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Effects of ZnO NPs application on winter wheat growth and grain quality in a potentially zinc—deficient area

of the Loess Plateau, China
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tion and the Agro—environment in Northwest China, Ministry of Agriculture, Yangling 712100, China; 3.College of Resources and Environ-
mental Sciences, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: A two—season field trial was conducted in a potentially zinc—deficient area of the Loess Plateau, which focused on the effect of
zinc oxide nanoparticle(ZnO NPs) application on the growth and grain quality of winter wheat. Five treatments, including CK (blank), FZn
(foliar application of ZnSOy solution), SZnO (soil application of ZnO NPs), FZnO (foliar application of ZnO NPs), and SFZnO (soil and foli-
ar combined application of ZnO NPs) were applied. During the two—season field trials, all treatments appeared to show no differences to
wheat grain yields or qualities (in terms of starch, soluble sugar, or gluten content). Treatment with ZnO NPs increased grain Zn content sig-

nificantly, compared with CK, in both growing seasons. Moreover, in comparison with FZn treatment, FZnO and SFZnO treatments in-
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creased grain Zn content by 36% and 45% in the first season, and by 12% and 24% in the second season, respectively. Scanning electron

microscope analysis of wheat leaves in their elongation stage found particles adhering to the leaf surfaces after FZnO treatment, while no dif-

ferences were found after FZn and FZnO treatments. Energy Dispersive X—Ray Spectroscopy results showed higher Zn content in selected

leaf spots compared with CK and FZn treatments. As a whole, ZnO NPs application showed better grain Zn increasing ability than either

CK or ZnSO, treatments. SFZnO showed the highest grain Zn content(37 mg-kg™) in the trials, while single foliar applications of ZnO NPs

exhibited the highest Zn transfer efficiency. This study has provided evidence that ZnO NPs can be regarded as a new and safe Zn fertilizer,

being harmless to winter wheat growth, grain quality and leaf structure.

Keywords : ZnO NPs; soil application; foliar application; wheat; grain Zn content
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fE RN 2 05 [, 5 | e T A Bk 24 55 5 TR G
T B T RO ] B AR A
PR BB ) 32 D TR S R Y R 1 A A
B RN it e A A7 B PR BE AT LA, R BRE 5 A A
At B[] R ) R 5 1) X — sl B Ry 23

INE R E R EEY 2 —  UHE B &)
X FEMEY T, CA MR A R R E i
INFERFRLRE O B B R 24~33 mg - kg0, i AR
Fr/NAE KR EE 5 40~60 mg - kg Y HESA BT, BT LA
IINZE PRI R IR 38 D) BRI ), R A
Yoy X2 B R R () st A% A= s 4k ) i
Jiti B B (A8 an e 25 A s Ak ) PR IR A2, & Ak
RAT DU AR 22 Y MGEROR VR A RO S B A
32 B A BRAZ AT Y DGR, {H 120 A58 T I 1 B o) R 3R
LA B MRS VA B R A . RGP B
NEEAFAEYDAE s AL LAk B3 BE 0O Bl Ry %
A R AT AT RS Y. Cakmak 2579438 1 7F H
(] % T P TR i i 235 Wt A S , =l A AR 512
PR 5, e KRR EE B 5 1/ INAZ R R Hh B R W SO
S KRR RS 60 mg-kg . AT UL, SiEERENS A
AR DRAE P e 2 0 SR 1) [ R, A2 AT ) 75 SR W 11
I T

FHOCHFSE B UE B, - SJE R i it FH R A w] A
S A Tl o S R A IR M DX /N R R
oy 3 1R A 53 AR /N 22 48T T R R 0 CRIVRE AT ) 158
Jiti FE (0.4% ZnSO0,+TH,0 750 kg-hm™) , & W B0 AE 1)
Jit FF 459 2R P 224 b f5e A e S S R M =X, 25 SR e B
38 pH<7 1 X SOFF R A 5 i B S T pH>T X
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FRX T FLART ELAT A% /0N | 3R B R Ao e S
TETEPEELL S NI, 454 ZnO NPs KA FAE G AR E
PR RR SR P S B A 8 T T R B DX ) B B
PRI HASTR] (4t FH 5 X0 4 /N 22 e 148 255 S 1 e
AT FHATE

Zi BRI, LL ZnO NPs A k8 BUAE KL, BF 58 A [
Jite A 5 X 4% /N 22 R b o B HOR TR 2 B 22 (R iz
BRI 2, PR AE R A R TR AE BUEE X R ZnO
NPs 7 738 B A 5 AE 7 U Rg A2 .

