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W OERAEBNDRRE, REFHE L ERRE SRR LS SRR LR AR AN
MRENFEMLREGIREMNFETNLE AR TARERHEA T ARG NEZTE HEHETLFLEMEARENU
RaflRENPE, EREXA, EHELEN NIRRT ER LA L FED W, WA H KA AN B E 5 k4
SR, EMLEEEES BN 189 mg - kg ' WA E 24.6 mg - kg, WG K 30%; B EH R ESER INE
28.4 mg - kg MEE IR S0%; LA BN ES B WE 30.2 mg - kg, B K 60%, iééﬂﬁﬁ@ém*%ﬂ:ﬁk
ERGHREL TR SRR 35, K5 97 mg - kg HH S A B H MR AR F I 2.5 1, % % 58.9
mg k™' BB, BB ARENEREY Y rh R RE, E R LA B Ek 5 35% zmméz%%wwm
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Effects of ZnO NPs application on grain zinc content and zinc utilization of wheat

ZHANG Tengl’2 , CUI Li-li*, LIU Yan-ni*, MA Chen’, LI Shun-li*, MAO Hui'>, WANG Zhao-hui'
(1. Key Laboratory of Plant Nuirition and the Agri-environment in Northwest China, Ministry of Agriculture ,
Yangling , Shaanxi 712100, China; 2. College of Resources and Environmental Science, Northwest A&F University ,
Yangling , Shaanxi 712100, China)

Abstract: The field plot experiment was conducted to study the effects of different zinc fertilizer applications
on the yield, grain zinc content and zinc accumulation and zinc utilization rate of winter wheat. Seven treatments
were set up:, no zinc( CK) , soil application of ZnSO,, ZnSO, spray, soil+spray ZnSO,, soil ZnO NPs, ZnO NPs
spray and soil+spray ZnO NPs. The results showed that each application of zinc had no significant effect on grain
yield, while the application of ZnO NPs significantly increased grain zinc content, and the individual application of
soil increased the zinc content from the control’s 18.9 mg - kg™' to 24.6 mg + kg™ with 30% increase range, ; the
grain zinc content of the ZnSO, spray increased to 28.4 mg - kg™, increased by 50% ; and the grain zinc content of
the soil+spray ZnSO, treatment increased to 30.2 mg - kg™', increased by 60% ; ZnO NPs spraying alone improved
the grain zinc-enchanced index by nearly 3 times reaching 9.7 mg - kg™, the grain iron content was increased by
2.5 times compared with ZnSO4 spray, reaching 58.9 mg - kg™'. At the same time, ZnO NPs spray treatment sig-
nificantly increased the amount of zinc accumulation in the leaves, making the utilization rate of zinc in the above-
ground parts reach 35% , which was nearly 4 times higher than that of ZnSO, spray treatment, and reached a signif-
icant difference. It can be seen that the application of ZnO NPs compared with other treatments has higher efficiency
and efficiency of zinc and iron in wheat grain, which may reduce the shedding of zinc in the leaves due to the small

size effect of nanoparticles.
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SERIT 173 N T s S i AR
BEST AR R T MR B R S BOR B,
TR [ % R 58.62% 1 HHEA SR LY Sk
TZHL DX VR W B e A, M LA AR B T
Ko R TR — (8] [ AN TR TR K
TAED RERAL ORI 5, R 24y R I SR AL R R 250
FEWIRRTS B SR R AL T B AR R AT
YA i EL AR S B AEY S R 2 R B SRR
SR R AR A TR AR B A ) B R TR e A s S B Ak
MO R A AR 2 AR i, R i 4 AT
TSR S AR ) B N AR BB 1 2 B4 it , & RE B AE
JELRHIE] P A ) 22 A A H 90 SR, H R IE
FAREEA EZ AR EE ", t TR % A A R
I ( EHEEEREEERI R AN 0.1% 247, Wi 5 e 0
k3| 8% 447" KL LIt & S 8GS Z i EF
NEFR BAAE L3 rh ok — 2 i 4R T G KU

AR K B A BEVE A — st BUA B Tl
U R I R T BR R
Pk AL B R — PR TR 0 B B
FEUOO N Lin S50 UEAT A PR Bk 2R R
I AK AL BV FE B AT 100 mg « LB, Hidh

