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Effects of the post—anthesis foliar application of zinc and urea on zinc nutrition of rice grains

CHEN Chen', ZHANG Xin', HU Shaowu', GU Jiaming', TONG Kaicheng’, CHEN Wang’, JING Liquan', WANG Yunxia®, YANG Lianxin""
(1. Jiangsu Key Laboratory of Crop Genetics and Physiology/Jiangsu Province Key Laboratory of Crop Cultivation and Physiology/Co—
Innovation Center for Modern Production Technology of Grain Crops, Yangzhou University, Yangzhou 225009, China; 2. College of
Environmental Science and Engineering, Yangzhou University, Yangzhou 225009, China)

Abstract: This study aimed to investigate the effects of foliar zinc application alone or combination with urea on zinc concentration and
bioavailability in brown and milled rice of different rice cultivars, and to explore the physiological mechanisms for genotypic differences in
grain zinc nutrient enhancement. Eleven rice cultivars with different seed zinc concentrations were subjected to two foliar zinc fertilizer
treatments: 0.5% ZnSO, alone (ZnS0,) or 0.5% ZnSOs plus 1% urea (ZnSO,~Urea). For each foliar zinc treatment, zinc fertilizer was
sprayed three times: at anthesis and 6 days and 12 days after anthesis, and water was sprayed at the same time as the control. The stomatal
characteristics of {lag leaves of each rice cultivar were determined after anthesis. Grain zine nutritional indexes of brown and milled rice
were measured at plant maturity. The averages across all rice cultivars and foliar zinc applications for grain zinc concentration, phytic acid
concentration, and molar ratio of phytic acid to zinc of brown rice were significantly higher than those of milled rice by 31%, 222%, and
151%, respectively. Compared with the foliar spray of water, foliar spray of ZnSO. and ZnSO.,—Urea significantly increased the zinc

concentrations of brown rice by 28.2% and 31.5%, and those of milled rice by 22.2% and 27.6%, respectively. In contrast, foliar ZnSO, and
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ZnS0,~Urea treatments had no significant effect on grain phytic acid concentrations for both brown and milled rice, but the molar ratio of

phytic acid to zinc decreased significantly, in which the ratio decreased by 24.3% for both ZnSO4 and ZnSO,~Urea treatments in brown
rice, whereas in milled rice, it decreased by 17.2% with ZnSO, treatment and by 20.3% with ZnSO,—Urea treatment. Significant zinc
treatment by rice cultivar interactions (P<0.01) were detected in zinc concentration of rice, and significant interactions (P<0.01) between
zinc treatment and grain were detected in the zinc concentration of rice and molar ratio of phytic acid to zinc. The increases in zinc
concentration in brown and milled rice by foliar zinc application was positively correlated (P<0.01) with leaf stomatal conductance at
anthesis, but negatively correlated (P<0.05) with seed zinc concentration of rice cultivars. Thus, the zinc nutrient levels of rice grains were
significantly enhanced by foliar zinc application after anthesis, and the increases were greater in brown rice than those in milled rice.
Indica rice were generally more responsive to foliar zinc application than japonica rice. ZnSO4 in combination with urea was more effective

than ZnSOy alone in rice grain zinc nutrient enhancement. Biofortification through foliar zinc fertilizer is relatively simple in rice cultivars

characterized with low seed zinc level and high leaf stomatal conductance.

Keywords:rice; zinc concentration; zinc availability; stomatal conductance; leaf structural characteristic
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Different lowercase letters indicate significant differences at 0.05 within the same cultivar level among different zinc treatments ; Different uppercase letters

indicate significant differences at 0.05 level among different cultivars. The same below
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Figure 1 Effects of different treatments on grain yield of tested cultivars
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Table 1 Significance test of the effects of zinc treatment, rice cultivar, grain part on the concentrations of elements in rice grains (P value)