I RS TR

1.1 X5 #F 4

R ZnO NPsCEi42 20 nm+5 nm, 2li[%#>99.6% ) ,
W A 7% TR A RS F L 5 BR B (ZnS 04 - THL0)
W A e hr g R (R ED AR, Bl 1R, Zn0 NPs ik;
SEERIE  RAR 2 20 nm. TR R AU A B R 7.38
mg -« L7, KW 25 77 R RSO0, T8 B R R ST 1)
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1.2 iR IE B TR
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/N TR 2515 TE BV 48 Kk 73 B AR 2 B A A A R
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AR 10.2 °Co 2 1 AU - 58 0 SEA L 4 T
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Figure 1 TEM scan(A) and hydrodynamic dimension(B) of
7Zn0 NPs particles in DI water

F1 AW HTEEREBUER
Table 1 Basic physical and chemical properties of

experimental field

A HLIT 2R AR AL

DTPA-Z

pH om/ Total N/ Olsen—P/ Avail. K/ -k _1“/
g-kg” g-kg mg-kg'  mg-kg” B
8.5 15.5 1.04 18.8 154.5 0.58

1.3 R5E it

AT SR FH FH () A DX, i B (1) ANHit e X
HE(CK) , (2) Mg Jiti i BR ¥ (FZn) , (3) 12 il ZnO NPs
(SZn0) , (4)WEJifi ZnO NPs(FZnO) , (5) 1 WE455E 4 ZnO
NPs(SFZnO) , 331 5AMb B, Hid SZnO 4b PR
102.3 kg - hm™, ZERE A AT HE Lt A 13 . FZnO 4b B
FH 1.2 kg-hm™, SFZnO 4 SZn0 5 FZnO A &A1,
Horp ZnO NPs i I 5 2% SCHR[22]. FZn 2038
i ZnS0, - TH,0 4.2 kg-hm™, Ay X & 78
JINZE RS SR AT A A A W — YK, W it £ 192 600
Lehm™. Jrf b BAERE A 240 H 120 kg N-hm™ A&
HEFI190 kg P05+ hm™ B L , BERE- 51 S FR 2 3 R
T, E/NX BRI 9 m* (3 mx3 m) , /NEZ A
F 565 BRI 150 kg - hm™, BRATHE 20 em, 5
AR FH 58 A BEALIX 4H 30, BB 4 R .
14 HRRERMNER X

INAZ I BRSNS BEATLISCR 4~ 1 m?
FEJT BRERL , BT 5 0 R s A AE Y & . TR
AN BEHLEEI 3N 1 m K AE B B /N2 3 AR R 5
T B . BT o =2k O B OFPRL 58 ) =
BB, K e PRt i s 8o B X Ja ok, Bt X
KRR 7EIF il s o FREC— 3R A AR 25 it
FoT KPR AL, 3 Bl e oK il sk Bdie . T8
ST A AR SR PO i PR Z8 SR K I 1 3 U, FE it
FETPHET 48 h DA b o SRS 8 FH o fb A 3 BB X (S oth
MM 400, {8 [ ) BE i, T % B A7 . BEIEAE & bR
{HE TET 493 >R PV HNOs—HL 0. 1B 1 ifk (1l 58 WX 8000,
o) | A dE DK GBW 10046 (GSB-24) F T i 12 45
il X IR 93% o R A 84 - Wi 43t
FERE T (H 3722000, H AW Hfgat o R & e, ff
FHIELLAM 3 B AN 2 /N A2 KL S B da b o i 434
L, 085 (SEM, H 7. S—=4800, H A ) M4 35 11 /1N
M ROWESH o FIHE S H - 2 505 (TEM, JE-
OL 100CX, H 7 ) WL ZnO NPs WUk oM 25 . i
IR CRI Y (Mastersizer 2000, F2ED5E ZnO NPs
G ) ) A 2 AN
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1.5 #iEabE
S 6 B H b B SR ) SPSS 19.0 HEAT 88340 #7 , SR
M LSD kit fr 2 8 e, B P22 7 P<0.05,

