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Changes in Mineral Uptake and Hormone Concentrations in Rice Plants Treated with
Silicon, Nitrogen and Calcium Independently or in Combination

Soo-Won Jang"', Yoon-Ha Kim?', Chae-In Na%, and In-Jung Lee®'

ABSTRACT To elucidate the physiological responses of rice plants to the essential mineral silicon (Si), we assessed the effects
of treatments with Si, nitrogen (NH4sNO;; ammonium nitrate), and calcium (CaCl,; calcium chloride), independently or in
combination on mineral uptake rates and levels of the hormones abscisic acid (ABA), gibberellin (GA ) and jasmonic acid (JA).
We found that nitrogen and calcium uptake was inhibited by Si application. However, solo application of nitrogen or calcium did
not affect Si uptake. Compared to the untreated plants, the application of Si, NH4NOj; or CaCl, increased the endogenous hormone
levels in treated plants. In particular, the concentrations of GA; and JA increased significantly after the application of Si or
NH4NOs. The level of GA| observed after a treatment (solo or combine) with Si, and NH4sNO; was higher than that of the control.
By contrast, independent application of CaCl, or a combined treatment with Si and CaCl, did not alter GA, levels. The highest
level of GA| was present in plants given a combination treatment of Si and NH4NOs. This effect was observed at all time points
(6 h, 12 h and 24 h). Endogenous JA contents were higher in all treatments than the control. In particular, a combination treatment
with Si and NH4NO;s significantly increased the JA levels in plants compared to other treatments at all time points. A small increase
in JA levels was observed after 6 h in plants given the CaCl, treatment. However, JA levels did not differ between plants given a
CaCl, treatment and controls after 12 h or 24 h of exposure. We conclude that treatment with CaCl, alone does not affect
endogenous JA levels in the short term. Endogenous ABA contents did not show any differences among the various treatments.
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BUAE o) EYomiE YYLE Baw sh, S5 el gl BFSAD 3k 10900 A A
Agel WA wo B Wad YYLd Bh s b TR dase] w3 A= nAE egt] Wi
(essential nutrient element)2}il FFCHEpstein, 1999). Uu12] THE R ool A B0 a3t BpYhof EFEA] &
OF T4 JYA T2 g YA AE a4 %o uet skal, ol lae] xgE] o] QItH(Epstein, 1999; Kim ef al.,
37 o} A(macronutrients) 2} 1] 5 A~ (micronutrients) & 2014a). 218} FZ ohokst A1 E £ oy 71R] HF49
Lo A, A5 AlEoA Ayt 14 ¥ UHE F(natrium; o gbof| Al Bre] F=tll, WA Nishimura et al. (1989)=
Na), 7+ (silicon; Si) ¥ Al#|E(selenium; Se) 52 A& A 14759 T2 E& A E AEA W g9 74 o
o] =8| He Fodam 75 o] JItK(Epstein, 1999). = ZARE A3 tfF-2E9] AEFo] 0.1%~10% o] 49] 4

D&1at@l A A} (Natural Resources Research Institute, R&D Headquarters, Korea Ginseng Corporation, Daejeon 34128, Korea)
VAt A2 1}sE (Division of Plant Biosciences, Kyungpook National University, Daegu 41566, Korea)
AN B A Est T} (Department of Agronomy, Gyeongsang National University, Jinju 52828, Korea)

These authors have contributed equally to this work.

"Corresponding author: In-Jung Lee; (Phone) +82-53-950-5708; (E-mail) jjlee@knu.ac.kr
<Received 20 July, 2017; Revised 6 September, 2017; Accepted 7 September, 2017>

© £ treix|o] HEHL gREBolelR|o] oD, olo] REETL =2HE S
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



294 OHEIX|(KOREAN J. CROP SCL.), 62(4), 2017

2 Gasty glow, B8] W B ABFAA Fb TS
ABAE B Ak F oLl A 2F U 24 3
FRETE o Ao ZAEY 53 BA4E Sz
A el Yha AFE Ma er al. (2007)7} ¥l Belol 4
49 93 f2& 2UFE GAR EAYS YEF F
a7k A W A W fEsks wAU S o
3t o) vt stk 1 AT o)A F4Z A9
Aoz FEUS o ARAY thret ARA T vl
24 2B A A0S fEshs A, sk HAUS

