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WE: [ BW ] e 2w eeREY A K EEAEAYMHE 2 —, BINSNERE T A S S Y 5 bt
Vo AWFEE KRR, APTREXT SRR TOKREA K . SR RE . WS o DU G R T i O
FEEFR BN, DRGSR RER a0 . [ 58 ] 46k H AR KRG (Oryza sativa L. cv.
Nipponbare), & NaCl 0 (CK). 50 (Nal) FI 100 mmol/L (Na2) 3 &A1 E 5 Na,SiO, 0 (Si0). 0.5 (Sil) #1 1.5
mmol/L (Si2) 3 kM, dL oMb, b3 S K)E, MEKERKESEYRE. WES5EBERE . ShiF. W
BIE R, 455, 78 100 mmol/L NaCl 5 1.5 mmol/L FEANHR N, FEdh H/ERCR R B2, BIkdE—L0E Ti%
SO PER KRBT A ALEE M S e e i R N A . [ S55R ] $hhia B 3 BN T /KR b L S b R
EETE, FBERETOLEERSE, ZBEAMNMGREE, JFUIREHFR BN R, ®a T, SMERE
RN T KRG AR S T, (A K S T EIC R E W Eh Pkl N AR B RS T RO A
BAMMNEER SR, DERR TR RS &, EXZEBEETT R ELW, $Pa 5 i 5851 T 5 & =
B LA SHEEEE TR, SRMha T InSNGRE ] B M L E (RS BE B, I
HREXR B0 S B TC RN, MK, 100 mmol/L NaCl AbFRAE KRG i s A= a3 540
B AE 30 43 E 50 mmol/L NaCl AR TE g™ &, Wid N 1.5 mmol/L AYREXTFE M8 ) MR L T3 0.5
mmol/L %%, 7E 100 mmol/L NaCl £ F , %80 1.5 mmol/L 1%t B #EHEE T SOD. CAT. APX WyiEHE:, HEZ
SF POD HYIEPETC B E 0 ; [RIME, %0 1.5 mmol/L ik B FIR S 17 i FAKRA U N (OsHAKI .
OsHAK7. OsHAKI1 5 OsHAK12). $HAMERER (0sSOST) 58X AL (OsNHX1 . OsNHX3 5 OsNHX5) (35
ko [ ] B3 TEIN 1.5 mmol/L AYAEE L 0.5 mmol/L AYREXTER A FKFERIAEK . Jed R B F LA
PERCR AR, AR A SO MK RGN E . RERTE T JH4E SOD. CAT. APX EHUA LRSS # Mk . Mok
TRV X B A S A T i SR SRR L R A 263k, AT A /K R b an
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Exogenous silicon effectively enhances salt stress resistance of rice by
upregulating antioxidant enzymes activities and expression of
genes related to Na/K homeostasis

YAN Guo-chao, FAN Xiao-ping, TAN Li, YIN Chang, LIANG Yong-chao"
( College of Environmental & Resource Sciences, Zhejiang University/Key Laboratory of Environment Remediation and
Ecological Health, Ministry of Education, Hangzhou 310058, China )

