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Transcriptomic analysis of gravitropism and hydrotropism in cucumber roots

Nobuharu Fujii'*, Chiaki Yamazaki’, Miyazawa Yutaka®, Motoshi Kamada®, Haruo Kasahara®,
Ikuko Osada’®, Toru Shimazu’, Yasuo Fusejima®, Akira Higashibata®, Takashi Yamazaki, Noriaki
Ishioka, Hideyuki Takahashi’

'Grad. School of Life Sci., Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, E-Mail:
nobuharu@ige.tohoku.ac.jp; 2JSF, Shin-Ochanomizu Urban Trinity Bldg. 2F, 3-2-1 Kandasurugadai,
Chiyoda-ku, Tokyo 101-0062; ®Fac. of Sci., Yamagata Univ., 1-4-12 Kojirakawa-machi, Yamagata
990-8560; ‘AES, 1-6-1 Takezono, Tsukuba 305-0032; *JAMSS, 1-1-26 Kawaguchi Tsuchiura
300-0033; °JAXA/ISAS, 1-2-1 Sengen, Tsukuba 305-0047; 'Grad. Sch. of Med., Teikyo Univ.,
2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605

Abstract: Plants express root hydrotropism that bends a root toward the wetter side to obtain more
water. Root gravitropism interferes with root hydrotropism. In cucumber (Cucumis sativus L.)
seedlings, root gravitropism suppresses root hydrotropism under the stationary condition. When
cucumber seedlings are clinorotated to randomize the direction of cucumber seedlings to gravity
vector or when cucumber seedlings are grown under the microgravity condition in spaceflight,
cucumber seedlings can express root hydrotropism because of lack of gravitropism. In this study,
we conducted RNA-Seq analysis to identify genes that asymmetrically expressed during
gravitropism and hydrotropism of cucumber roots. We found 45 genes and 21 genes that
asymmetrically expressed in roots during gravitropism and hydrotropism, respectively. Among the
asymmetrically expressed genes in roots gravitropism, 9 genes belonged to Aux/IAA gene family,
GH3 gene family and SAUR gene family that were characterized as auxin-inducible genes. In root
hydrotropism, 5 genes among the asymmetrically expressed genes belonged to Aux/IAA gene
family. Three genes were identical among Aux/IA4 genes that asymmetrically expressed during
root gravitropism and root hydrotropism. Our results suggested that root gravitropism in cucumber
seedlings interacts with root hydrotropism by auxin.

Key words; Auxin, Cucumber, Gravitropism, Hydrotropism

1. FL&HIC ZHIT D LR IENE RS ICBETE 5 2 LM

FHOWNENEE ZFA LT L2400
HACEBEAEORIAIL, Tl AW O EERIIEHR
O—>Th D, WMOENISE LB &
LT, Wk, EBAEENREICHESNTE, MY
ORIFENEEZRBE ST LI2L D, HITFHO
PE OREZ TN mdh - MR SE, HERICERR
AL, BERNEKRESEZRINT D, EWIZE T
KT EAR R RS TH Y . FEWITK
ZEICRNPORIRL TWD, £L T, MHYORIT L
VKRG DZ N~ RS DK A B
T 5 D ARD K EMEIROE N EMIC L 5 T 2%
T A7, WOKSEYELMTET 272D, Ky
JRMEZ RGBS D ERREZHBET LML ENH
S>lc, ROBENBEENERF I RU D ageotropum
ZESRIE AR DARIZ ARy BRI &2 5- 2 5 &, fROK
DEMEPBED OGN D, ROEEMEOFREIL

-
-

S5 7= Y, 1998 4EIC4T 7= STS-95 il £k
IZBWT, F2 v UDXRT (EHFEREERK) IZxT 5
HEAOEBENRNT SN, TOBE, LTFTOX=27 Y
DR ORIy B EIEE Sz, STS-95 FHf B CTik.,
R A FTRNZAT T 2 v ) O %2 Ky 5K
ICHEEICAE LA, BHFEH, BRPAKPCHRET R
WTHAZ ZAEFSEREY, MEOESN (1G) &IUET
T, ERITTRICHRE L, ER> 5 KT 5 HR
R T ET S Y, LavL, STS-95 F2H %
B/ NE SR T CAT S 3HA 2 OfRRIL,
KSHEERD G I~HE LY, £ LT, ZOMRD
KGBEGER~DHEARETX, #ET, 3D2ZY 2%
v T TAB SR -X 2 ) OFAZ THHEIE
EnY, LER-T, F=w U Az ORI,
HAEMEEZIST 2 LR EEERITHEZ XD
Ni=, £ LT, FEZXDORE-BOENI BT B M &

This document is provided by JAXA.