TSR S 8 e e T A R Ak T I
Zhao %18 453 1+ F AR U6 & BL, M N 400,800 mg
- kg YK AL BE BRI T BOTR 25 - DLRCR
SR T, 9T R R R G OK AL B S ORI
TR EF A AL B A I, A B/ RSE BRI T
TR AR 0 1 1) S I 3 e, DA TR TA R AT R 4
TR A W TR ke A TR B
WA AT REs /D FEIE Y I . (H 2 H AT BEoE 2 %
HAE K RS DA K A 56, % I 3k 56 1 AT 5 ) 48
Do I ARSCGE R BRI SE T LR [E] 4 4
KA R 7 20 A /N2 ARG Kt o B B2 ), 45
FE 1 R R X MG VR BRI AR

1 ARSIk

1.1 REXHER

I T 2015 4F 9 A & 2016 4F 6 H 7EBETEA 7k
75 B B AR AR S S b E AT, T H X A T
I B i AR X, S B 4 5 MR (R R R AR X
e Wz Tl R PR M AR —AF — 2, IR Sy v
284 ARSI T R 610 mm , SR M10.2°C TG
1210 AV BHA L EEEABIIEYER L 1,

F1 RS TEEREBELMER

Table 1  Basic physicochemical properties of the soil

A Wk i
ABLR =R s TR DTPA —Zn DTPA — Fe DTPA — Mn
pH oM Total N Olsen — P Avail. K /( ke ) /( ke ) /( ke)
— — _ _ mg * mg * mg °
/(g kg™ /(g kg™ /(mg-kg!)  /(mg-kg) g1 g8 g8
8.50 15.5 1.04 18.8 154.5 0.58 2.79 7.08

1.2 RIeigt

SR FH EERL/N DR AR, B X6 AS ] 4 VRIS [ it A
FRWET 7 AN, 555 0. OAHEE (CK);
Q@ JHREREE (SZn) ; @ HWE TR EE (FZn)
@ M5 45 5 B R BF (SFZn ) 3 G it 44 K A AL B
(SZnO) ;@ [ W5 it 44 K SR AL BE (FZnO) 5 D + Mg
S EYKREAEE (SFZn0) , Horp | Lt Fe 5 FH &=
4 60 kg + hm™2( LA ZnSO, + 7H,0 i, FIal) ; 1)t 4h
KREALFE N 102.3 kg - hm 02 155 it 6 1%
&R 2.4 kg « hm [ 0.4% (w /v) , Wt F &
600 L « hm™ ] ; B4 K AL FE 2 1.2 kg - hm™
(600 L - hm ) | i B aTHE LR A1 G — Ik
PR A 8 Wit 349 76 4% W T /N 22 ek 2 b WG, A
AN TR, 7 A b P A BEAR AR TR, 450
9120 kg N - hm 2190 kg P,O, - hm >, X {EF& Hif
YRR — W itE A, B FH R R Fwk e — 8 (3T A

Rt AL G A B ) |, BEIE R — 8k, /N IX i AR
99 m*(3 mx3 m) , 471 20 em, FAEFEE A 4 9K,
FHZE BN H B, fEal/NEE R o ig 5 6
53N 150 kg - hm ™,
1.3 HEFERNER X

TN REFP A, 2K DL« S” RUAG R4 S
1y 2R)2 A, KT 5 00 4% T 1 R A B Ak
Ji, TN AT, kAT RV g, 7R RS /N IX
A3 AIBEHLRAE A 1 m?FET7, FHFI0 R
Ay, DTS, BT RE I, A
FEA/INX AT 3 BEHLIE R 2 A4~ 1 m KRB
INAZ AR HRGE J5 T 2R 45 5 AW AR R I [A] AR
FEWE R EMR bR £, fEH &85 25 b fE =
FB3, AT I FR 1 5%, AR S FR XU T AR,
SRIGFRIRL—E B 25 I BT PR3 ) s 5
K o B R A o BB 5 40 o FH 28 1R K i gk
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T A P R L 22 e ke R S Y
(K MM 400, 78 [ ) k305, 2% BHR A, /D FE IR
&, TREA/NXCREE 3 4y 0~20 em HIERES RS
Ja T4 .