2 ZREWR

2.1 ZnO NPs A EERAA XX Z/NEF-EMHE R
BEIFR SRR

B R /N WA il 1 2L 18 R B 1 0T AN T e
By o AR R R H R ORI A AR, Y
T EEEERT , SN B AR K . FEARMER T, R
2B RS —AE A 3 R 7593 kg - hm ™, 55
FEFE R N 5541 kg-hm™, AR Z [A] il 25 53 80
58 AR A H AN L 1 N O . SRR
WORTE RGOS B 51% A4, 55 A48 R 40% A4y, Ul oA
R By ARXS /INAZ B 77 i TR L AR TR e, 7R
[ —4F B AN [ Ab R P il FH AR IR X NG = e A 3
Y RZ N, U BH A DX it R A B A S /N2 R
SR ARE G LA S N, 4 eSO R
B - 7 A BRRE b X 4 it SO kg« hm ™ TG Jiti 4.8 kg -
hm 2 A PR B 11 Ak B 5 o TG S R o AR e 4 R
S 2 SR B b it FH AR /N2 T o R AR
WEW L (Hh et i, T B, &7
PSR 2R 2 FERE A 25 R IA B K F-. Du

ZEPNTE R 1) A it ZnO NPs XiF /N 22 2R K 0 i3 Xk 6 3¢
B, 764 FH 4 3806 FH ZnO NPs A2 i A= 4 i 1 22
5o

FEAWEFE H, BAE /N2 AP RE ) 5 BT F8 s (43 2R
F1 AL AE R ) 25 8 (32 3) B . A0 PR O i
HET TERY AT RS B A TR o e
AR AR 25 5, e B R AR AR A ST R A
B . SR IS AR T R X A /N 4 G W RN
SR A T T A R A LA 5T, 45 SRR )
F2 KR AT B R 0.21~2.98 mg - g, TA E i
FOKW- o R e S I 5T 2 B it P B A i B 4
FERL AR PR DT 2R B i (EORP R PR B 1 BT T
M)A AN I 2 A0 B AN [ 6y e DX AR ) it P =X R s
[E1] PRI 22 0 1] R X /DN 22 o o PR3 R ), 5 A A
FELE R —B. ZnO NPs FGT R B 14 b B X FFRE 5 5T
FEPRAE A 22 57, R ZnO NPs Xt /INEE R i o
WA PR A B UESE T ZnO NPs 78 K FH i B 6 i)
FiPERI 2 4k
22 InO NPs A EBAA X ZENEFRESER
EREHFMm

Zn0O NPs AS[al it Fi 5 2006 4 /N2 bR B 5 1 I
SR R, P AR A [R] Ak BT R ORL A 1 B
M FEm — 3, R4 R, L —FEF R, FZn,

&2 Zn0 NPs IR RIHER 77 Z &= 8 M EMPIRIE A0

Table 2 Effects of different application methods of ZnO NPs on yield , biomass, and harvest index of winter wheat

1" Season(2015—2016)

2" Season(2016—2017)

