TR DK T — K] L IES
FHOEKEBRICKIET Db 0 TREHESWE— R LS. REBESE T — RISV EY
Py FEIXERNBEEZLZ UV=2256FFTWoltXlCUV =12FTHDLIZLITRIL
TWb. WZ, UV =100 EEEHELZ EF Thwom X, HBRY 2y R TEX 201X UV >
1.6 Thote., L2L,~EREWY =y bR TENEX, UV=122£TCFFTHHBY = v bR
Bk S, REEESWE— NEBEHEBESWE— NIX UV=10EL THbI 52, HiEH
SEE—RIZ UV =223 EREHOHE— NIZERERT L. EFMEERTIUV=10
LT M & T oMoBERSNEES. W FHARIIHELEIOHE L L CHH
SNELER W TONFORENEIFEBHESME— FOH AL EMEBICHD Z & 1IN
LN THDH. REBROWEFHEIZB W CEERE KT — FMIZEREFER CIXHB L2,

FHEAEEBEHMTOY 2y N ESWT 2 AR ER ORI EA 2 075 R Lk o FF
Wbhol-. (1) HHEHSWE— RO WVITREEMIKHE—RF2D0FT M 10afRE LY KX
KHRVWEHICEAREROEEZRRMICE LSS THEEFSWRESR TS, 2) b7
G E R oOMICEREESMTE— NIRRT FOWTNNICEBERL XD
ET LD MRICHE— RIZm o8& 2R L7z
4313 AV 74 ATV 2y b7 ANV =2y bOBEL
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Exp.4 #1: U/V=1.60 Expd #1: U/V=1.84

50 ——

Expl2 #1: U/V=1.60 ';7‘1', . Expl2 #1:

©
S
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>
T %
Z
() =
LO > {74 & 7
[ ® T ! A1
S & : I : g
s N / HERIATDE K AFARY a8
= o 7 MIE AN ALD 7y
A AW L0 7. 4BV,
= 7 ¢ LA ] ZADdb ]
g AR T A LA TS
7 i TR LR T L=
TEEHE BB e TS O T T
- gl DD AP A AR SN TR
0 10 20 30 40 50 60 70 80 %0 100 0 10 20 30 40 50 60 70 80 9 100 110 120 '0 10 20 30 40 50 60 70 80 90 100 110 120 130
x/a
e Exp.23 #1: U/V=4.33

CAERE

e

= T H v
Ep.18 #1: U/V=3.15 : Exp.13 #1: U/V=4.38 LG
. A s I LN TE 0k P P T ‘..'15.3 ) T Vo,
+ P il AR 10 K O B CHRAI ¥ (RS 80P R 3 N G o o Ed
L"" T - =% | 3} F :{H AR O 1 o P S e Lo o)
a0 hid YEB I 8 VLRI AN L e LT
'-,AL > ;{4 YIRS e s B A w7
PR d = 1T o EPRTEE 8 SV |5 el ol it ol
FS ek 74 4 O] e T [ B s [V F il u. 7 oA
R B 2 CR T O O3 2 e A 0 - CAR
10 % 4 @l o ) b PR RN .1 T A o WY - P
RS I , % et 7 St z e
SR LARICIEA 3 N3G : Mo M 'y
3 2 2 A - LS. IR AT i ol T P P
0V I 1 pd ST ETaer b OB LD IR S A RN T E L N i e ol o o e
ra bt rd L Eali LNE RS/ D W CAFS I N U | 3 i E e Ea g A
15 LAY e 7 T3] 3= ) E (R g r.}:j F ol ol o et e e T S
L iy X F N - > & FE P I 1 3 A 7 W s R EP
RN R ¢S L T EANAE 3 5 L 3] e o T o R
A B £ 7 = AtLaT P AL O R Bt
L 23] . A0 B 5
Pt L TR TN A v M [T IR R R SR s el . 1 P e W P WP P e ey
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X 4-13 FVYV 74 ATV =y bE a=04mm,0=120mm / AT = v DL

a=04mm-{ =120 mm O/ AV &M ZFHEERTEHIZIER CAE RSN = v b
DIyW N & 5 MBS BT — FOABR SN, BIEREMITONCI v UV>16DFY 7 4
AV xy NESKTAARARERIXAREROMIEIL X > TELNZRY EREFEEOA D 7
A ARHFHICEDIEONDZ D TmENT. J AN 2y FESMTAHAARLEROEFE S F UL
REEWROEBEHIBICH L TN, ) ANy NO—FEEHERTIEZAY 740 AV 2w K
ERUARLER ORI LAY EREFBESMEONA T D ETTHDH. TR TH 4-
13 TIE,RALC UV IO 7 4 AV =y e AT =y hORMKR S % I~ T
BLTWS., WTFROMKSEBIX G, X 4-11 & X 4-12 O 5 HIZ 72 B R 0o 8 9k e B
g 50 ZE V-2 D THDH. /J ANTY 2y NOEEHY =y NRMEIZL, AV T4 AT =y
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FOWE Y 2y FEMBENR KL LIS, TV 7402V cy FOEAOMEBELZ TS L TEELT
bbb, AV 74 AV xy NTHE, 7V 7 4 ARH TE LI RLE K OB 13T 48 T F
TRERROBRKEFNE L TRIEINTWD (UV~2 TIEEIERBHEEARALZEFRICIVIELN
To B AE DR B D LB O K FRBHEEIC XL > THE O < ORLEE ORI
NTWDNR) . ATy MBI TV D EATEAMMK AT ZMREMHR ST L —R LA
V7 4 AV zy MUIZEBT EMEIXIFEALEERS. 2NLV AV 740 ATy MERLD
BFED ) AN Y2y FOEMEIZA) 74 AV 2y FERIUEEEICR>TEBY, 20 LD
EIKIEA Y 74 AL RAEOHEHNERZLTND I ENLND.