S B A O e e i 2t O I e L AR
FRAL R F0E SR 4k 5 (DTPA — Zn  Fe Mn)
i, ARG Bk HCR AT DTPA 1248, A1 &4
KIAEF WM 6T (H 3L Z - 2000, HAS) I
SE L, MPIRE SR B HNO,— H, O, I i (1758
WX — 8000, H1[E ) , A1 825 KU i T o3 S ot
THE HAE Bk RS
1.4 MEXIEHREITERE

PR (g - hm™) = &8 (mg - kg™ ) x4
Yz (kg + hm™)/1000

KRR AL IR B MEF 1 kg - hm >4l EE (AT kL
PEE AR S B (mg - kg™') | = [ M B4R Bk RL B
/Ei\%(mg . kg71 ) — N it A Ak PR R A S (mg -
kg™ ] /AR (LLAiEET) (kg - hm ™)™

FERIRERI A (%) = [ B AL BEAF R B R AR i
(g« hm™) - ANt b b BROFFRLEE B R (g« hm ™) ]
/R (LAAEERT) (g + hm™?) x1000

MPERI R (%) = [ MiFE A B |30y B
(g hm™?) — AW B4k B b |35 2 (g -
hm™) ] /4R (LLAERETT) (g - hm ™) x100
1.5 #iELE

SEISKARAL R ] SPSS 19.0 #7480, R
M LSD i T 2 H i, & 2250 P<0.05,

2 LR
2.1 AEEFELENNEFE EVERBIRIEH
Sap=A

32 2 Jp ANV B B At FH 5 X% /N2 F PR
M AR AP DL SRS B s e, 5% BRAR L,
it FHAR R B N4 K AR Je PR it A= i Sl
F2 FREMEMEINEFE VB RURIEH N

Table 2 Effects of different Zn treatments on wheat grain

yield, biomass and harvest index

QbR F=iE Grain yield 41 Biomass W ke %
Treatment  /(kg - hm™?) /(kg - hm™2) Harvest index/%
CK 7881+216a 15381+840a S51+1.4a
SZn0O 7572+1187a 15253+1598a 49+2.8a
FZnO 7300+437a 14897+1139a 49+1.4a
SFZnO 7392+878a 15057+1487a 49+1.1a

SZn 7577+824a 14876+867a 51+1.6a
FZn 7820+692a 15603+851a 50+1.7a
SFZn 6775+490a 13973+876a 49+2.1a

TE : [R5 5 A R 7 BE R R A BRI 25 5 2. 2% (P<0.05) , R Il
Note; Different letters indicate significant differences among treat-

ments ( P<0.05). The same below.

PARBOIBA BEES T DAL R RERL R Ry
{88 7 457 kg - hm‘z,i%iﬂv—ﬁﬁg 15 027 kg -
hm™  CRASHOT 8 49.5%
22 AAEFELENNEZREFSERERE

sgbAl

A PR WK I /N FZ Ml R4 R B R A R
SRR IR — (8 1), X33 9 #EAE 19
FH S e 2 w0 R, HLA R AL R
TFHREREE , YRR S, 40K EALEE ) = Fliti
T3 B R A, A IR
18.9 mg - kg ' # N F| 24.6 mg - kg™, ¥ IHIL 30%;
Ml 1 - IS 5 5 DU AT R B 5 o AT RS 18.9 mg
- kg ' Ar B NE] 28.3 mg - kg 1 30.2 mg - kg,
PEE T 50% M1 59% ; RFL R 147.2 mg - kg™ 5351
HETNE] 211.0 mg - kg™ A1 226.3 mg - kg™ 4RE T
43% M 54% , REEFFI W DA S s G gk
AR B P ot e A L 4 5 i A BRI 2.2 mg -
kg™ A1 TINE] 6.4 mg - kg™ F1 8.3 mg - kg™, 43
PER T 206%F1 270% ; BFLE A 8.5 mg - kg™ 43 ]
N3] 26.4 mg - kg ' 1 32.6 mg - kg™, BN IR A
1 2119% 1 283% , 525 FFFRLAR L, Wit LA A+
M 235 15 490 K S8 A0 B W P Ak L ofE b e e 5 i DA KT B
9 8.0 mg - kg™ 43 HIHE N F| 143.9 F1 177.0 mg -
kg™ BN IR Y IR T 1697% F1 2110% 3 2 AR M
12.0 mg - kg™ 538 nE] 219.2 280.2 mg - kg™, 5>
BT T 1 726% M1 2 233% , Wit L K+ e 45 440
KA AL B E TP RS N 5.2 mg - kg™ 41
S ANE] 26.8 mg « kg F129.0 mg - kg™, 4> B
T 413%F1 455% ; AFLE P B 10.6 mg « kg™ 43
BHENF] 56.8 mg - kg™ F155.3 mg - kg™, ZM 4R
T 432%FN 418% , I UL Wit 1) B — S A Bl /N A2 W
WA, e Bk ) B 8 A AR K — 3843 oK 1
R 3 R Y S D L
23 ARAKEFELENNEZEEFRRIET S