]
o

o] FHEglom, o]gt AFATES AR A5l
I YamA a7t E3Eofof itk S 5] Al
715F3L It Chen ef al., 2011; Yamaji et al., 2012; Kim et
al., 2014a; Kim et al., 2014b; Kim et al., 2014¢c; Kim et
al., 2015). g AlEoA F49 gt gt A+ A=
o] W3t Hl=d|, hEA AFAE HollA tae B A=
A W 7)%AE(motor cell or bulliform cell)o]] & E] o] ¢
A& A-AIZ]AL, B AEA 9] 43 Al(light interception
character) 5 F/FAIA B aeS A= Aoz &
H A JQTHKim ef al., 1986; Bremond ef al., 2005; Cooke
& Leishman, 2011). T3 ¥ AEA o HfA2FH e AES
22 oddle gde dAlste] A9 wk3kE AdA A
Huk op et FAlE S8l SAEE HEAY dAAE Eo 4
Aolg 888 =ol= Aoz dEHA QItiKang ef al., 1997).
H 0]Qe] Ao AL Fae thFet Al BheE A=
ke Ao= deA Sled, WA Lol 84 silicate A
2= 9 7R S A A7l Ao R Halgial(Carver
et al, 1987), 4 AEg A0 EH F A=A 28 A
2514 =W AET 22 YA AXKabscisic acid; ABA)
ZE(proline) Aol 2AEo| § AEH A A &
Tate Aoz Hugon(Lee er al., 2010), AEn]E(Al)
AE 20 e2E Sl A At dFlE &
EYAz Qg Big] A&7} ste]= A o= Hilse]
CH(Neumann & Nieden, 2001).
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R2HPE L SHAFRKSES5 cm x 30 cm, 4061)of I}
149 F9F AAZHEANKGC-175 VH, KOENCON,
South Korea)ol| A Aufistoict. 9o Ajuf7| 7t F-oF ofoi ol
F5-& Yoshida =7 H(Yoshida et al., 1959)& ©]-&3}91L,
o|E 7HAOE 72l pHE 5.0004] 5322 FA|5H%C
, RAAZEALS] AR 09:00~21:00, 2 21:00~09:00),
L5 (%: 30°C, W 20°0), 5 5(R, 7 75%) 2 33EK1,000
umol-m?-s')o] ZAE AejolA AulEtgict. uHE T 14
U5 B AEAE Yoshida =3NS Y2 ZekAE §7](25
cm x 20 cm x 20 cm)ofA] 5Y e =FAIX ok A=A
22 o|gslqlrh 4, Ha 9 AEA g A uE &
19 = ¥ AEAE ojx5sFolA sHeset 2417 o
= T, A, S o 9 A Y stk 4] A
7] el Kim er al. (2011)3} Kim er al. (2014a, 2014b,
2014c) Aol A A W& ZAZ W AR 7H &
Ao AY 2 HIAEAE AEY S Ao 7HE antA
ol FEE & AME o-&s3aL, et AEA
2= NHyNOso} CaClhs Al=Ao Aest A4 AnE
Farsto] 7 Ao Ay w=5 A4S th(Schjoerring
et al., 2002; Cha-um ef al., 2012) (Table 1). F7]4H @
AETER £ AEs 4749 4448 T 647 12
AZE W 24A7E H ABAES el ol g,

offt o3

)
>
_|>i
N
X
>

Table 1. Chemical formulas and their concentrations in each

treatment.

