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Summary

Radish sprouts (Raphanus sativus L. ‘Kaiwaredaikon’) were hydroponically cultivated in an environment exposed to
zinc at a level of 0, 20, 50, 100, and 200 ppm as zinc sulfate. Growth was inhibited in sprouts exposed to zinc at a
level of 50 ppm or more. Zinc contents in sprouts increased in a manner that was dependent on zinc exposure lev-
els up to ppm; the zinc content in sprouts exposed to 100 ppm was 833 ug/g fresh weight. However, no signifi-
cant differences were observed in vitamin C or chlorophyll contents in sprouts irrespective of zinc exposure levels.
A DNA microarray analysis was conducted and revealed that the expression of 1275 genes was significantly differ-
ent between radish sprouts exposed to zinc at a level of 20 ppm and those exposed to a zinc deficiency, whereas
the expression of 1379 genes was altered by a zinc excess. Gene ontology terms related to organic acid metabolism,
response to a stimulus, carbohydrate metabolism, lipid metabolism, and aromatic metabolism were significantly en-
riched with exposure to zinc at a level of 0 ppm, while response to a stimulus, organic acid metabolism, lipid metab-
olism, and oxidation reduction were significantly enriched with exposure to zinc at a level of 100 ppm. No signifi-
cant differences were observed in zinc transporters with a zinc excess and deficiency. These results indicate that
hydroponic cultivation in an environment exposed to zinc is useful for producing radish sprouts with higher zinc

contents.

IKHFERIE T CRIF - AF LA T I Y Mk MIHL Wh, MEIATIVICELTDH, ekl yifbA 75

THBENEZRT 774 M7 I AVERICEBINTE %
FEZFBEHBINTWS, 774 I A0 I3
MOACHHEWE THLEEZLNTEY, BFHEEZEOL)
R AR RREIER L D D E L HEEN TR HHE ST
WwWal, 77 AN IAINVOHTLT YR YT VRIS
KA FEISE S OHBALGER IR, 4 v F
FITF = D—HETHBANT + T 7 7 ZHD AL
BHEINTWDEY, 279 M, ABHIHV S5
TSR E NG TALE W 2 B A 720, X
MICREFREZHOLZEDPNRETH L, ZDLH)ka
vETrNobE, TTIFRNIRT AL AV ATTY
IZE¥ % 3V By BN A E-mmdtiiili s T

N ORBAHA LN T VDY, FHESIIABERICL - T

WL A T VAT Sy b EREL, Ty bERWE)
WEBRIC B TR & FSOREAIETHLZ L %
WL Tw5Y,

RE, HEERAINR, FEW, 2875 & oZBR Ly mE
DT &, FICREZCS N TBY), F4#EI6T 5
CEERRERLLENRTVS, 20X RBREZLICHEET
572012, WWEETORS, B, 7 V32 Ho®R
BB OB THEiZ1ToC\wb, DNAYA 2707
LA &G BURNT L, BB 2 R DIn % % 1z
TG L NV TR CE 28N 2 TETH 5, &
B ) NSRBI T LTWAI O, X F X FEage L

*HAEH © KBHEWRI T 1L T-073-3-35 (T 564-8680)

TG (Corresponding Author) : Tel : 06-6368-1765, E-mail : hryotan@kansai-u.ac.jp



TWGRIEZ \WAS, AA T L F A aviExg e Lmgedipl
3%, BB L EFT OO WTITIH S 21
ENTWh\, 20148254 T 27 7 AOYIELH) 3k
SEL72ZE%%F", #ASY ALY TDNARA 70T L
ACTHAT VAT T O THRBREZMTA 2 &
DU ERIC R o720 £ 2 TARBETIE, KPEEE T ToA 4
J V¥ A a2y (Raphanus sativus L. ‘Kaiwaredaikon') @
BT HRREOWENFIICL T, A7I7 MOFAEZ
WSS HEROMA R D BEAE WA L7z,