Trfftfem R A=Wy ok R PR A=y eI
Grain yield/kg-hm?  Biomass/kg-hm™  Harvestindex/%  Grain yield/kg-hm®  Biomass/kg-hm?  Harvest index/%
CK 7881+216a 15 381+840a 51+1.4a 5411+279a 12 945+981a 42+2.1a
FZn 7820+692a 15 603+851a 50+1.7a 5157+485a 14 364+940a 36+2.3a
SZn0O 7572+1187a 15 253+1598a 49+2.8a 5320+235a 13 149+1450a 41+6.1a
FZnO 7300+437a 14 897+1139a 49+1.4a 5061+288a 13 739+500a 37+3.2a
SFZnO 7392+878a 15 057+1487a 49+1.1a 5756+626a 13 938+1205a 41+2.1a
T [ A EUI 5 AN R /NG SR 30 ab B N) 22 5 2. 3% (P<0.05) . FIAl.
Note : Different small letters indicate significant differences among treatments (P<0.05). The same below.
33 ZnO NPs FYAS Bt A 77 3 X & /N2 A7 L B B 52 01
Table 3 Effect of different application methods of ZnO NPs on grain quality of winter wheat
A Treatment 4% 11 Glutenin/mg- g AL PP Soluble suger/mg- ™! TEH Starch/%
1" Season 2" Season 1" Season 2" Season 1" Season 2" Season
CK 6.1+0.4a 6.1+0.2a 33.0+18.2a 39.1+13.6a 50.2+0.6a 49.0+0.7a
FZn 6.5+0.2a 6.5+0.6a 24.1+5.4a 37.5+10.9a 48.6+2.4a 49.2+1.2a
SZn0O 6.1+0.5a 5.9+0.3a 20.2+3.1a 34.3+6.3a 49.5+0.9a 49.5+0.9a
FZnO 6.5+0.9a 6.3+0.6a 23.1+3.1a 38.7+3.5a 48.6+0.7a 48.7+0.7a
SFZnO 5.9+0.4a 6.4+0.5a 28.6+14.4a 33.1%6.1a 49.9+2.0a 49.6+0.9a
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SZn0 . FZnO F1 SFZnO &b B rh /N 22 K08 % 1t T CK
SR E T 10%.30% . 50% T 60%; 55 — 4F FE 1L,
FZn .SZn0 FZnO 1 SFZnO kb P rh /N k7 A & o Fb
CK A BIHE T 27% . 40% . 43% F1 58% . Wi4F- i 55 1)
[i1] , A [R] A2h B /0N 22 A 338 A 00 R DA B M TR S
SFZnO>FZn0>SZn0>F7Zn. HARA ALY HAG —E /Y
JINZZ PRI BRI ABATS L SFZnO Ah PRI 1k (B
R WA A A LT it RN it ) BRI
SFZnO 4k BT 5z 55 5 2 5 20 510 £ 30.2 mg - kg Al
36.9 mg-kg ™", PRIV BF & A7 76 22 57, W] RE Y it PR 2
A DR ZNT R G 52 M K, 368 JATE B 22 ) g ™
TR R ZES . MAPR R R TR & & - E 2 (A
A R AR SO, DT A B 7 1 2 ] ) 22 5%
B, AR BR 22 [R)RE 5 B 6 HAS BE A BBE IR 1Y) 25 5 .
FZnO 4b P FZn 40 B A FFRLBE 5 0T 1L, 7256 —4F
FZnO . FZn 5 36%, 55 455 12%. PO 4F (0] 32 5 iR
JE 2 7 R S {H SR ZnO NPs AbBR KA 4 2 e b 2
TR EEAL B . 150 B Wit A [ 5 ) R R BEAE , /NZE
FERLXT ZnO NPs (WSR3 i 25 8 T IR B, i
(K J2: ZnO NPs i@ 1 I F- 21 2 E AR, [R] Bt 4 i)
W2 B2 A 45 ZnO NPs 4 M B FE i Fr b A A AL
LT hE LIPS TR R I C N T ESEIR S
TR CRiAe e AR BRAL M R | 2 T VR ORI A R
FAT S0 R A A A AN Bt~ 3 1k A R B, 4T
BEFLAR 2R 2~20 nm , WSS 7E/NZE M R R/ N 4ok
LT DL R A0 M RE | B A R A
FFE K B, A0 KSR AT LA S A 40 A4 B T i R 1)
FLBR, 15 58 22 9ROk 12 A 40 B