Abstract: [ Objectives ] Salt stress is one of the global abiotic obstacles severely limiting crop growth.
Exogenous silicon (Si) has been proven to effectively enhance salt stress resistance in many plant species. To
investigate the mechanisms of Si-induced salt stress resistance, we assessed the effects of Si on the activities of
antioxidant enzymes and the expression of Na/K homeostasis related genes in rice. [ Methods ] Rice (Oryza
sativa L. cv. Nipponbare) was grown hydroponically with both NaCl (0, 50 and 100 mmol/L) and Na,SiO, levels
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(0, 0.5, 1.5 mmol/L). After five days of treatment, plant length and biomass, photosynthesis and transpiration
rates, chlorophyll and malondialdehyde concentrations, and Na/K concentrations were measured. Then, the
activities of antioxidant enzymes and the expression of Na/K homeostasis related genes in rice grown with 0 and
100 mmol/L NaCl with or without the addition of 1.5 mmol/L Si were measured. [ Results ] Salt stress
significantly inhibited the growth of both shoot and root, while Si addition enhanced the length and dry weight of
shoot but not those of root in rice under salt stress. In addition, exogenous Si addition alleviated salt stress-induced
decline in photosynthesis rate and chlorophyll concentration and accumulation of MDA, with no significant
impact on transpiration rate. As for Na/K homeostasis, salt stress caused an increment in Na concentration and a
decrement in K concentration in both shoot and root. Si decreased Na concentration in shoot but not in root. The
concentration of K was not affected by Si in both shoot and root. In general, treatment with salt at a higher level
(100 mmol/L NaCl) affected rice growth, photosynthesis system, membrane stabilization and Na/K homeostasis
more negatively than at a lower level (50 mmol/L NaCl), while salt stress was more effectively alleviated by Si
added at a higher level of Si (1.5 mmol/L Si) than at a lower level (0.5 mmol/L Si). Under 100 mmol/L NaCl salt
stress, addition of 1.5 mmol/L Si improved SOD, CAT and APX activity but not POD activity. The expression of
K uptake genes (OsHAKI, OsHAK7, OsHAKI1 and OsHAK12), Na exclusion gene (OsSOSI) and Na
compartmentation genes (OsNHX1, OsNHX3 and OsNHX5) was improved by the addition of 1.5 mmol/L Si under
100 mmol/L NaCl. [ Conclusions ] Si can regulate antioxidant enzymes activities and Na/K homeostasis related
genes expression, thereby alleviating salt stress in rice. 1.5 mmol/L of Si is more effective than 0.5 mmol/L in
alleviating salt stress in rice.

Key words: silicon (Si); salt stress; rice (Oryza sativa L.); antioxidant enzyme; Na/K homeostasis;
gene expression

HE AR ik ML AR A B A, X fE — s AR L B Al
THREAERZ 0

i, Z% CRTHFSE s R B B 3 0> X
WL R M FEREASIN (1.5 mmol/L) SR HE EEREAS N (0.5
mmol/L) XA [F] 2 B 88 (50 5 100 mmol/L NaCl)
TKREAK . LA RS AhiE . B
Wl FEULFEAN [, R mOSEER EARMRES, WE bt
SEALTETG PR 5 AP OCHE BRI By Rk &, IRIUAE
SR KRR ER 0 BB, DA A Al A 7 v ek A A

0 A 2R VE YA K 3 B AR A
Zo, PRI, ERTHER F RIS T
e SR AL RIS, T L T4 B A5 B L2 B
[ T 2 U S0 1 W M T BSIE A 7
Ko, FEERMA T, MR R B Tl B
25 336 T S SR R BRSOk s R, A (g
VB TR RIS ST B T, 51k
BN . A RS0 5%, TR
FIIE K L IFTE ARl A 7o v i BT 0 7 R
T2, B, e e Fiemn ) PR SHE
AR R R A TR, " .

BRI T, e UK T 1 MRSE
S W TR A KBRS E 40, LT 11 KEMES R E
AHUREY AR AT R . BAR, BRI P2 Y BB KRS, SR H A (Oryza sativa L.
BRI TIUE, BN —MAICR, FEXHEY cv. Nipponbare), HkZEHLH IR H 10% H,0, 1H#

AR AGEEE I, R R A ) 2 AR AR N AR
Yia M E R E A2 Z A =9, L EUEM, TR
IKAFI . FRO KA INZEN AR Z R E
AR E AR . X ERHT, RENCHE TR —
AT R i R 35T L T AR AR R R RO B R T
Bro (U2, flGE ARk a0 A el o8 vk B2 K 1k % A

I Z B TRIEVE 3 Wi, 1 30°C JRIE AR 1F T 4
Fo MTEFERBRERKY ALY LS AR
3R, REBAEBIEEABE M, RSN %
3L 1 12 smERAR B EFRE, BRI
»: 0.18 mmol/L (NH,),SO,, 0.28 mmol/L
MgSO,-7H,0, 0.09 mmol/L KNO,, 0.18 mmol/L Ca
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(NO;),-4H,0, 0.11 mmol/L KH,PO,, 20 pmol/L
NaEDTAFe-H,O, 6.7 umol/L MnCl,-4H,0, 0.015
umol/L (NH,)Mo,0,,-4H,0, 0.15 umol/L
ZnS0,-7H,0, 0.16 pmol/L CuSO,-5H,0, 9.4 pmol/L
HBO,, HF:W pH K 5.6, A AR 10 BRKAE
B, EIRWE 3 REH—R, SLRTERIE AR A
TAMEEPIT, BEN 50% + 5%, HEHR 26C +
5C, JGRE/SEREI A 2305028 14 h /10 h