ANV ANDBIE TOREBAENEEICK L TED LI ITEAT 20RO NK 4-
14 ThH 5. EBRA (JRAL) 1L Bousinesq DB EHR LV E TR WEICH L. MITITSZEDI
DIZ Au/V=0.5, 1 2 &7 50@E (R &HZAwU= 0.01, 0.1 O E (B LRLTH
. 4-8 1ZHRD XIS EBAE ClEdu 1THEBEEMICNSI L RoTE Y, LB
TOHMEDRITER T DB/, o T, Ltk oM E A2 72 E oy AffEnmoE
X 121X Bousinesq OB EHBZ AT 200N @Y LoD, RICFEHT D X 5 1Cdu/Vv=\ & 72
LARERDO ERICEARRERN TERVO T, —HFREE» b o> T& 7w L siF R ITR3%E
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Summary report of the ISS-Kibo utilization mission
“Detailed validation of our new atomization concept derived from drop tower experiments
~Aimed at developing a turbulent atomization simulator~” (Atomization)
Principal Investigator; Akira Umemura (Nagoya Industrial Science Research Institute,
Emeritus Professor of Nagoya University)
Jan., 2020

Liquid jet atomization is a technology utilized in various fields. In particular, in acrospace industries, it is a key
technology which determines the performance of high-speed combustion in gas turbine and liquid rocket engines.
All liquid droplets are produced by disintegration of a liquid column. A water jet issued into atmospheric air in the
present ISS experiment (see Fig. ) represents each fine liquid ligament extending from a high-speed liquid jet
surface, and an injector of the experiment plays the same function as the turbulence or hydrodynamic instability

which produces this liquid ligament.
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means that we can not know where the Fig. 1 Schematic of ISS experimental configuration

jet disintegrates unless we examine it experimentally case by case.

Based on our observation of liquid jet instability in drop-tower experiments, we proposed that any laminar liquid
jet can spontaneously disintegrate by its own self-destabilizing loop formed along the jet. This proposal is based on the
fact that part of the surface energy released by jet tip contraction or nonlinear unstable wave growth is transferred
upstream as an upstream propagating capillary wave which deforms the newly issued liquid surface. We previously
demonstrated, in a laboratory experiment, that gravitational jet acceleration can change the upstream propagating
capillary wave to an unstable wave responsible for jet disintegration (see Fig.2). A nozzle jet issued with a parabolic
velocity profile increases its surface velocity from zero to the jet issue speed in its velocity profile relaxation process.
Therefore, a self-destabilizing loop similar to that of a gravitationally accelerating jet may function in nozzle jets.
The removal of gravity effect is indispensable to experimentally identify the self-destabilizing loop intrinsic to the
nozzle jet. This is why, in the present ISS experiments, we especially examined the surface deformation of a water jet
issued from a long nozzle of radius 0.4 mm and length 120 mm in detail. For comparison, we also conducted orifice jet
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experiments, which are the correct jets treated in Rayleigh’s analysis.

As predicted in our proposal, the nozzle jet had a two-valued breakup distance in a certain jet issue speed range and
exhibited significant hysteresis behaviors, indicating that the jet disintegration state is determined by the past jet
disintegration history (following causuality). We suceeded in tracking the movement of each upstream propagating
capillary wave by processing high-speed viedo images. The short-length breakup mode was confirmed to essentially follow
the same self-destabilizing mechanism as that of the plug flow jet, in which the upstream propagating capillary wave
produced by the jet tip contraction is reflected at the nozzle exit, and becomes an unstable wave which determines the
timing of jet disintegration coupleted with the local destabilization of jet tip blob, i.e., a body of water accumulated by the
jet tip contraction. In the long-length breakup mode, the velocity profile relaxation plays a role equivalent to an orifice and
the average nozzle jet length is expressed as the sum of the velocity profile relaxation length and average orifice jet length
at large jet issue speeds. In fact, the image analyses clearly indicated the existence of a resonant location near the end of
velocity profile relaxation region. The synchronized upstream propagating capillary wave produced by the nonlinear
unstable wave growth in the uniform velocity region cannot travel further upstream byond the resonant location due
the velcity profile of the nozzle jet there. Therefore, the amplified upstream propagating capillary wave deforms the
surface of virgin liquid jet cyclically and reprodices the same unstable wave there by dopper-shift effect. Thus, the
same jet disintegration can be repeated in the nozzle jet. Interestingly, the ISS experiments also revealed a coherent
capillary wave structure establised in the steady jet disintegration state of long-length breakup mode. To explain its
underlying physics fully, we developed a new theory of dispersive wave, and it was theoretically proven that, even if
the isseed water contained small fluctuations considered in the noise concept, these fluctuations cannot produce the
unstable wave responsible for jet disintegration.

The ISS experiments indicate that liquid ligaments formed from the turbunent jet surfaces can disintergrate to
fine droplets in a terministic way. Combing with a turbulence theory, we could successfully develove a turbulent
atomization LES simulator for Diesel spray formation. This is a simulator having no experimentally tunning

parameters, developed for the first time in the world and it works for any turbulent jet flow.
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Fig. 2 Schematical explanation of relationship between jet types and their self-destabilizing mechanisms
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