Space Utiliz Res, 30 (2016)

KB EE 258, 7V A%y b ETEFEX
ﬁh%éz@*& X, KRS EMEEEE LR Y, U\J:OMFE
BEnb, v OROKSEMET. 'R
HFWEZIT, ENREEEIHIT D &K F‘f@%%ﬁ
ﬁ#é&%x%hto

1%0Eﬁ EXhfcan R=—+ 7= Fh#T

ﬁ%%ﬁ#é“* . BRERIMICISE LA
%%//ﬁ%@ﬁﬁ X0, A—F U DIRFESL
ZHEL, mithd 5, LIEEORIIEE LA L,
BUE, I ZF AR BRTWE D, 70 ) 2K v k&
T CAKRDEEEZRB L TWAEF 20 U ORIZEBWD
T A—F L UFEMELE T TH D CslIAA] DFEB %
AT UToRE R, CsIAAl IZmARS I CTREzBET 52 &
PEHENCR ST LERoT, a7 0ROk
SIRPEDRBIIL, A — %2 v DIRZER 224546 % £
IyEEZLNT,

—JF., vaA XFTXOROKSEEIZIZ, A—F
CUMIEEN LA — L DIRESFANEE L
WARREME DS RSN TWD, YA XF X F Tl
F—F P F v U 7 T D PINL X 287 B3k
BARAMROM O FETMICRBET 2 LIk,

M EEOEIR ARSI A —F U0, #HERE
o TR~ CHXIND, M EEoEETEREN

A —3F 0%, PINI X 7 B HEE IO DR
OTEWRMNZBIET S Z LX), #EE AL E-
T, RO~ wmtshs ¥, BAOREE 5 2 T
PRNVEIEA X T, RO a2 T AOSNE I
YJSIZ PIN3 & PINT N RfEL, #EEREZE > T2l
A RIS SN CE A —F v v 2SI
SMTHEH LTS MOz 2 S S HE Sz
A — % TR B O O FEANZ /TET H A —
XU Y U T PIN2 IS &Y | EERICE RS
no W Ee A= VR IARF Y U T D AUXI
B, LA TR DRI~ O A — % o ik
ICHERE L TW A Z EAVRENTWS B, 34 2 28K
LT, EOMES 2D &, LA THIE TR
L TV % PIN3 & PIN7 23, Mo FHNZRTEE L,
IV A ZHEO FTRNCA—F v B RENIC
ZOF—F T U E Y U T ORIEZEAL . RO
RHEBE O =XV U DIRENFZHETDHEE X
LTG0 F—x s %+ U 7D PIN2 &
F—F TV UBUAR X ¥ U T D AUXI % KIE L 72 228%
EBRIRTIX, ROEHBIENSBRE IR DM, ROk
SEMEREF THDZ EnmE sz P, £, v
A XFAFORICA—F v Ty U T OE
#l < & % 2,3,5-triiodobenzoic acid (TIBA) <°
1-naphthylphtharamic acid (NPA) % LEEd 5 & RO
BAEMEITEEI DA, ROKSEMETAES L
BRNZENRENRE Y, ZLT, A—F T rv—D
— 85+ D DR5-GUS OIEHBURMT D5 R RO HE )
PERFIZIZ, DR5-GUS DR ZERI IR FEBLAGRD H L5 D3,

gk L

© ISAS/JAXA 2016

m@mﬂ PEFEBIRFIZIX, DR5-GUS DR 7R 7238 5
RO Lotz Y, —h A—F 2 AEHREA
@ p-chlorophenoxyisobutyric acid (PCIB)ZALHE 3 5 & |
A XFAFORTHE M & RERIZ KD JEE
PETFLZ W, ZRHOENS, v af XF )
DIRDOKGEMEIT A —F v VB E LB LT B,
F—F Uk E N LI RN 24— % v U OO0
PEDRWEE 2 62}%71