Treatments Chemical Formula Concentration
Control - -
Silicon Na,SiO; 1.0 mM
Nitrogen
(Ammonium nitrate) NH.NO; 4.0 mM
Calcium CaCl, 5.0 mM

(Calcium chloride)
Nitrogen + Silicon NH4NO; + Na,SiO; 4.0 mM + 1.0 mM

Calcium + Silicon CaCl, + Na,SiO; 5.0 mM + 1.0 mM
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Zzke) i, Ak, 24 WS 9 EIAY 147
BES YAt 2 5 24T 0L, A4TT

2 A& 0.5 go] HNO; 10 ml 21l microwave digestion
system (Mars 5, CEM, USA)S 2 H3] & f=23% &gt
Zu} B4 7](ICP, Optima 3200 RL, Perkin-Elmer, USA)E
o]-§sto] ATt AlEA W o4 FFE AEA AR
1 g& ternary solution 30 ml2 B3] & oju}slo] H-2 %k
ALY FAE S5k E45H3h

AESERE EM
Gibberellin (GA) A 21 XaF
e, A2, BHT BE QY EEAY &

W 2447 5 A AL olgele] HAIS HBL A3t

gom, GA 322 Lee er al (1998)0] o] &

[e]
100% ™gh-2(MeOH)& 2|2 7lsto] F535] =&
oAME 60% HEE §Ho] HA oAFF4E W7t
< -70°C YAaLof| 12417t 52t AEAE FHA7|2L GF
I E o|&sto] YEAE AASH & oA =7t
o7 5 g9 davisil Cig (90~130 micron, 60A, Alltech,
USA) A%, 1 g9 celite (Celite, Sigma Aldrich, USA), 5

29] SiO, (ICN Silica 32-100, Aktiv 60A, USA) 2 1 g9
polyvinylpolypyrrolidone (PVPP, Sigma Aldrich, USA)9]|
BT F GA EHo] o] §3tATh AR gk Y
FEEEYRE 20 ng® °Hy GAIE ol gatlom, &5
HPLC (High-Performance Liquid Chromatography, Waters
model 680, UK)E Z3f] 4572 28 35}o] 2FH 0= GC-
MS-SIM (Gas Chromatograph-Mass Spectrometry-Selected
Ion Monitoring, Agilent, USA)S E3f 43} tHTable
2). GAQ] A2 7 WHES GA Iy S4d WA
GA 9] B4 vlgr Ailsto] g A=2F5 1 g &F
o7 7|5

Abscisic acid (ABA) 241 2 Xz

ABA %9 QulA ¢l 7142 Browning & Wignall (1987),
Qi ef al. (1998)9} Kamboj ef al. (1999)0] HAIHlH-S A
2 Hebsto] ARgslelch 52 AXRAIA vkfgt W A=A
0.1 g& isopropanol®} glacial acetic acid (95:5, v/v)&] H]
2 2gH SR =5 9 o ¥ [(+3,5,5,7,7,7-d6] -
ABA 27 20 ng& 355 8ol A7 F 1] 5
SAZ SSFAE 1 N9 NaOHR & 5 pHE 12~13
62 ZA3% T2 methylene chloride (CH.CL)E &3 &
nasto] 4Ba AR AANAL 2T £E2E 6N
HCIZ pHE 2.5~3.52 ZA3t t}3 ethyl acetate (EtOAc)

£ A7} & BE5la EOAcES 353 ok 718, 5%3)

Table 2. GC-MS-SIM and HPLC equipment and protocols for analyzing plant hormones.

GC-MS condition

HP-1 capillary column (30 m x 0.25 mm i.d. 0.25 pm film thickness)

Equipment Hewlett-Packard 6890, 5973N Mass Selective Detector
Column
Carrier gas He (40°C/min)

Source temperature 250°C

Oven conditions

GA: 60°C (1 min)—15°C/min—200°C (I min)—3°C/min—285°C (5 min)

ABA : 60°C (1 min)—15°C/min—200°C—5°C/min—250°C—10°C/min—280°C
JA : 60°C (2 min)—10°C/min—140°C (3 min)—3°C/min—170°C—15°C/min—285°C (8 min)

200°C
70 eV

Injector temperature

Ionizing voltage

HPLC condition

28% MeOH + 72% double distilled water (include 1% acetic acid)

100% Solvent A (0~5 min)—100% Solvent B (5~36 min)—100% Solvent B (36~40 min)