AR SR Source N P K Ca Mg S Cu Fe Mn
PEALPE(Zn) * 1 ns ns ns ns o ] ns # 1 ns
AR (C) EES ok ok EES EES EES EES LS EES
FBAL(P) sk T ok T sk T sk T ok T wox ] ns sk 1 ook T
ZnxC ns ns w3k ns ns ns ns * ns
ZnxP ns ns ns ns ns ns ns ns ns

CxP *k *k *k *k *k *5k S *5k *3k
ZnxXCXP ns ns ns * ns ns ns wx ns

T T FORRFEREOK T i 2R Ak BT 50 0) BRI 25 A S 3 I, s B K T 3 S RO K 3 O RN ., P<0.05 5%, P<
0.01;ns, NBE. FAE.
Note: T denotes significant increases in element concentrations of rice grains by foliar zinc application compared with the control, or higher element

concentrations in brown rice than in milled rice. *, P<0.05;**, P<0.01 ;ns, no significant. The same below.
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Table 2 ANOVA results for effects of zinc treatment , rice

BE SRS ZnSOL A BN 2.6% 4.4% , 935 5 2K .
AR BEAL FREG Sh A EBAL, DL S A SR
22 [B) AR A RE AR & B 52 i 241 TR At 25 7K o

cultivar, grain part on zinc nutrition of rice grains (P value)

23 FAESEkREk R R Rmmser 00 0 P el i
/R EE B9 22 i FEARTT(Zn) o 1 ns wox |

TP 3 7% I e K RO R HAHC) - = =
A AR ) 28 ALK (P<0.001) o BEAAE IR 7 B BORE KA AL (P) st * ] ** 1
i 5 B K3 218% (P<0.01) o 4% il f ke K A fnxC - e -
A 5 VT 55 5 0 B 3 2 5,y 2557 o - " -
B 525, 45 B BRI RA AR R AR A 4 3 2 S N

5t (P>0.05) , Ak HIL5 i b ol 14 EL A RS R KA R
SRR EZR(K2).

TR 5 B R K HO A S R A Sk i
BHEAR, RS BT A RILIE 4 132 20 REAR RS
KABTR 55 BFEE /K HE A8 b R IR 22 53 4K (P<0.001) . F-
P REALR 5 R EE IR HL 2 R R RIR 5 R EE K

TE: TN | SRR AR HEK AR AR B 5 ek ARIR 7 Bk AR IR 15 e
IR HEASON B I 25 S M S/, BRI R K T 606 Do BRSO AR 35
R o

Note: T and | denote significant increases or decreases in Zn
concentrations, phytic acid concentrations and the mole ratio of phytic
acid to zinc of rice grains by foliar zinc application in comparison with the
control, or the corresponding indexes in brown rice are significantly
increased or decreased compared with milled rice.
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Figure 2 Effects of different treatments on grain zinc concentration of tested cultivars
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Figure 3 Effects of different treatments on grain phytic acid concentrations of tested cultivars
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Figure 4 Effects of different treatments on the molar ratio of phytic acid to zinc of tested cultivars
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R3 FRBALIE 20 d BRI A5 E A2 (Pn) F0
SAZE(Gs)
Table 3 Net assimilation rate(Pn) and stomatal conductance(Gs)
of flag leaves of cultivars at anthesis and DAA 20

under control conditions

Pn/( pwmolem™+s™") Gs/(mol m™2-s7")

=)
czﬁar JREH fEE20d THEM fEJE20d
Anthesis DAA 20 Anthesis DAA 20
HD5 21.0x1.6bc  17.6£0.3c¢  0.62+0.07def 0.38+0.03¢
NJ46 21.7+1.1ab  16.8+1.3cd  0.44+0.03f 0.35+0.03¢
NJ5055 20.3+0.8bed  21.0+1.1ab  0.94+0.04bc  0.66+0.04a
WYJ27 22.2+0.9ab  21.7£0.5a  1.23+0.12ab  0.51+0.01b
YD6 17.7£1.0d  19.0+2.1abc  0.87£0.02cd  0.40+0.05¢
7739 24.0+1.3a  16.120.5cd  1.42+0.12a  0.3720.02¢
GNZ 22.120.6ab  18.5+0.9bc  0.74£0.06cdef 0.32+0.01c