EE B9 R M1

F L 2 TTHT, 45 9K S AL BT A B 3 25 i
L ERAS A B R B AU E 4 E, LW A PR+ e
Z AR 3 22 5 o 6 Uk it T T, B R A
B 5 43 LU 3 BA R R > I > 5 570 > 25 5 X m i it 55, 0]
TN SKPRI>FST>2E . RBRRREEAL RN 7, i
T AT 26 57, BRI kPR > M SF5E> 25
EIH IR REISF Y, 5560 BEAH LL, £5 B A SRS A T
FEREE RBMIC E A b U HOR MR . AT BT
I E ST A B X B AR BRI 14
A e R SOR TR B 7 s
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B PR R NG R 3OR AR TR 22 57 .35 (P<0.05) .
Note: Different small letters indicate significant differences (P<0.05) among treatments.
B1 AREEFLEMNERREFLERRRENZIT

Figure 1  Effects of different Zn treatments on Zn content and accumulation of wheat organs

Ty =0 N2 B RO B 5200 W3R 3, Bl s i

o AR E AP FPRL LR A TR R PRI FH AR LU
CK SZnO FZnO SFZnO SZn  FZn SFZn

4 3% Treatment PR AR R R B35 . EIFPIRRERE R I AR A

ES ¥ FiGrains Y 5%Glumes ZAM Leaves Hl = Stems N o B
. A 2 B8 R TS 45 L PRI HEAR FREE MR A INGK A AL  (H R X T 10
2 AEIFEEEAMIEX /) MEEEHRR RN . N . NN
Gon M AR AL B2 D F A 2252,

Figure 2 Effects of different Zn treatments on Zn accumulation

0 2.4 AEEEFAEXT/NE R AR
2w KRR A KL B RE R R R 5 3 B
Sl Ay A S0 T S48 67 %0 45 5
S AT AT TR 7 RO B

percentage of above-ground organs of wheat
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Table 3 Effects of different Zn treatments on wheat
Zn utilization efficiency

FERLEFSRALTE R APREERIHSE REERIHE
izl Grain Zn bio- Grain Zn Total Zn
Treatment fortification utilization utilization

index/(mg - kg™') efficiency/% efficiency/ %

CK - - -
SZnO 0.07+0.01c 0.04+0.03¢ 0.08+0.04¢
FZnO 9.71+1.74a 6.63+2.72a 35.54+2.51a
SFZnO 0.14£0.01c¢ 0.10£0.05¢ 0.56+0.03¢

SZn 0.13+0.03¢ 0.10£0.05¢ 0.16+0.09¢

FZn 3.47+0.07b 2.20+0.07b 9.42+0.01b
SkZn 0.33+0.08c 0.09+0.02¢ 0.32+0.07c

2.5 AEEFLAENNEERERESENTM

H1Z% 4 W] LA BRSO 9 K B AL Oh, Hoavib
XA B R B, W TN 2K,
Mt 20 K S A B K 5 - 2 5 5 1 139% 5 X it

FFAFE , W8 it A A58k 1% o 2 4 5 1 20% 1 129%
XPAFRL, WIHE = T 22% ., WP R AL A it FH 359 15 A 2
HHh SO E R S R
26 AEEHELENTEENE. . SSEW