KB &

1. EREIEHITLEAaL X757 MRBEH
WAL A A T LI A A AT 5 FOF#EE LT,

IRBARRE P SRR SR 21T 9 ik ORBrhiRERE:) 2w
720 WERVEFEE 0, 20, 50, 100, F721% 200 ppm O i
AL 70 mL & 97225 g OBiRMER) =5 L
7Y —=rv 7 (129 ¢ x 88 mm,
) DRCICH &G, st b —42 (3%, H
K) DOWEA LA T VI A 3y (Raphanus sativus L.
‘Kaiwaredaikon) OfEF#2 g Zik &, BFr25CI22H
FEE L TR S, ZoREIEIIT 25C T5 H MRS
L7z

2. E43rCs&/7O007 1 LEEDAE

ATS5 POMIEHE Y IV CHERIZL F5 Y VI
FoTMELEY, F7227 007 4 V&E1E Porra 50
BAHEIE LY

3. DNAYA 707 L1 REMBEZRTZ7 b DRAR

HEERIEREE 0, 20, 100 ppm DFEEEME AR %2 H\V, H6
JIFC5 HM#E: LIESMILA 7S b2l L7, 05
X U100 ppm Tid 20 ppm & LB LAERMHES RS L
72912, 0B X100 ppm T5 HE#E LK X & Wik
2% % X912, 20 ppm TEIEFEHMZRHE LA T5 Y
b % 2 FFEFER L7z (0 ppm HIZ 4 cm, 100 ppm HIZ 25
cem)o FRELZ2MEZ RNAL—F— (V< T7MEY v
F VN ARG, B/, HA) 124C T 1 HigiHE,
G0 E T -T0CHRAFE L 720

4. RNAHitEE DNA ¥4 7 O7 L 1 (& 5 B FHRBEHEN
AATVIYAL T AT T OB EEDL Trizol
(Thermo Fisher Scientific KK, Yokohama, Japan) % Jf
W7o TR RNA T 2 17 5 720 filTH L 7248 RNA 1
Experion (Bio-Rad Laboratories, Inc., CA, USA) 12X %
E M & AT o 720 L 728 RNA o #E (A260
A280) 271921 LAIAB & OF Experion DR L ) RNA »°
GL TRV EE2ER L2 T V% DNA YA 71
7 LA RIS L 72 %50 ng D RNA & W,
Agilent Low-Input QuickAmp Labeling Kit, one-color

) ANy 7 R aAE

(Agilent Technologies, CA, USA) 12X ) SN ¥ 7Kk
%#475720 DNA F v 71354 2~ (Raphanus sativus L.)
D @fntT 57— % X—Z (http://radish.kazusa.or.jp/index.
html) ZHWTER LIZAAY AT VA ARS LF) T
DNA~A4 277 LA (Radish, 74 7 V) L7,
Agilent RO 7 b a T, N TV FALE—T 3 v,
Ve, AF v JICX ) B TREBEWEZ KM L7. 0
ppm T E 4 cm & 20 ppm TE & 4 cm, 20 ppm TR &
25 cm & 100 ppm TE X 25 cm M CTHEIEFRILE % Hig
L7z FEBOBEIHRSte Vv, ) RX—=%— (@R, H
) AAKIEL 726

5. Gene Ontology ¥ & U Pathway f##f

Ratio 2% 2 f5 L 1 £ 7213 05 f5 LT 38 X OF Z-Score A% — 2
VT FE2ZE+ 2 EICEFH L T LEETZ2ME Lz, 57
A a7/ MZEERARAEE TR HOTw L0
2, BEERTH LT T I TR XF X F
(Arabidopsis thaliana) 777 2 % AT BLAST (http://
blast.ncbinlm.nih.gov/Blast.cgi) (2 & 2 MR VEMEAT % 4T\,
WA CHE—MOMFAEI R > @z T2 v 4 XF )
P MAEEET L5 4 T EETFELTERL, 71
AVBEFOT /T avElE L, 20T T —
v a VIE# %A LT Gene Ontology (GO) @ Biological
Process 2 3% - \» T DAVID (http://niaid.abcc.nciferf.
gov/home.jsp) @ gene-annotation enrichment analysis'”
& Quick GO (http://www.ebiac.uk/QuickGO/N)'™ 12 & 5
TN L 720 F 72 Pathway f# #7 i3 DAVID i2 B\ T
KEGG (http://www.genome.jp/kegg/) % FlH L TIEHr
L7z