Equipment Waters model 510

Column 1 Bondapak Cig (3.9 mm x 300 mm)
Solvent A

Solvent B 100% MeOH

Gradient

Flow rate 1.5 ml/min
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&t =5 ZFA= phosphate buffer (pH 8.0)= 83 A| 7]
F 1 g9 PYPPE H7}5to] 1417 B9t Mgk & o] }stol
H=3kete2 A7 skt o2 phosphate buffer (pH 8.0)
Lo1S 6 NO| HCIE pH 2.5~3.52 2% 3 EtOAcS A7}
5} phosphate buffer&1} EtOAcZ2o 2 HEE|A]7] o2
EtOAcE= 3|4=513lth 243k EtOAcSol pH 2.5¢1 &5
5 W7slo] BETA A A=A ke phosphate buffer
die A8 AA T, Al I EOAcTS A 554
Ak FFAIZ ZAbe] mix|9r e 2 EtOAce AH7fsko]
Z 3 reaction vialo]| &7 & AL7IAR AXAHL F
ZH o2 GC-MS-SIMZ £A4317] 93l 60 ule] ethereal
diazomethane ©. 2 methyl esterE F=3F & EA3}4ct
Ao o] & £ Table 20] WA oH, ABA HF
& GA A= 543t oz 3kl

™

KA 2L Jasmonic acid; JA) 241 2 Fz

A JAS] & 9 ATES Baldwin ef al. (1994)1} Mueller
& Brodschelm (1994)9] 98 o] £atoic). v A2 A
2 0.5 g& acetone L2 = T oA 7] th3 50 ngQ] Y
REZEA[9, 10-°Hy] JAQ} 50 ml 7SS A7 &
S8 71 A9, SEAAT EE A4S 01 M
potassium phosphate (pH 7.5)Z =<l t}2 6 N HCIZ 9]
L3) pH 2.52 243t & 1 g9 diethylaminoethyl cellulose
(DEAE, Sigma Aldrich, USA)E 7}5lo] 147 FoF X&
AT A A7 ol s HelHo|n S Fa ofaket e
chloroform ©. 2 33] ot & RL3HAE F(NaxS0,) L8
2 5BE AAND g 1T SR BEE WS
29| diethyl ether2 oWl & NH, cartridgesS ©]-8-3
ZA]71 k2 chloroform : iso-propanol (2:1, v/v)2} diethyl
ether : acetic acid (98:2, v/v)Q] &0 2 EZA|F T o] o]l
2 719} 5=319] diethyl ether2 834171 & 1 ml€] reaction

Eha
o o

I

vial2 A 40°CoA] Hartiz AZAZ] ok 60 ul ethereal
diazomethane © 2 methyl ester2 -F-=3} 3} T methyl ester
2 gEslE MBS GO-MS-SIME $8 EAgou, ou]
A The WAEEEST FUT PO 47 st
(Table 2).

Zuar Y nF
A, A s oiE U S8X2|7L 27|82 50 0]
A= Ak
HA & AA(T-N) g2 AARI - E(NHNOs; HOE
3 o]% el WATHS HE|oA =%, 53] 4 mM

% ':(ITZ =

o] Wa WEAo|A 1.79% T2 Aelo] Ha) 714 &
ofck. vl Aaol Fa EF Aold F Haol Fuke
L6% R FA Rt Eokou), Aa ERele] vl of
10.6% 7} Z+4% Ao @ 2AMEQlthTable 3). 5 mMo]
AHH(CaCly; WOIE 98] o] F Brolet WATHES o
2o 1 mMe Faote] BEAE WS B A=A Y
Hao] ghake FAelo] ula) oF -4%olA 3%t F7t

filo oy i

[e)
o1
o WAk ARG DA Uk F LTl
A :

(o))

= .
T E AAR, A8 A, dud e 3 Bd &
Zlap 7he- A A vkgof Hojst= Ao dulA Slof 4
8ol 714 Fa3t B4YUa £ shuo|thMae, 1997,

Hwang et al., 2007; Jang et al., 2007). £3] ¥ Al &4+
QRoA FHEE AAYe] el wEA §Rgote] B 4]
A A 9 24 AS fEshs AoRE dEA 9l
o} Ak W 9 B BejofA shAuke]M(casparian strip)
S 7o & ool YRojlA 2+t 514 9] - (influx) 2} F
Z(efflux)& 2Es= AR o8 A& YWEE H534

o §4 8 ofBHET, o]PA F4E Fht BURE

Table 3. Effects of solo and combined application of silicon, nitrogen, and calcium on the uptake of mineral elements by rice

plant.