A

HH 2% 5 0] UL, A [ it A A B O AR B £ AR 2 £
AT SUEE s I T — 3K, Y 3R B it R - mE A
BRI 2 R A 3 A R B (EU 40 K 4
AR B R MR BT S8, 4 it A0 K S A B AR B A Rk
B M IR 0.3 mg « kg ' 1913 9.3 mg - kg™,
IR T 3 128% ; %2 A RS RO HRAE 8
PR T 143% , AR it e A4 2 R AIG TAR PR
R JZ P AR B i, U LAGK S AL B A HE o
&SI F AU SRR A 2R

x4 TABELETNESBESIESE (ng- k')

Table 4  Effects of different Zn treatments on Fe and Mn of wheat organs

gl 2% Stems M Leaves HFE Glumes AFHL Grains
Treatment Fe Mn Fe Mn Fe Mn Fe Mn
CK 87.6+0.55b 31.1+0.06a 747.5+4.55b  191.6x1.13a 271.9+0.67b  83.0+0.89a 47.8+0.18b 50.1+0.76a
SZn0 86.1+1.31b 31.5+0.10a 746.1£3.67b  192.6+0.02a 267.3+0.75b  83.1+0.04a 47.1+1.21b 51.5£0.05a
FZnO 98.8+1.03a 31.4+0.79a 900.5+2.36a  193.0+0.09a 309.5+0.64a  83.5t1.21a 58.8+0.73a 49.6+0.07a
SFZnO 97.5+0.44a 31.6+1.34a 903.5+0.95a  190.8+1.34a 303.5+4.56a  82.6+0.78a 58.5+0.72a 49.9+0.88a
SZn 85.5+1.24b 31.9+0.51a 745.4+4.53b  193.1+0.04a 269.8+0.97b  82.9+1.78a 46.4+0.45b 50.6+0.37a
FZn 88.1+0.67b 32.7£0.11a 750.3+3.51b  194.6+0.78a 272.0+1.31b  83.3+0.03a 47.1+1.55b 50.4+0.14a
SFZn 87.7+0.21b 32.3+1.49a 757.6+7.03b  194.0+2.43a 275.0+4.14b  83.3+0.56a 48.9+2.34h 51.2+0.45a

x5 AEBELETNMNERAATETRE S EQE/ (ng - k')
Table 5 Effects of different Zn treatments on DTPA —Zn, Fe and Mn of mature period soil

qbs DTPA —Zn DTPA - Fe DTPA — Mn
) HRBR L HRPR L HRFR 4
Tre: ~ ~ ~
reatment Rhizosphere soil 0~20cm Rhizosphere soil 0~20cm Rhizosphere soil 0~20cm
CK 0.29+0.03¢ 0.46+0.03b 1.50+0.05a 7.44+0.07a 4.46+0.40a 12.01+0.24a
SZn0O 9.24+0.25a 1.06+0.08a 1.09+0.08¢ 5.55+0.68¢ 4.38+0.28a 11.88+0.31a
FZnO 0.33+£0.09¢ 0.50+0.08b 1.47£0.01a 7.38x1.24a 4.59+0.16a 11.32+1.21a
SFZnO 9.47+0.78a 1.18+0.11a 1.08+0.05¢ 5.47+0.08¢ 4.76+0.20a 12.20+0.78a
SZn 2.56+0.76b 0.54+0.05b 1.29+0.07b 6.27+1.45b 4.55+0.35a 12.31x1.11a
F7Zn 0.35+0.11¢ 0.50+0.05b 1.48+0.09a 7.40+0.21a 4.66+0.75a 11.96+0.38a
SFZn 2.61+0.34b 0.53+0.01b 1.28+0.02b 6.31+0.89b 4.54+0.53a 11.51+£0.97a
3 B MR /N2 A ) i Torabian 552 IS T it 4 K
M -I/I:A - o g Y 2
SEARBEX 1) H SE A5  , 25 SR 3R BT o H -
31 AEMEELEMNMNEHFHNTEMEYEN AYREAREZW, XX 5 KRR R
=210 — B, R il 8 W e 2 K S A B X /N 7 AR

AR H Y DTPA — Zn 4 0.58 mg « kg™, b F
0.5~1.0 mg « kg ' Z [0, J& T ARG L1, L
i LA K - Mos 45 5 o R A AT VA 4 /N A2 7 R R
A X S AR AR Ak — i X
WA — 2, Du 557 A5 B A 25150
FTR R R DGR 0 22 B, it 40 K A Ak i 0 3