6. HEtEEAT

A7y OER, RESBLOESEGEIIOVWTE, —
JCELTE ST & W CTHRE L, il % ORR &L o
122 W T Tukey-Kramer ® % H ik % v p A 0.05 2L
TREEEHYE L. TDNASTAZOT LA F—%
\¥, Benjamini pfE'” 75005 L TF2HEEH D & L1

BREER

Table 1%, 4 OKMEDHSHEERE %17 > T 7 H MBS
B, I0KDAT Ty 2 EAERIEKL, 1 AXTO0HE
BBIORSZWELHRE T L OO TH D, B
KIEATS50 ppm ML EICBWTERBLOESOFELRIT
WHROLNTZ NS, FREOHSIERICL WS04
FHENED N7z, W 100 ppm BH#EOEE, ERDB
IJUCREE0oWTN S IEREICHE L TRIZESoKET
Hole WIRWIZYH, 27T MIZBEFEKEE 100 ppm (2
BT, ENMPD 0 EOREIARD LN,

Table 213, WigHMETE 7 HEIGHORIEIE I N L0
EyIyCeruuz 4 vEgmik Tl bDThb,



Table 1 Influence of a zinc excess and deficiency on growth parameters in radish sprouts

Zinc concentration (ppm) Weight (mg) Length (cm)
0 178 = 4° 75 = 04°
20 195 £ 5° 89 = 04"
50 108 = 6 46 = 04°
100 96 + 5° 35 = 04°
200 73 £ 6" 28 = 04°

The values represent the means £ SEM (n = 10).
Values in the same row not sharing a common letter were significantly different at p < 0.05 according to the Tukey-Kramer test.

Table 2 Influence of a zinc excess and deficiency on zinc, vitamin C, and chlorophyll concentrations in radish sprouts

Zinc concentration (ppm) Zinc (u g/g) Vitamin C (u g/g) Chlorophyll (« mol/g)
0 63 = 1.0° 6.36 = 0.01 0.375 = 0.002
20 208 = 51° 6.34 = 001 0.377 = 0.001
50 332 =57 6.28 = 0.06 0.353 = 0.002
100 833 + 4.6° 6.34 = 0.02 0.364 = 0.003
200 190.1 = 14.0° 6.35 = 0.01 0.317 = 0.004

The values represent the means + SEM (n = 4).
Values in the same row not sharing a common letter were significantly different at p < 0.05 according to the Tukey-Kramer test.

Table 3 Significantly enriched GO terms found in changed genes between 20 ppm and 0 ppm
GO-ID GO-Term
Up regulate (20 ppm/0 ppm)