Treatments T-N (%) P (%) K (%) Ca (%) Mg (%) Si (ppm)
Control 1.28° 0.24 1.95° 0.19" 0.08" 3,007°
1 mM Si 1.28° 0.25 1.92° 0.16° 0.11* 3,402°
4 mM N 1.79* 0.24 1.64° 0.17¢ 0.11* 3,108"
4 mMN + 1 mM Si 1.60° 0.24° 1.63° 0.16° 0.11* 3,446°
5 mM Ca 1.31° 0.24° 1.94° 0.47° 0.13° 3,082°
5mM Ca + | mM Si 1.23¢ 0.29° 1.87° 0.19" 0.11% 3,431°

In the table, different letters in same column are significantly different at P < 0.01. All data were collected from replicates
at each time point (n=3) and were analyzed by Duncan’s Multiple Range Test (DMRT).
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Yamaji et al., 2012). $]oA Aadt el gof o W A AR} A 2w TS daste AoR Hiskg]
a5 o5 9 A T 24417 F W AEA W F7]0] o Z2{4 Liang (1999)°] w2® 4 HejEFo| 48
< e ST Ay da Y fal] o] A4 S Azl HH dwd] Fee 239 Sk JeR B
As BAY = Aoy, 53] F5T M2 fhet AaE ATk wEkA Aol ot Zdege 2EEA
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mM Zrs5#] 2] of A 7}%* E 047
e a4 EFAGAA F5
4 T=A2of wlsl A Had
ghelgt 4 MME‘r(Table 3). Aot A4 w=EAe] WAt
oF Aoz zoA 2ol 2 0.16%14 0.17%
FA2(0.19%) et Fad Aom =AM, SAA S
B2k I zpo|7k A E 4 B AaA = e F5

‘lixﬂ’é}t O 2 e th(Table 3). ¥ A4 U f4
dEA oA F7HE A= AL, A4,
M SAAPAME 4 F5FE 4 GEAY
SrE v o2 AN o] A Bl e A7
B AEA Y Aagrole 9 vAA = dem
ZAFE ItH(Table 3). 22 459 d4da & ohdea
of 3= o] lom, 2 AR Axid 3y & Al
o] St el Aol wofsial E3) Alxute] FefA K
So A AC delA AKX ef al, 2012). Htol
A8 8 o) AEY A A2 ASADAR Hgte] o
AEF2HO U39 Ol Ao g r A3 A QT White
& Broadley, 2003; Xi et al., 2012). Ma & Takahashi (1989)

o mx o
P ol
flo
:Ll

oI,
AEESel AFHOR Wolsty ge AOR ARV
WP O 0] B 24 SEALNA 0.13% T

2|} oF 38.5%7HF 7k aL, 098] A 2loflA nt1y|
& FFE 0.11%2 ZALE o] FA 2R} oF 27%713 57}
o Alo® 2AEAT vhavlee 958 g0 B8d
g T oIUR ol TR an A1 B0 B
ool ATP 2¢E freshe $8% dd2 3= o=
& A Qrh(Cakmak & Marschner, 1992; Shaul, 2002). w}

.‘
E

ohA T W, AES UE 5 BEA Al v AR
W vvls dol S7H37] wleol, S7He vkl &
oz ola A4 WAL FIAIIAL BB F71E

=S 4 o] HAFA R FIA olfae Fol= ¢
%5 03 4 8 OB FHEY 4o A2 g wa
7] 9= 71491 A7t E 25K Choudhury & Khanif,

2001; Ding et al., 2006).