Wy REAT RN PP UL R T 8 5 5
F T % A K B, 5 40 B IR R B 3K B 4 7

Hi
32 FEMGHLEIFHE S B REIH A EY
a0

FHESTRRIREE , Wit 20 K A6 B A B IR AY i 4
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KT 3k BRI R AUR
3BT LD PR 2 40 K R 1) /N RS R0 U 2 1 i T
2P NN o 2 TS N 17 1 s R 1 o A 2
Erenoglu %> SR ] Zn® [Al 7 F A5 ic F BEF5E T /1
7 X BRI MSCRI FH 45 SRt 282 B ok 1 s i e A T LA
fefi e O R K A B BFFRE P, Prasad 4517 F 2010
AEIEAT R T A X 0 2 I, B 40 ok SR AR B Y
B B R B R 115, A6 Bsh B B
PSRBT BR AL FHL 1 42% , iK% 40.2 mg - kg™', Xt
FHEEREREE N T, BT A KM AR B A Y pH
(L LA B i TR 655 5 2 (6 745 e A 1) o M AR PR3 Ak Sy i
RIEA MR A AR, T gk
R IG HAFAE I S W e A8 A H]kE , Wang 2567 A
TR T LR A e e AL T LA )
THERIEAS, 45 R E W, Ok EALBETE kAT
TP AR, BTG A A AT S S X R A L
WA 25, (A S, i 58 BT G Wi
+——E A A Y R R X R T
K E AL AR . Milani 252 BF5Y T 76084
PR AME T A K 4 39 Pt AR 2R Bl iR
TR E M OOR AL B R B S A A5 R
NVIKREMRE SR RIRG A LG, R E R
AR, T SR —H 2 )n, Rk mp
BN EFLL CaZn,(PO,), + 2H,0 Fl Zn(NH, ) PO,
PIRREEALTE S AF7E, X BE & 1 FIR R Y pH
{EFEAS T 9K A AL BE R AN HOTT 8, Z 5 Bl
EHIRIG I I, P& B AR S e, R
T EANK E L B IR RE 25 A7 A Bl Ak 1 [ R T 28 I A
PRI,

H TP BRI BRI S8 E 2 PR
FIHIZR R 5 DL BF R e s AL 45 50 A&
TG, it - w2 A A B A AR EE R R AR
K, 30 0.065% ; SVFER R TAFRL, T B
Ft s e AR R B AR O (HATIE
F0.6%, KILLIE, s 2 S B HEE 48 RAUX
WS, AT it SR it A 0 S 2 0 T PR
FR) -, JHE R it 0 K AT e ) B 1 R X S R R
() 3 5, ELIEIE 20 K S AR R R B SR A5 50 BT
BRI C IR B REE AL 3 15,3881 T 9.7 mg - kg™,
RIAE o EEiE 1 kg 4l , T /N2ERPRLRE &
P25 9.7 mg - kg™, X B EE T H RED e E
31 ANl 1) S 45 2R (4.4 mg - kg™, IR RN
750 kg - hm™, Lh ZnSO, - 7H,0 i) . 1 HA W5 4
KAAALRE T LU Ry — Fh 4 i VR 9 B 5 i AR i i
A RGBT

33 AREEHFLEMNNEER/ERESENZMN

Tt FHEFREAON /N 22 25 4% B BE 2 5 A 2R, %)
HEMBEITRW S AW, AR50, Bl 1 i
PEIESA st E A a B R A, X e
HIPIAR Bk i 2 R A R R A Y
RS Pl S R B, SR R kA E A
S INTTHE AAR S, SR b RS AR
Ak, AH EL it it 7 e A [ ) B A %ok Y
SEMARCRANA] Mot it A R A 2k 5% i VA 1S 0, T M
KA N B E I T &S E NSRS R, xS
Dimkpa 55" (WFFT 45 5 — 3, H AT AR IR R 2 15 it
BN K A Rl i i e B AL HEK AL
Bz FLUA B A 2 Y A N ST BN T R i A
Wk TR Y B A AR 1 4 TR e i Rt 2
FEaE AR 1 Bk AE ) B2 358 09 e B Ak T o ) 43
B Bt B A [ e R it g i, A
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