Benjamini p-value

Organic acid metabolism

GO:0046394 carboxylic acid biosynthetic process 3.85E-05
GO:0009066 aspartate family amino acid metabolic process 6.97E-05
GO:0000096 sulfur amino acid metabolic process 5.94E-04
GO:0006555 methionine metabolic process 444E-03
GO:0009067 aspartate family amino acid biosynthetic process 1.93E-02
GO:0009088 threonine biosynthetic process 4.35E-02
Response to stimulus
GO:0009743 response to carbohydrate stimulus 1.77E-03
GO:0009611 response to wounding 4.64E-03
GO:0009753 response to jasmonic acid stimulus 6.63E-03
G0O:0010033 response to organic substance 748E-03
GO:0010200 response to chitin 8.45E-03
G0O:0009628 response to abiotic stimulus 3.67E-02
Carbohydrate metabolism
GO:0016144 S-glycoside biosynthetic process 5.77TE-04
GO:0019758 glycosinolate biosynthetic process 5.77TE-04
GO:0016051 carbohydrate biosynthetic process 8.56E-03
GO:0005976 polysaccharide metabolic process 3.85E-02
GO:0016998 cell wall macromolecule catabolic process 740E-03
Lipid metabolism
GO:0008610 lipid biosynthetic process 1.04E-02
Aromatic metabolism
GO:0046148 pigment biosynthetic process 3.76E-02
G0O:0009699 phenylpropanoid biosynthetic process 8.18E-05
GO:0009813 flavonoid biosynthetic process 8.89E-05
GO:0019438 aromatic compound biosynthetic process 8.23E-04
G0O:0009309 amine biosynthetic process 2.07E-03
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Table 4 Significantly enriched GO terms found in changed genes between 100 ppm and 20 ppm

GO-ID GO-Term

Benjamini p-value

Up regulate (100 ppm/20 ppm)
Response to stimulus

G0O:0010033 response to organic substance 7.94E-04
GO:0009753 response to jasmonic acid stimulus 3.76E-03
G0O:0009628 response to abiotic stimulus 5.24E-03
GO:0009719 response to endogenous stimulus 4.12E-03
GO:0009416 response to light stimulus 1.35E-02
GO:0009314 response to radiation 1.48E-02
GO:0048585 negative regulation of response to stimulus 2.54E-02
Organic acid metabolism
G0O:0042398 cellular amino acid derivative biosynthetic process 2.88E-02
Down regulate (100 ppm / 20 ppm)
Response to stimulus
GO:0009611 response to wounding 1.13E-03
GO:0009737 response to abscisic acid stimulus 5.34E-03
G0O:0010033 response to organic substance 9.63E-03
Organic acid metabolism
GO:0009695 jasmonic acid biosynthetic process 2.14E-03
GO:0016053 organic acid biosynthetic process 2.76E-02
G0O:0046394 carboxylic acid biosynthetic process 2.76E-02
Lipid metabolism
GO:0008610 lipid biosynthetic process 291E-02
GO:0031408 oxylipin biosynthetic process 2.13E-03
Oxidation reduction
GO:0055114 oxidation reduction 9.70E-03
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Table 5 Number of genes significantly changed™ in a pathway analysis of DNA microarrays

Pathway

20 ppm/0 ppm 100 ppm/20 ppm

alpha-linolenic acid metabolism

biosynthesis of plant hormones

cysteine and methionine metabolism

flavonoid biosynthesis

glucosinolate biosynthesis

glycine, serine and threonine metabolism
metabolism of xenobiotics by cytochrome P450
nitrogen metabolism

starch and sucrose metabolism

valine, leucine and isoleucine degradation

4 7
- 16
7 —
3 3
5 —
4 —
3 —
- 4
- 5
4 —

* Benjamini p-value < 0.05.

Table 6 Influence of a zinc excess and deficiency on the expression of genes related to zinc in radish sprouts

Compare Probe ID Gene title Gene expression™
20 ppm/0 ppm
Rs00221_026 B-box type zinc finger protein with CCT domain DOWN
Rs01223_002 HCP-like superfamily protein with MYND-type zinc finger =~ DOWN
Rs03341_004_N1 zinc induced facilitator-like 2 DOWN
100 ppm/20 ppm
Rs03378_002 zinc finger (C3HC4-type RING finger) family protein UP
Rs00991_010 B-box zinc finger family protein UP
Rs00715_006 zinc finger (C3HC4-type RING finger) family protein UP
Rs00944_003 B-box zinc finger family protein DOWN

* Satisfies the following conditions: ratio was changed by more than 2-fold and the Z-score was smaller than — 2 or larger than + 2.
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