R R, Wik 28 KAy /KREH HE1T Ak
B, R E 0 (CK). 50 (Nal) 1 100 mmol/L (Na2)
3A4~Eh A (NaCl) W5 0 (Si0). 0.5 (Sil) 1 1.5
mmol/L (Si2) 3 M4MNEAE (Na,Si0s) Wk g, it
9 MNAbER, REASAPE 3R E R o A A AL B IR
pH Al 1 mmol/L HCI 5] NaOH JH % 5.6, PIffiEibsl
] —3, ABEEFRY 5 K, A 3 R —I)E
W W ERUG, RENEKBEHEEKE. £Y
H.OEASEEER MR SN BEE .
TRAERAR, ORI AR URIE RAET - 80°C UK
Ao B FE AR R feE A B ER 30 T KRS bR 4% 5
ARKIEIRIE T, 25 R ATE 100 mmol/L NaCl 5
1.5 mmol/L i AbHE T, REEL HAERC R W%, i
AL B R AR I R BT R XL A T T 1 S A
Sl O I PR 3R R (R 52
1.2 MEEIRSNETE

KESEY & . T ERNERZE RS2
TOANE ) 3 b T IO 55 e S T A 19 B 8 4 Sy b I
B S R R B IR IO R s KRS RE S 7 B A
105°C P4 30 min, A5 70°C PETREEE
PR,

MeEHER ., EEEFSHGR TR TS
JREIT By KRG8 -, fdi ] Licor 6400 f #5241l
SENGHATINGE , D A5 7% I S SRR I o {3
FHRyr AR . I 95% SRR R
ek, [T (Bvolution 201, Thermofisher)
W E FE B AE 665 5 649 nm P B OGREE, Mg
TR Porra ZE U AU A AT, Cuuy =
6.63 Ags + 18.08 Ao

WS A 0.1% =& CBRIE R ST
BEAJIE R, 4°C 248 F 10000 r/m B> 10 min, H( F
B S5 E 0.5% Gt L ZmRIEIIR S, TE/KIBH
1 100°C £ FHEE 10 min, 415 10000 r/min &5
L 10 min, B EIERIAE 600, 532 5 450 nm I Bt
WOERE, TN & 9 8 Heath 50948 G AT

A, Crope = 6.45 (Ass— Ageo) — 0.56 Agoo

LB A KRR ML ER S R TR A i F
JERM ARG, 5 mL HNO, #l 1 mL H,O, 1E K
fif IR R AE D X (Jupiter, Sineo) E#EAT D% TH
fife . SRIG R JECEETE (FP640, LA RL) Il
LB BN, BRERERIERG S RECk L LA
Ll 55 Hb T ERERER LAY L AR