FYXZ 18.4+0.7cd  16.7+0.7cd  0.62+0.03def 0.34+0.05¢

SLY136 18.2£0.5cd  13.7+0.3d  0.83+0.05cde 0.31+0.02¢
YY 1540 19.7£0.9bed  18.1£0.9bc  0.54+0.10ef 0.37+<0.01c
LLY1988 18.8£0.6cd  15.9+1.3cd  0.86+0.03cd 0.26+0.04¢
ANOVA g5 5
B HI(S) wE sk
AR (C) ok ok
CxS B ek

TE AR RER R i A ] 225715 0.05 25K
Note: Different letters indicate significant difference at 0.05 level

among rice cultivars.

5 DL UL BT 0 10 A TR AR i b Sk il kL, 45
R KRG AL 5 - TH BT it ZnS0, 5, ZnSO,—Urea Xif HL.
REFFRL ™ 51T 8 2 52, & an A — 2 (& 1) .
H T A8 e P T it A %o AR e G B A T WY S S Y,
H e80T B 72 Ak, PR B TR AR AR 1 NG
Wl AE A BRitZ A, A6 5 i i B 0 AR 2K Cu
Fe Mn N .P .K.Ca.Mg.S%I0 % % w8 JCH 552
AN TR] it Aol A [ 000 P A5 At KRR 2K ) % JH iy —
3, RIAEFEAL PRSI S A SR AL B BLAE XX 25T
ROEEZILRELZM(ERD,

K tiF5E R, 165 it i B (o A R A A oK 1Y
BTS2 R UESE ANt A 1Y
X RERH L, 46 5 1% S M8 it 3 U BE N RO B % & B 2
I 2) o A ] I 1 A K ROk K R A 1Y)
BES S, A SR R R B O K EE
2130% (FEIN 7 mg-kg™") , X FLEHREKSNZHHIR 2
O BRI R A O, X Sy o AT DA G AR R
JLER X S5 IR TR ARG I ek AR b 2y i
BRI A5 R S ORI B 1 £ B S 2D, PRI L i
BN K PE O R AR UM, 124 Mk, i I

1% WHART]

Xof o DK FIURE DK B B St B2 ) 1) LG BT 9 g 1o &2
s FIE S B Ry 20 LIS 1T AR R LT A i e 00
S5 AL A6 I o TR it o {7 A R R RT3
G331 29.9% . 24.9% (161 2) , Fits K i g B8 G, S Ak 2
G EBASE (B A7 5225 1 ECAEONE , 156 B I T e %o A 8
PLEF & RS AR B 35 22 5 S A s — 8057,
XA 2E S AE /N A A - i DR T /N R
o T (A3 S R R RS OB S TR I B
o7 2 5 T B IR A DN 2 B2 RO 3 22 P-4 1 B IR L Y
T AR R AT BE AR SRR B AT, 1 A SR R g A A T AR
A BGOSR ) 8 2 20,

HABIFFE R B, A6 5 T it X R R A B s R
M) 5 R T oAy OG0 AR SR S, A6 S M T i
YRR 12 152 A7 A6 B I 0 A 22 5 B Ak 3t
5 PR AR o B i i A, i
P 6 -5 R K (37%) FFALTF kG K (40%) 1Y BES =
B A K, B8 O 1540 B3GR ChEK 16% FE K 8% ) i
ZIN L FFORE R A 0 8 T R ] e KA 223 5 48 (1A
2) o 2R R R LR (48 6 555 6 il
O R (VRS 5556 5/ SR /KA, SVATT
T i X R R KRR K B R ) 2 (32% ) R Tl
RITKAE (27%) K OKBE O it 3G iR W 28K Al 22 S
KR (33% ) A3 R 422 3 R AR (18% ) I A% (141 2) .
AR A 22 S UL S A SRR E R IR RN R K R AT
DABGSR AR AR R K 0 FESCR , il A 2R
BEE SRR,