AWFFE R, 5 —4E FZnO 4b BURRLEE 35 5 H SZn0O
RS 15% , SFZnO o FZnO 55 6% , 136 B /N 22 K-k rh
BONARE EE Sk T FZn0. 4075 Rk i BE R 78
IR 2 — R A, R AR R 2
b2 B A E PR | A A N R S ey (T
BEAE AT B th 0 R G S BRL R SCR R R .
Jith A A — A G5 i AE T B, H K R AR A
M ok Rk o it H AT P2 R REE B
INEERLH BT LA FZnO 5 SZnO AH L , Wit & — R By
ARG B T R B Y ZnO NPs AS (A B 8 % )i
FIREE , i8 AT LLZE 18 B, Du 584 ZnO NPs,
A5 /N AU B B N, X FRBH ZnO NPs i
i, fff Zn* E AN 2L, 35X 5 AR 5T SZnO AR BRI
45 R —F . Torabian W57 3% W M 18 W ZnO NPs
AT AR 4R 1) B AR A (1) H 2%) W A9 B 75 5, Zhang

F4 ZnO NPs IARRAA AN E/NEHFHNFEIER
RNEHZ M
Table 4 Effects of different application methods of ZnO NPs on

grain Zn content and accumulation of winter wheat

1" Season 2" Season

At B 33 it B [23 it

Treatment 7y content/ Zn accumulation/ Zn content/ Zn accumulation/

mg-kg™ g-hm™ mg-kg™ g-hm™
CK  19.0+1.5d  147.2£16.6c  233:09d  127.9+5.0d
FZn  209+1.8d  159.1x248c  29.7¢02¢  152.422.0c
SZn0  24.6+2.1c  184.1+145h  32.6x1.1b  171.2+6.2h
FZnO  28.4+08h  211.1£20.5a  332+1.7b  175.1:5.5h
SFZn0  30.2+0.7a  2263+35.6a  36.9+2.3a  206.6=4.la

ALV G I TS i ZnO NPs i 15 /N 22 ¥R AE & i
FHRE A X 2R I 25 4 3 (XANES) (19 43 8T &
B, 70%~80% B 5F LA REAL G W) 10 TE XA TE TR AL
o, SRS ZnO NPs i 2 1 s 4k —3

FER B 53 AP A A A 3 45 Ak 3 v 1) S I —
HHERAR B R R R TE FZn 55 CK
Z [ F1 SFZn0 5 FZnO Z [7] 22 53K 8.3, {H SFZnO
FZnO 5 H i kb P 22 53 B 3 . FZn . SZnO . FZnO F
SFZnO At #RAH H CK 43l $2 55 1 8% . 25% . 44% F1I
54%., KPR B RE S AR 4% A B ) f i
55— AR M CK A B E 25, FZn . SZn0
FZnO 1 SFZnO A8 [ CK 43 548 5 T 19%.34% . 37%
1 62%. 5% 45 F 5 5 S SE04 T W8 il 7 7R B XoF
INFERFRLAS IR B BRI R A R — B, R
SRR 2 T WIE ST 5 9 B VAR BB 1) A R
e At B S Ak X N 2 R 3 A A S AR T
Wit A FIE it A S TR R R R v B2 A K
BEE R AR RS BT R /N . X S A
WFFEH i A E Ah 38 09 /0N 22 KR A 5 o B SRR
R MEE R
2.3 ZnO NPs IR [E 5 A 77 X XF &/ NZ AR L ZE AT RO
EHSERRNENEM