AEF 2R GAL diterpenoids 3}FER TS A 21}
5ongEe] o8 A He P dEFQ HETE
Sz tofe A vheS st Aoz dEA 9l
(Lee et al., 1998). AA7IA] A& L ojyEA Hi1E GA
2% = 136%0]| 1 (Hedden & Thomas, 2012), tFEo] i
a]x4 §l—/\-1 ?‘T:]EHO]tq Aﬂﬂﬂ il—/\-LQ- 7]—11 GAs (GA4, GA;,
GA; 9 GA7)= 440 E143}tH(Yamaguchi, 2008). $J¢}
7o o] QoA EH AFoA = i, AA H dE U S
A7 ABEER GA Fapuish] nxE 9P 24}
s gla T, Ak, BE 95 2 EGH F 642 7
20% 24A7 B Y BHY GA) WIS

boick Q@A) R, T, Ak, BES UF 2

2ol e
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olek. Tt 13 T‘fiﬂ
Az By e mc ‘;%"*XIHP wA e oF 43% 71 5

Ahstednt. v 24 SEAE 9 a0t 24 E@H e
A4 GA©] stk S eler xjol7} gloithFig. 1). 4, A
& 24 B 9 ERAE T 12407 2447 | 24
S HE He] F 6A17koAq o] Aatel GAlslA] Tk A
& ERAE, Ah BEAD, T4 FEAL 07 GA2
defo] RO, 4 BE W Faol 24 EHL A
GA, @& ma2)e} o7} flolthFig. 1). 919k fA1
Avbe chopet APoME BaEold], WA Hwang o
al. (007 ¥ Ao A4 W2 W AL vz i

AR H R SR E] & o A A|EE ey g4y
GA, S #A% 41 FH(2AS, W)l ot oF
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52 AL v 7Y A HRE T3 AYTrE G
WAL A 27] S27|7H4] GA,9] dteko] old Aoz

ZART, BT A7]0] ZART ASEY ET A4H )
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28 A9 71 (stem length) 2 A 3 A7HH3™ internode
length) Zo]7} 2715 Ao &2 RIS ) Jang ef al. (2007)
© AP S ¥ ARR] A 48w £l
Z71842 GA 9 e ZUlE AoE Riugy, 2A
Egh A MR o] F4E F7hE Aow
A7ATIAE Aad HRe] B9
Jy GA, 9| 3ol S73len, 53]
ZHEAQl GAp, GAp, GAx ¥ GAs:9

¥ OpARS W gIthJang ef al., 2008).
Ao oy 52 EFA A GA

ATk o2 744 Q9le] o8] fEE 2
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Fig. 1. Effects of independent or combined application of silicon,
nitrogen and calcium on levels of bioactive gibberellin
(GA,) in rice plants. The data were collected at 6 hour
intervals for 24 hours from the time of the initiation of
the treatment. In each histogram, columns with different
letters are significantly different (P < 0.01). Data were
collected from three replications at each point (n = 3)
and analyzed using Duncan’s Multiple Data Range
(DMRT) test.
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2. Effects of independent or combined application of silicon,

nitrogen, and calcium on levels of bioactive abscisic
acid (ABA) in rice plants. The data were collected at
6-hour intervals for 24 hours from the time of the
initiation of the treatment. In each histogram, columns
with different letters are significantly different (P < 0.01).
Data were collected from three replicates at each time
point (n = 3) and analyzed using Duncan’s Multiple
Data Range (DMRT) test.
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Fig. 3. Effects of independent or combined application of silicon,
nitrogen, and calcium on levels of bioactive jasmonic
acid (JA) in rice plants. The data were collected at 6-
hour intervals for 24 hours from the time of the initiation
of the treatment. In each histogram, columns with different
letters are significantly different (P < 0.01). Data were
collected from three replicates at each time point (n
= 3) and analyzed suing Duncan’s Multiple Data Range
(DMRT) test.

o 42 AT A5 IA Gl F7HUOL, a0t 71
2 Ao BAC] AT A9 JAS] e 059 At
Aoz BISFHKim et al., 2011). ] A= ofnte F
a7k A\AA A AR AR Q) SEE A B A
Aoz Hofsr] wio] fed Ayt dHE, 53]
271 JA Aol THH d A E(allene oxide synthase, allen
oxide cyclase, lipoxygenase, 12-oxophytodienoate reductase)
o S RAA SN 22W/) R AoR B

HAcHKim et al., 2014b).
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