A XF X F OO Ky MO FRATRE R0 6

F a7 U DROKDZEHEICBWNT, 47— %//u%
DRDOKFEMEZE 5 & Z T EROFEZRGFT 5
MEMERH D EEZ BN, VYA X FAF0A %
OENEMERO~A 707 LA & V- BN Es
FRBEMBPTNIT b TND D9 2 TIXEHE
PERFD Y = — M2 Bl & TRNCEI Y 4310 T, E I
Wit 6 i) B OB 7B A M REAI IS MENT L 72/ 5.
F—F U HEMEELG T (w44, SAUR) A EIC
HANTTFRTEEHRLTWE 9 72, VL) v
(GA) MELEER B T2 PN AT R CEmsg sl
THZET,GADRREESHLTNDZ ENRBES
niz 9, T O RN S BN OG5
LR % HEFREAICHIT 2 Z L Ic X » T, REMITH
BT 28 THORMENS . JBMEEZH S ERORE
NABECTH 5 L WIFF S, T4, DNA MEEFESI D
REMEAT TS FER - ST L. RNA-Seq & FHEN 5,
MR BB R HATIEN BRI S vz 17, Nz <.
Xav YOS AEERRESINRES L Y, Lz
ST, = U U THMEENRBE T ORBUENT A AT
Lo, £TIZ T, AR TIX, ¥=2U U DIRD
K5y R PRI & B ) JE MR 0D i AR - SR A MR AR A AR
Bri. mJEMECRZAMIZREELL TV D IBIE 7% ik
L7,

2. MHEAE
PN (B3 726 F% =7 U (Cucumis sativus L.
wsmmMm@mowﬁ%%%ﬂb FBRIZ AL

77 a2 U OROENIEM &K EMEOERIT
mmm%®ﬁ&_ﬁbfﬁot®owm%77z%
v 7 DIFHE (A —%— AION, KFR) (Z&H1F

T2 RAT Tl D FE LA AN SCRHA D SMANT 2 mm FREE
Ho X DI OFEMETTA LT, XKFHRITHK
L7, BEFERICTHICHERT L L O, A2
AL R E T T AF v 7 Rl ﬁ@ﬁ?kom
D HE ) EVER OB FRBLE T+ 5720 (RIS
26+ 1°C THHE L, FEEIC %%éﬁﬁj4ﬁﬁ#@%
ExE, FOEEEEIL, HDHVIIHE L CTEIH
WEH 2 TAEFTSE, 0, 1 BFf%IZ, HFAEZXEIF
wZlvry NTHATEY H L. RNAlater
(Thermo Fisher Scientific, Waltham, USA) (Z AL,
4°C TR E, 4LEE L, RNAlater % fi%IZIR%E é
7o, WBOKYENEREOBAR TR BLOMEHTIC

This document is provided by JAXA.



Space Utiliz Res, 30 (2016)

AT, 26+ 1°C THEE L. TEICHIF S E7 18 el
DLz Wz, FHA K AR E 5 2 %
7Ol BasWNOHFEAZ OLFEOImIZER Y 117
7o SRR BN K COs ik A2 TEA L, BanNIZK A
Bla e S 7o, BagZa 28D 3D 7V J A% v MZ
BHE L, EEs S, FAEZE 260+ 1°C TEBSHET,
KO ABMIRZ MG L TG 0, 4 K%K, FAEZ
EXFRIEE Y NTHRATERDY H L,
RNAlater WAL, 4°C T—BREL B, LB L RNAlater