5 RIS it ZnSO.AH FE , 20 L B B it 0 R 7 AL B 75
Y R W A TE RO A, — RO AN S B B
TP Gy — R AT I B kR i H
LA B 98 22 1 X /N Z2 004 K R E o e e, K
FEAG S5 I T bt B 23 B AR OR B O o, O 40 VBE N I
B it 2 75 B — 20 B M ROR BE R AR WF R R B,
5 BRI I T it AR LU L 2K R AR IS TR 2R B Tt X 3
TSRS A BB RO, BRI B 8. fr
A i R KA B R AE ZnS 04 . ZnS0u—Urea 40 3 F 45
X BEAY S48 001 28.2% . 31.5% , K K BE £ & 43 B B4
22.2% .27.6% (K 2) , 5 ZnSO.H . , ZnSO,~Urea &b F
TREK RS KGR 53 R 2.6% . 4.4% 5 T 45 TR
RSB Ab B ] 11 22 53 35 3K (B KO CRE K < P=0.042,
FaK :P=0.014) o 3% — 2% 52 F& B o T8 it A S v 2 T
2 VR R O IR B B i RO B T R i
B OUHORAE KRB S EAI ME B . FORTE A BF
Bt T & BRI, AT RE S R B TR IR EZAEH T
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Figure 5 Stomatal characters of tested cultivars at anthesis under controlled conditions

x4 MEEFXTEREEFRHOZIES N RABHRE RN HSFLEROBX S (n=33)

Table 4 Correlation analysis of the responses of grain zinc nutrition to foliar zinc application and the grain zinc concentration and stomatal

characteristics of flag leaves of control rice(n=33)

N \% N %%-/.\Eigﬁ = N N %%-/.\Eigﬁ =4 N N , N - = .
. FORRRTION  RORRAEMI  poram MoKEER MEMGs MEMGs “ULEE “ULKIE
*H?é ﬁﬁﬂ‘ﬁ‘ Percentage ncrease Percentage ncrease . . . .
Correlation analvsi 7 entration in 7 entrati Zn concentration Zn concentration Heading Grain filling Stomatal ~ Stomatal
orrelation anatysis m .n (k:)oncen ?d e i .n C(),Illlciln ?a ton in brown rice in milled rice Gs Gs length density
1n brown rice 1 milled rice
e Sxaesne ] 1
FEREE S B IR 0.391% 1
BEREES -0.340% -0.390% 1
RS = -0.452% —0.615%x 0.8247 1
SN Cs 0.354+ 0.413% -0.352+ ~0.555% 1
HEEI Gs 0.169 -0.058 0.018 0.081 0.51 1% 1
SALE -0.136 0.017 0.081 0.070 —-0.336+ —-0.763%* 1
SILKE -0.239 -0.066 0.079 0.099 0.459%  0.643%*  —(.642%* 1

TE B IR D ZnSOL A0 BEEYBE S5 BEROO ISR IR .+, FORHEIE B3

Note: Zinc concentration increment: the percentage increase in grain zinc concentration by foliar zinc application as compared with the control. +,

indicates close to significant.

— B BRI, T HE A Fr 2l 1A T84 22 iy
W B R, 1 B PRI FL O R ) v BRI B
S R O, (ELHER 2 A A BEBILAR B AT 1o 2
VEPIRERL R IR PR A5 5 5 5 2 e JB o T AE NI
PR A RO A o, DA TS M) X i

AR 700 KRR ER PA7E R MR AR T R 2L A
RO, T e v I 2 10 i ROV ABLIRR 3% T s - R
I R Bk = B AR KR IR 2 A
FETHR)Z FEARERFAL R 14 50 A1i 30 5 D R A > AR >
BRIZSHARE . WFFE R W], KR AE 5 i ThT i B %) AT