PrEACBETEVE . AR B I A BE IR 22 v (50
mmol/L, pH 7.8, % 1 mmol/L EDTA 2% R/
M 1 5 i ) AIF RS R A) K, AR 4°C AR 10000
r/min B0 20 min, IR THUA AR D AE o
ALY AL (SOD) {5142 18 Giannopolitis 2527
JrdiE , HC50 pL RO S 3 mL R 2% vh il
(50 mmol/L, pH 7.8, % 13 mmol/L &M, 63
umol/L NBT, 1.3 umol/L ## Z, 100 umol/L EDTA)
1RA), F 25°C YR IRV 3min, ME SUARAE 560mm
W B WG s AR SOD iR (1U) E SUA X
NBT JtAb2E v 50% Bl i ALl (CAT) 1
PEZ MR Cakmak S50 7002, B 100 pL AFHEHL
W5 1.7 mL B2 2% v (25 mmol/L, pH 7.0, % 100
umol/L EDTA) 1 200 puL i A b S 7 (10 mmol/L)
REYSE, MERESAE 240 nm % B R BE R 6]
HIARAk; CAT ¥ 1 FH A7 B ) ae S S e e e a2
o DU MR IS AL W (APX) {6 2 B8 Nakano
LI I E , B 100 pL BEHEBOR S 1.7 mL B2
LZR (25 mmol/L, pH 7.0, & 100 umol/L EDTA),
100 pL HLIR ML ARIF K (5 mmol/L) 1 100 pL it E LA
W (20 mmol/L) IR G ¥ 4) )5, MEFE S FE 290 nm
P B BE RN [B] 9 A2 Ak s APX 1 P feff B AL 15 ]
WD BTN N ER M) 5 KR . AW (POD) i 1
Z: M8 Liang P9 L%, B 100 uL B HOR S5
1.7 mL BB 2% W (25 mmol/L, pH 7.0, & 100
pumol/L EDTA). 100 pL AIBIARBYEMR (1%, m/v) Fl
100 pL 33 %8 L EA (20 mmol/L) A XA G, E
FEHTE 470 nm S BUWOGEERERT ] 12846 ; POD TPk
et FH BT s T e S AR 1) A B AR B 114 3R

HEEELXE: HHEY RNA #EKXF &
(Minibest, Takara) f2HBUKFERIEE RNA, EERER
2 DNA J5, ffi 2 % 5%iA55 & (PrimeScript RT
reagent kit, Takara) ¥f RNA #4355 cDNA, fifi [
TBGreen premix Ex Taq (Takara) 7£2¢ 6 5E # PCR ¥
(LightCycler 48011, Roche) [ #1752 5 i PCR,
Lh OsActin HZMEEH, ME OsHAKI . OsHAK7 .
OsHAKII . OsHAKI12, OsSOSI. OsNHXI .
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OsNHX3 . OsNHXS5 3R F£Aw . 5I19FH) 5%
fFEAWE 1,

x1 5IMFFISHEXER
Table 1 Sequences and related information of primers
used in this study

FEH 2 ST (5—3")

OsHAK 1?4 F: GTTGATGATGCTGATGTTGGAAG

R: CCAACACTTTCAGCTGAAAC
OsHAK 724 F: TGAATCTTCTGTTGGTCATCCTCA

R: CTCGGCAACTACATTACATG
OsHAKI124 F: GTGTAGGAGTAGGGCTCCATG

R: GATCCATTCATTTGTCATATGC
OsHAK 1219 F: GTTTCTGATTCAGAGAGTGAGCAG

R: CTACAGCATCATTTCATACTGACAG
0sSOS119) F: CTGGGCCTTGCTTTTGGAAT

R: ATTCCCAGTGTCATGACGGT
OsNHX1?) F: CATTGATCAGGCTGCTGCTA

R: CTTGCATGCTTGTCAGGAGA
OsNHX31%5) F: ACCGGTGGGTCAATGAATCC

R: CCACCACTGACGAGCAGAAT
OsNHX5125) F: TCACTGCCCTTGACAGGAAC

R: GTCAGGTGGCAACTCATCCA
OsActinl?) F: TTATGGTTGGGATGGGACA

R: AGCACGGCTTGAATAGCG

1.3 HIESZITS59H

FEHR I 52 AH S B PE B Microsoft Excel #1748
11, {HF SPSS 22.0 #RAFHEAT 7 2253 B i 2% 5 k2 1k
50T, Prism 8.0 BAVER .

2 R4

2.1 AREERMAREXEHME TKEEK, XE
REMEULHENRIN

MAKRHYL, 50 mmol/L (Nal) 5 100 mmol/L
(Na2) Hhpin b 38 5 24l 7oK RS A, Tmias
0.5 (Sil) 5 1.5 mmol/L (Si2) HIREX A Sk 178
Wi NOKFER AR (32 2). TEKAEHE B3R, Nal 5
Na2 A0 PR 2 AR 1 e B3 B 51, Na2 AbFEX)
KR A K B 1A Nal Kb B N ™ E . 7E
Nal ZbHF, Sil ZbEEXT M [ 56 5 BTG g, i
Si2 AbFR I RS T M SR . Wi Na2 AbEEF,