AR E ST,

RNAlater R L7e = o U O34 2 0> 5 KRR
PRERE T CHENE 0.5 mm & BR & | K43 R 0D F2BR X Tl
ZOYIWHE 25 1.5 mm Z &K & AKK AN, '
FTEMEO FEBRIX Tl UIkm 25 1.5 mm & BlE T
ANZHEIZ B Y 43 1) 7=, RNAlater & Lysing Matrix D (7
Fav, BHE) AN 2mLAREDAZ Y 2 —F %
v 7 Fa—TICAN, W 4°C TRAF L., R
\Z RNAlater %=1 S ¥ 72, = D%, RNeasy Plant Mini
Kit (7 %7 > Hm) % HWTRNA i L72, RNA
ZHiH L7-t%. DNase I JLEEZ 1TV, K\ T RNeasy
MiniElute Cleanup Kit (57 %7 ) #H\ T, RNA %
LU 7=, KO EMED RNA-Seq 14 51 7 /3 A Ak
ST EFE L. HAEMED RNA-Seq (38T 1l gk 7
J LR (RRCRT - SaARIESEADWIZEE) ([
L CTIHW 72, Mlumina HiseqTM 2500 T3 — 7 = X
2TV, B oY (FASTAQ 77 A V) %
TopHat (2.1.10), Bowtie (1.0.0) ¥ £ U8 SAMitools
(0.1.190) THxXx = U DF /7 LAHEIHES] (cucumber_
ChineseLong_v2.gff3) (XL vy B 7 Lz, £ L
T. Cufflinks (2.2.1) HN® cuffdiff % T, &%
Bl& %/~ 7 FPKM fE (Fragments Per Kilobase of
transcript per Million mapped reads) Z & H L. #Eis 1
B A U2, MR ORE R, q E2% 0.05 LL
T OBIETHEIZ DU T, Cucurbit Genomics Database
W@ http://www icugi.org/cgi-bin/ICuGl/tool/GO_enrich.
cgi ZF]H L T Gene Ontology (GO) f#ttZ4T -7,

3. HRLEER

Xav ) O EZREEICEX, FEF I 24 FfH
MOX 20U OFAEZOROTEOLEMEHNM, %
DOFFHEEIT 1 KFH, Eﬁéﬁf:iﬂivvﬁﬁé%_
DROALE DKM E AW, FAZ ZHEEL TG,
e 1% OAR O _EAA] & TRNZEI Y 4307, %h%imﬁﬂ‘o
RNA Zfilitf L. RNA-Seq #1T>7-, ZDfER, T
N3 THY— R0 B 9s%B’~ v B 7 I
oo £ LT, EAREE S 2 THE 1| KRGO ES
JEMEZ R L TWAHRO LMl E FHITEE L TWD
AR T % cuffdiff |2 & 0 Lol U725 3, 45 BB 723
DEBFICHATREICREN R FBE AR LT (p i
DOLZEMLORMBEEHIE L qfE <0.05), ZIbHDH
5O BIETN, A—F 2 UBEEMEE TR (Aw/IAA

© ISAS/JAXA 2016

s 7B, GH3 & /xR, SAUR &= 78 (2@ T 5
BIZ T ThoTe 9 WOESEMERFIRZICFRE B
L TWHBE A GO T L7IofER, A—F v
FHEMERE T ENDT 8B T EHOARFRE Sz,
L7208 - T, RO E N BERICRZICHEI T 58
R A — VB EMNEE - TR SN TEY,
WOENEEORAERE &5 & 2 EBRITA—
XU ThdrEEXLNT, —F., BEHHEE Sz
LEI. BEIO, EHEE 5 2300 1 AT SE
T2 WA Z ORTIHRAMICHRBLZ R85 (q i
<005) ZRMHERNoT,