PSR AEN P MR A BE S i FZn SZn0O
FZnO F11 SFZnO %} H CK 43 %] & H 8% . 60% . 8% #il
114% 5 25 W BE 5 18 43 1l it 94% . 123% . 1102% F
1423%; 5 7¢ 45 4k 38 53 51 55 65% . 58% . 413% Fl
455%. 5 AR MUAYBE S 4 FZn SZn0O | FZnO F
SFZnO X H CK 43 51 & H 45% . 135% . 5% 11 190% ; 2
-3 531 5 H 570% .387% . 1853% .2088% ; Fiise 73 il i
H25% .53% . 175% M1 180% ., FEAEMS 22 F 7 b
) BRI R S T — 2 R R
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CRESr ol R ) B 5 R A 1 it T S 25 338
/NZERR B R B, TG WG I AR EEAE , S AN BE ST
i3 AR ) B A, R R A W il Ak P A B b S
15, WO B B M R ORI . O A EEAE , ZnO
NPs % FZn 1 CK Z3TE W B # 22 5% . FZnO F1 SFZnO
SEFR 5 FZn Ab 3 EESASE SRR D 25 R H
SZn0 5 FZn KJE 0 2% 26 5, 2R it 45 5 18 i
B BB b TE TR B E PRI, 1T FZn AR T FZnO W) 2 [
R B 0 2% 5 52 S R WA G AR o U B it T A
B — 2 (BRI (R I T A Ise 25 4 st it b 2
FIBGRERCR , Ut B A28 B BN B £ 25K A FZnO.,

5 CK A HE , & AL BRI IEIN T /N AR 25 RN i oc
B B, 7R AR E P FZnO 1 SFZnO A PG Jin
A8 88 e v L 2RI () R AR R BB TR g e . (3
FEHL R E AR B R AL AR B U TR
JINEBENE . A3 AT TR AT R R R A O S 4k
X A A0 R AU ) R A AL 7 A S i, AU T AR X FES 1
WOSCR o [RIEE SR R i TS it ZnO NPs 25 3808 £
F4) SRR 288 B I T DT AR A b R v =R e )
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Table 5 Effects of different application methods of ZnO NPs on Zn content and accumulation in roots , stems, and glume of winter wheat

1" Season 2" Season
Qb PSR Zn content/mg - kg™ o B Zn accumulation/g+hm™ PEST R Zn content/mg kg™ BE R Zn accumulation/g+hm™
Treament gyt g @ =or g R & gt M T

Root Stem Glume Root Stem Glume Root Stem Glume Root Stem Glume

CK  35.1+7.5¢ 3.8+1.3d 5.2+1.3d 26.2+5.6c 20.5+1.8e 10+3.7¢ 20.9+1.7¢ 1.7+0.4c 3.9+0.1d 16.7x1.5d  9.6+2.5d 8+1.0c
FZn  38.0£3.8¢c 7.3x1.4c 8.6+1.8¢c 24.7+2.5¢ 40.5+1.8d 30+4.0b 29.7+3.6b 11.2+2.1b 4.9+0.3¢c 22.7+1.6¢c 76.0£13.7h 13+2.5b
SZn0  56.6+6.6b 8.4+2.2¢ 8.2+0.6c 41.6+x4.9h 48.5+2.1c 16+3.3¢c 46.949.1a 8.2+4.1b 59+0.3b 36.1+6.3b 44.1x14.6¢ 13+4.2b
FZnO 38.8+4.5¢ 45.1+3.6b 26.8+1.1b 26.2+3.1c 245.7+3.2b 56+3.0a 21.1+4.9¢ 32.845.8a 10.8+0.4a 16.5+0.2d 197.3+x14.4a 26+0.2a
SFZnO 75.7+7.1a 58.1+x1.6a 29.1+0.9a 52.6+5.0a 320.3+2.1a 55+4.0a 58.8+7.3a 36.7x4.4a 10.9+0.6a 42.7+6.7a 204.5+37.7a 27+5.3a
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Fig. A is a scanning electron microscope (SEM) scanning chart
of the leaves of the control group after one week of spraying
at the jointing stage (%2000 times) ; Fig. B is a scanning of spectrometer
picture for FZnO; Fig. C is an energy spectrometer for
the white cross position in B the elemental analysis chart; Fig. D is used to
FZn in the B spectrograph of the same position
energy spectrometer

B2 [ Zn0 NPs XNt R BRI R R~ X &
Figure 2 Effect of ZnO NPs on wheat leaf structure and

size relationship
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