Sil 5 Si2 AbBHI R T H A, (HEA AR
FOKF. [FEF, 7E Nal 5 Na2 B3R B, Sil
F1S12 PGS 7K T B ik A P 349 B 3 4 v T M T
H, fEHTET, BRAREMESIET RENRKES
FE TR, (HRMEESEEmE T TN KES T+
R FHRM, U Si2 AH7E Na2 #h i 4b# T
P TR

FEI S KA A K BRI, Nal 5 Na2 #h e 4b
PR E BRAR TOKAEROC G A . B R R
Fri, G TR ERE R 2). TG
AT, Sil Fl Si2 AbFEYE Nal Zb3F ¥ 6E i 2548
EOLA A, HETE Na2 4b3 R4 Si2 kbFEfE
FRENAHEE, ARTORE R, SME N 6EAE
Nal Fl Na2 #hJWh0 T ¥R 68 W 2% 5% w78 16 4% . 7
Nal ZbFEF, Sil M1 Si2 AbFEmE TR & &, H
KAEIRE W E K WAE Na2 Zb# T, Sil #1 Si2 Ab
PR TSR A, Ak, Sil A Si2 AbdEAE
Nal Fl Na2 P9 B2 i 45 30 kb R 3 3 S5 G2 17
LRI T BT AR
2.2 FEEERMKRE XS E B T K FE N8 &Y
220

# 3 %", 50 mmol/L (Nal) 5 100 mmol/L
(Na2) e b R 7R L350 A0 MR B4k 25 I
B, MR AR R E N, fEM E, Sil
1 Si2 WASREALBE R 78 Nal S50 4b 3R %t ah & &
FEAER LG 852 ), (HAE Na2 5 Whan A B R 24 5
FRRAR T AN S RGN EL . IR, REAS ISR A 1R
L EEER S R, R E KT, e
TNER, REASXTENER SRR, AN, 7
Nal 5 Na2 $EWrHe 4B, Sil AbFRESRFRAL T Hh
VEREMESLIE R AL (ST, HARIBE B EKF, 1 Si2
AL PR SRR AR T Na2 AbBE R A B i s R
2.3 REEXTERAME TKFEM S UEEMNE N

MG LIRZER, FRATER: T HAFROR R B E
100 mmol/L WA AL BRAT 1.5 mmol/L KEGS AL B,
HE— 2505 43 B 7 RE X R B8 R K RS BT STl T
RS (B 1), FEIEEARSET, W0 1.5 mmol/L
Si (Si2) XL EALHFIE T B E MW, 7£ 100
mmol/L /il T (Na2), SOD i 5 FIE, sk
PRI IINGE 35 T SOD EE; 5 SODAHE, i
HEXTF CAT 5 APX WiG WA B R, midh
W0 R AME A InRE R = T CAT 5 APX 64,
vy, a5 mab B+ POD 1§ G
e
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R3 PEBERINREX B TKFEMN. FEFRE (umol/g, DW) F5H$R LIS/

Table 3 Effects of different levels of Si addition on Na and K ion concentrations and Na/K ratio of rice under salt stress

Johr CK Nal Na2

Index Si0 Sil Si2 Si0 Sil Si2 Si0 Sil Si2
Hi_1#8 Shoot

Na 36+7c¢ 152+23 ¢ 226+20c¢ 1058 + 63 ab 877+52b 980+292ab 1229+52a 886+ 87b 788 +£54 b

K 490+ 15a 481 £21 a 478 +20a 384 +12bce 390+ 17b 401 £22b 317+31d 329+ 16 cd 344 + 16 cd

Na/K 0.073+£0.015¢ 0.319+£0.061c 0.472+0.030c 2.75+0.16b 226+£023b 246+081b 3.90+0.22a 2.69+020b 229+0.05b

iR Root
Na 90+19b 214+£25b 300+ 12b 1075+ 138a 1066+ 136a 1106 +86a 1180+ 73a 1105+113a 1088+ 138a
K 356+ 16a 335+ 15a 346+ 14 a 286+ 18b 281 +£23b 290+ 20b 275+24b 290+ 7b 303+ 14b