a2y O ZEEICES, FHFEL CHRESYE
7o 18 B O A 2 DR O LR & SR,
18 IRgf[iflin D 2E A= 2 1K AIBLHN 2 5 2. 71T
UMK BRI 2 5 2 22 N B ERE S T AT S
W2 A X DR O SFHRM (B & ROECRHE
Bl (AR, F21E, KoABfl%E 5 29712
BHDHNIKGABLREZ G2 BN 67 Y ALy F
ST CAT SEIHAZ OROZERMA (FASD
iy & SRR (R ISR EEID 53,
Zh)r5 RNA ZHiH L. RNA-Seq 17> 7=, < Dt
B, ENEWKNS FHYV—RFDO I HHK 96% N~ v v
Y7 ENT, £ LT, cuffdiff (2 kW EnFREAE T
B UTAER, KoARAME G2 RPN 7Y ) AF
v NRBTTABTSEHAZOKSEMEEZRE L
TV B RO @A & ARAK 53 C 21 AR - A3t D 8
BFITH, BAEICRAMICEIAL TV (q 6 <
005), ZILHDHH 5 B FH Aux/IAA B THEC
BT A8 T ThoT-, £ LT, BOKGEMERT
BRI RZERICRE L TV D BT 5 b 3@+t
O FE )RR BIRIC bR ZRICHEI L T\, 72
B, ZO 4 BT g, Ky EEZIRBLL
TWLF 2 ) ORTIRAICHEE T H 2 LRI
NTEL CIAAl B FbEEN T Fa7)
DR DK JEPERF IR 22T H B L T D 85 13
Z GO fRHT LIz, A —F v o iFEEd# a2
AT DB REOALNFEE SN, £z, KoARL
R % B 2 7203 O BT CTHER S, Ko EME
DI Z EAEIEDNIIH L TOWAIR TS, 18 EinF
DRZAERICEBLTWD Z R sz, Ll
NG, 2018 B FIZidA—F v UBENELE T
TEENTWehotz, £ LT, KyAEHKZ 5
Z 5. BLO, KoABRIEE 5 2302 4 FEE
B S HEZ OB TIHRANFERZ R TEEF (q
i <0.05) (FRHEZ0 o7,
PLEDRERNS, 2 v U OROKS EMERIR
NSRBI Dl fm TR A — % o U EE T
THER SN TEY ., =2 v U OROKS RO
EREEZGIERE T EERIIA—F o ThDHEE
R HiTz, [ARRIZ, F =27 ) 0RO EGEEROR
EREEAGIEEZTEERNG, A—F 0 ThoH &

This document is provided by JAXA.



Space Utiliz Res, 30 (2016)

EZZ260., ¥ OROEAHEMEITIA—F %
LU TRDBIEICTFH LTS EBESNT,
Frlx, INFETICTHER (21X5 ) MNER
HE 2 MFIARET —~ YO E IR
WAaEHS A —F % v U TEREOMAT (CsPINs) |
@ RUNI1 7>5 RUN3 #{7-7-, RUNI CiE, # &
HEMETH 2 ) OROKYEEEZ RIS T, &
— % UHEHF ¥ U T (CSPINS) D RIENSNY — v %
ML FREIC X VT 2 BN iThbiz
(BAEMRHTH) . RUN2 137 OFE AL O E R &
A ENEZ M CRET 24 —F v U v Y
7 (CsPIN1) O JSTEMENT 2 ffHT 9 2 B CTITbiLic
(BAEHKFET) . £ LT, RUN3 & LT, #U/hE A%
T CTAFTEELEX2 U ) OFEEZ DR TOBRIET
FEBL & MR EAT9 D B CRNAFIEH OV 7
Vo 7 %ATo7c, Gk, FHY 7z -k
W7 B T RBUATICE D, AlE, BB LEX o
VORIZBIT S, AA—F v 2N LiEA RN
% KRG JEVED FUWAE &2 MGET 5,

Bl
ARWFFE O —EH XSGR E A BAFE (No. 221S0002)
D Z% T 7250 TY,

S5 3k

1) Takahashi, H., Miyazawa, Y., Fujii, N.; Hormonal
interactions during root tropic growth: hydrotropism
versus gravitropism, Plant Mol. Biol. 69: 489-502
(2009)

2) Jaffe, M.J., Takahashi, H., Biro, R.L.; A pea mutant
for the study of hydrotropism in roots, Science 230:
445-447 (1985)

3) Takahashi, H., Kamada, M., Yamazaki, Y., Fujii, N.,
Higashitani, A., Aizawa, S., Yoshizaki, 1.,
Kamigaichi, S., Mukai, C., Shimazu, T., Fukui, K.;
Morphogenesis in cucumber seedlings is negatively
controlled by gravity, Planta 210: 515-518 (2000)