WWW.Qes.019.CN




nes 1644

URETR Rt Y £ 4155 81

s SRS N 11 (8 W N S A
A b S A R 22 SR AR K, (HLXE ZnS 04
ZnSO0,—Urea 40 F 34 TG i 25 1 )37, AR OK FIURE K BB AL
BB 3) . Jr 2R B R BEA B SRl 5
ASE 18] 8 A X RS KA IR e 38 T 5 5 )

ARSI A BB T SR X o A e, 3
SRS B EE IR FLAROC , J & B I RN B 0 R )
RO AR SR R A [ R OR AT R
5B IR B 25 R FORE K (36 2) , U B SRR K i)
T i E T RO (EAE A AR A RO B TR
Ko Il TR it e R R A B R MRS o, (EAR i 5 2 T
A5k RIS R -5 B R I L R AE A 5 B 2 T R
(E4) X 5 H SR FFI=10-31300 /| Sz 148031 14 43 5 Af]
] o I T it 5 S5O R 5 4 B UK L B s o o 1 7
TR ZES (R 22 26500 1), HoRINES KRS HAg A
KA B L 5K (P 4) o 93 2 BRIk T it A o
DK TR 55 B 8 IR LU 14 52 T AEAE 0 25 TR 25 5 R OK
TS 1A SF- Y5 [ 1 (24.3% ) B 2 KR TFAE K (18.8%) . H
A 6 PR 1 T 10 A IE P Bt ok 8 A B A 385k )
SN A DLAGE o ARHIFTE 2 B A RE R AT R 5 B EE R
b XF ZnS0. Al ZnSO,—Urea &b R A4 Wi 17 AH [] (24.3%) ,
1B 35 XA KA R 5 4 PE R HL I 52 1 (20.3% ) KT
I (17.2%) (Bl 4) o Z& E R, A6 5 v Tl 2 . 2
B TIATARE 5 )R R KL B A A A 5 5 5 PRl
it B A L, I T i e R it DR 2 A R T R IR R B A
Y1 RPES,

U R IA , RO 5 1 X A6 S I T ot A 40 i) 7 77
e 525 10 D 22 5, (LB AR 5T 4 38 X B 22 S 1 D
PRI, BRJREETRT 6 A i FRE KB S T R B, 5
Xof HEHE B, P TR i e /R R A A 2 et 3 i 5 v
SAKEMHEH IR E K HE5HE G 2R H
IEASE . AFSE LA Z2 0 S R IE 13X — 45 5%, [R] A
KB T EOR KB O B IR IR S Gs &2 B 2 Btk
WEEEAH . Z5A T AR AT A KA SR/ N
R RCR M E RS AW E B DRAE
T it A 1O AR A TR S S RIRE I R Gs BB K F
ARG AW A5 Rl S FIORE K R T A6 391734 Gs 43 51 Ky
0.88 mol*m?2+s' F10.77 mol - m2-s' (ARG 32 355
153 UL SALIRTF AR R, AL EE b B 35 09 ORI
B AR YR AR 3, 398 o X P T ER e TR RS20

B T AFLMRR BRI B BERICR T RE IR S R R A
B RS RS R 5. JAKSOMSAK 25258 1o 5 il 1b
BRI e TR, W TR i B T 2 AP S e R R A B Y

1% WHART]

SO WL R 20 w8 B i 8l 5 5K IRSET0F 6 4> KA
Toft KT WL U], i P Tt B X R o RS R 5
AR R S 25 KT R i o A IR ST A3 Tt o )
fil L, TR 7RG R RTH A 35 0 o - AT 2 P4
L, ARSI B s K R RE AR A B i B 5 i S R K B
R I R OO 2B R AR TR R IR
F4 it o o BEAICR S

4 Zig

(1) I THT it B X AR 7= H JC S W) AR R KR B
PIRE LN SN TV ED) S & SN
LB AE TI 55 , i A  ,  E BERC
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PEE SR R 3G, RV 1AL -5 200 PO it X A K
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