Na/K 0.252+£0.055b 0.641£0.100b 0.868 £0.057b 3.75+0.27a 3.80+£0.37a 3.82+0.33a 4.33+0.66a 3.81+£0.32a 3.62+0.53a
STI 031+0.11c  050+0.08 bc 0.55+0.07bc 0.74+0.05ab 0.60=0.08b 0.64+0.18b 0.92+0.18a 0.71 +0.06 ab 0.65+0.11b

I (Note) : CK. Nal, Na2 F/R NaCl P#7KF#4 0. 50, 100 mmol/L, Si0. Sil. Si2 F/RNa,SiO,A /KA 0. 0.5, 1.5 mmol/L;
CK, Nal and Na2 represent NaCl stress level of 0, 50 and 100 mmol/L, Si0, Sil and Si2 represent Na,SiO, adding concentrations of 0, 0.5 and 1.5
mmol/L in the nutrient solution; STI—#N#F PE V412 225 Selective transport index of Na and K; [R5 5045 5 A 6] 76k 2 /n AL BRA) 22 53 1. 3%
(Turkey ¥, P < 0.05) Values followed by different letters indicate significant difference among treatments (Turkey test, P < 0.05).

60 r . . 100 ¢ a
Osi0 O Si2 _
= 2=
w2 a £ 2 b
we ab 2 3 & b T
o5 40 ¢ == b £ b
B .
2 E = O g —
He2 He 50 |
Kz § &
2= g} =3
w5 % W E
=8 W Q
2 "E
0 : g 0
Na0 Na2 Na0 Na2
= 08 = 40
e >3
X 5 06 &< 30 °F a
% = a [ =t a a
8 S == T
% %D 0471 b b Cjug’ 20 ¢
2 | ¥
) g =
g2 02y 25 0
Ev 5l 'E
B "E
B 0 - = 0
Na0 Na2 Na0 Na2
Kb FE Treatment

1 RMSNRRE R ER B K FERT PRV E LB E
Fig. 1 Activities of antioxidant enzymes in rice leaves under salt stress and exogenous Si addition
[ (Note) : Na2—NaCl 100 mmol/L; Si2—1.5 mmol/L Na,SiO;; Jii L ASF 7R /R AL #la] 22 53 3% (Turkey 35, P <0.05)
Different letters above the bars indicate significant difference among treatments (Turkey test, P <0.05).]

24 FEXNEETKIBNHRTEHCRERREN A4 1.5 mmol/L REALHE , % T /KRR 240
AL W (1145 OsHAKI. OsHAK7. OsHAKII 5
R T AR B B0 100 mmol/L b OsHAK12), $HAMEREN (0sSOST) 54N IX Bk 3 A
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(045 OsNHXI . OsNHX3 5 OsNHX5) B3Rk
(% 2). FEIEHEAKEMT, B 1.5 mmol/L £k (Si2)
Xof 6 R 63K 6 B R M . 100 mmol/L £k a6 b 3
(Na2) I EREAR T HI IR OsHAKT 5 OsHAKI1
3k, MANEEIEE B F & T OsHAKL 5
OsHAKI1 WK [FmF, Hhbhio gk B w7
OsHAK7 Wik, {BXFT OsHAKI2 Fih 5 T0 i &
Me, TR 8 RIS AR Rk S T OsHAK?7
5 OsHAKI2 W)Fikit. TEANAMIERE Jrm, Ehihia
XITF OsSOSI Fih I EM, RETR NG 8t m T
RIS OsSOST Wik . TEAAIX PRy,
JiliE 5 AR T OsNHXI Fl OsNHXS (3635, B X}
OsNHX3 FEiRTC B3R, AMNEAS A ) 2 &4 T
WA N OsNHX1 ., OsNHX3 5 OsNHX5 (335 .

3 ifie

NNV 3=y CEOE N STEE N S €Y
ETOKRER AR, ISR KA o, SR AR
THE P RWERN R E T, B areEy bl
EAMBUK . BTEE., AESEWLGE, A
T FE R AR LR 0252 fEARETEh, JATTE 5

W E KRR A R A hhESEF
freF e bR, T AL (1.5 mmol/L) SRk
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