4) Takahashi, H., Mizuno, H., Kamada, M., Fujii, N.,
Higashitani, A., Kamigaichi, S., Aizawa, S., Mukai,
C., Shimazu, T., Fukui, K., Yamashita, M.; A
spaceflight experiment for the study of
gravimorphogenesis and hydrotropism in cucumber
seedlings, J Plant Res. 112: 497-505 (1999)

5) Rufelt, H.; Plagiogeotropism in roots, In: Ruhland
W(ed), Encyclopedia of Plant Physiology vol. 17(2)
Springer Berlin 322-343 (1962)

6) Mizuno, H., Kobayashi, A., Fujii, N., Yamashita,
M., Takahashi, H.; Hydrotropic response and

pattern of auxin-inducible gene,
CS-I1441, in the primary roots of clinorotated
cucumber seedlings, Plant Cell Physiol. 43:
793-801 (2002)

7) Trewavas, A.J.; What remains of the Cholodny-

expression

© ISAS/JAXA 2016

Went theory? Plant Cell Environ. 15: 761-794
(1992)

8) Blilou, L., Xu, J., Wildwater, M., Willemsen, V.,
Paponov, 1., Friml J., Heidstra, R., Aida, M., Palme,
K., Scheres, B.; The PIN auxin efflux facilitator
network controls growth and patterning in
Arabidopsis roots, Nature 433: 39-44 (2005)

9) Friml, J., Wisniewska, J., Benkova, E., Mendgen,
K., Palme, K.; Lateral relocation of auxin efflux
regulator PIN3 mediates tropism in Arabidopsis,
Nature 415: 806-809  (2002)

10) Kleine-Vehn, J., Ding, Z., Jones, A.R., Tasaka, M.,
Morita, M.T., Friml, J.; Gravity-induced PIN
transcytosis for polarization of auxin fluxes in
gravity-sensing root cells, Proc. Natl. Acad. Sci.
USA, 107: 22344-22349  (2010)

11) Miiller, A., Guan, C., Tanzler, P., Huijser, P.,
Marchant, A., Parry, G., Bennet, M., Wisman, E.,
Palme, K.; AtPIN2 defines alocus of Arabidopsis
for root gravitropism control, EMBO J. 17:
6903-6911  (1998)

12) Swarup, R., Kramer, E.M., Perry, P., Knox, K.,
Leyser, H.M., Haseloff, J., Beemster, G.T.,
Bhalerao, R., Bennett, M.J.; Root gravitropism
requires lateral root cap and epidermal cells for
transport and response to a mobile auxin signal, Nat.
Cell Biol. 7: 1057-1065 (2005)

13) Takahashi, N., Goto, N., Okada, K., Takahashi, H.;
Hydrotropism in abscisic acid,
gravitropic mutants of Arabidopsis thaliana, Planta
216:203-211  (2002)

14) Kaneyasu, T., Kobayashi, A., Nakayama, M., Fujii,
N., Takahashi, H., Miyazawa, Y.; Auxin response,
but not its polar transport, plays a role in
hydrotropism of Arabidopsis roots, J. Exp. Bot. 58:
1143-1150  (2007)

15) Taniguchi, M., Nakamura, M., Tasaka, M., Morita,
M.T.; Identification of gravitropic response
indicator genes in Arabidopsis inflorescence stems,
Plant Signal Behav., 9: €29570  (2014)

16) Hu, L., Mei, Z., Zang, A., Chen, H., Dou, X., Jin, J.,
Cai, W.; Microarray analyses and comparisons of
upper or lower flanks of rice shoot base preceding
gravitropic bending, PLoS One 8: €74646 (2013)

17) Wang, Z., Gerstein, M., Snyder, M.; RNA-Seq: a
revolutionary tool for transcriptomics. Nat. Rev.
Genet., 10: 57-63 (2009)

18) Huang, S., Li, R., Zhang, Z., Li, L., Gu, X., Fan, W,
Lucas, W.J., Wang, X., Xie, B., Ni, P., et al.; The
genome of the cucumber, Cucumis sativus L.
Nature Genetics 41: 1275-1281 (2009)

19) Abel, S., Theologis, A.; Early genes and auxin
action, Plant Physiol. 111: 9-17 (1996)

wavy, and

This document is provided by JAXA.





