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i OE: RAH BN E L T MBI 3 AR R EE . AR R R R AR )X 6 MR B RVINE SRR L P
RaR s R B S M B AE SR INGE SR R . BRI . 45K 6 A/INEE IR E =10 . R A IR AR 22 R
TS 3 FhAKBTRE AR NZZ SRk s S TE 255, R T JEIZE 36 FIVLEE 919 /N2 MRy Ee = &, 41l iR 619,
JilZZ 36, 464305, G 21, VIZZ 919 FUAA 919 /NEEFFARLGR & BEFEAR 11% ~35%. 10% ~46%. 10% ~38%. 28% ~40%. 37% ~
53% F1 15% ~ 27%; [FIAE, Pmmeiti gk S s g 4R m T oAk 619, JEIEE 36, 445 305, V1.32 919 FINHAR 919 /N PRI FE & it
4% ~20%, MTEWEGN K A AR S TR 36, 4415 305, VILZE 919 AUAR 919 INERFRIAL & & 2% ~ 9%. B2, NFEI/INE
AR . BERER B B REINEER . FUBRLE, TR R AN R T m AL R
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Effects of Foliar Spraying of ZnO and MnO; Nanoparticles on Uptake and Translocation of

Cd, Zn and Mn in Wheat

LIU Qigi"?%, WU Qiugang®, ZHOU Jing"*, ZHANG Lihao®, WU Dafu?, ZHOU Jun'*"

(1 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing
211135, China; 2 School of Resources and Environment, Henan Institute of Science and Technology, Xinxiang, Henan 453003,
China; 3 Jiangsu Geology and Mineral Resources Design and Research Institute (Testing Center of General Administration of
Coal Geology, China), Xuzhou, Jiangsu 221006, China; 4 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: This field experiment examined the growth, yield, Cd reduction, as well as the transfermation and accumulation of Cd
in six wheat varieties through foliar sprayings of nano-ZnO, nano-MnQO,, and their mixtures. The results indicated there were
significant differences in the yields, the contents and uptakes of Zn and Mn of the six wheat varieties. Foliar applications of these
three nanomaterials had no significant impacts on the plant heights across different wheat varieties. However, it significantly
increased the theoretical yields of Zhoumai 36 and Jiangmai 919. Moreover, Cd concentrations in the grains of Xinong 619,
Zhoumai 36, Huawei 305, Shengmai 21, Jiangmai 919 and Yannong 919 were reduced by 11%-35%, 10%—46%, 10%—38%,
28%—-40%, 37%—53%, and 15%—27%, respectively. Additionally, foliar spraying of nano-ZnO significantly increased Zn contents
by 4%—-20% in the grains of Xinong 619, Zhoumai 36, Huawei 305, Jiangmai 919 and Yannong 919. Similarly, foliar spraying of
nano-MnO, significantly increased Mn contents by 2%—9% in grains of Zhoumai 36, Huawei 305, Jiangmai 919 and Yannong 919.
In conclusion, different wheat varieties have different transfermation and accumulation patterns of Cd, Zn and Mn, and different
materials should be selected for leaf spraying according to the wheat varieties.

Key words: Wheat; Nanomaterials; Zn; Mn; Cd pollution
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X3 AT A« TR 20 K S A B R SR A X /N 2 R B S e 38 14 52 377

i 19.4% B 3850 32 2 A LR TCHLIb 2475
YIrgis Y, Horp Ccd 5o E Y, cd B —F A
1 IR RSN AR Wy i) I FPE R A TS YW, W 5 TR 3R
BREBI YD 2R, WU A a R K
filk Cd AT LA S BUSHEE, , WE/NE DI RERES .
Bibs e 08 N R AR =R ERZ —, RE
H40% WA LUNE R F &, SHASEEYAELL,
INFERPR BT BRI Cd EAERENY, % Cd 15 YH)
Bl ™ R /N T e A PR, )N
MY Cd BURE AR R [ Cd 2258 XU 19 A &L
Tl Z—

M4, LA T o8 32805 s A S it 7 2%
fift /N Cd 15 YL /R A2 8)) 12 e . Tl i1
M il ) AL A0 A D TR T BAT 25 T T BRI AR Cd
i g —Fpa R, EAFREW, Zn 1 Mn
VB ER LT R B TR I E A KRS
FEHFEEN R i Zo A Mn 0T RMESHEYIAE K,
hm s e =Y, AR N AR Cd
w®M, BEEAOKREAR M AREIIEE , gPoREREAR AR
PR T BEE R R AT EY AT OR
WEZ A HHRBTELKA RS IR Cd FLR
BCRAAZ BN 0GR, R 2 T W e 4R Ak A K U
(ZnONP) I S LR K BURL(MnO,NP) . AT BFSE &
PR, 7RI FH ZnONP 325 1 /N T Wi il
Fei, BEIR TR AL, [RIREAR T Cd X/hEz
MIREE, DASARE T/NEERPRL Zn i [AIRE, MR
JIl MnO,NP FEAIK T /K FEpRok i B i, $is TREK
Hif) Mn S BESTIAK, Zn B Mn 28 Cd BT
FIFE R AT e 4G : O A T o e 28 AR ISR
BB E R ADE AR @i it 15 4R A R
FARR SEB A E T, SR AR5 B
M 4 SR AR IR N B A A, BRI R

Zi L, BARE R Zn Al Mn JCEF$E/INE Cd
BZMFREZ, (=X T Zn 1 Mn KRN K
PR F 0 3 A5 L SO AS [R) /N2 i b B4 5% 4TS AS
BIRfG . RL, AT NGRS, B T I
i ZnONP, MnO,NP Fl ZnONP+MnO,NP Xf 6 4~
AN AR PR R Cd BURAYREIR LK Cd 1R
AR S Fpep 68 BB RLAE, N E SR TT ek
FE 14 22 4 1) FR AR LR A 3

1 #MRERE

1.1 iRIe R
BT 2021 4F 10 H & 2022 4F 5 ATEITHE

T L X 5 e B AT o AR R TR S i Cd
TGP, BRI 2 B4R R0 KA AR
16 °C, 4Rk 753 mm. A 38 i b
¥4, pH R 7.15, KEMEE N 132.9 mg/kg, R
41 86.5 mg/kg, HALEI M 16.8 mg/kg, +I1E Cd L
4 0.75 mg/kg.
1.2 R

BERVEY . RIEAS A AT A I gT 8 R Y, ok
UL IX )72 FAE ) 6 4~ Cd Ik BABUNE SRl (P4
619, JEZZ 36, B4 305, A 21, V1.3 919 A4
91NENPHAAED

BERAK IR BALEEA K BRI (ZnONP, Rift
2930 nm)F1 A AR AR 90 K BORL (MnO,NP, KA K
20 nm), 4E K 99.9%, W H T RFE SR A BRA A
-3 SOCFHVE 2 & E 7))l [ PE AL T4 ]
1.3 Rt

FA/NE DR RBEE 4 AN ARREGUKE R mE
JtEAbFE, 2 . OCK(M HIWEitE4iK); @ Hime i
ZnONP 25 mg/L; M [HMijiti MnO,NP 5 000 mg/L;
@ E Wi ZnONP 25 mg/L + MnO,NP 5 000 mg/L.,
Zn F1 Mn Bt R (R A7) & 2 2% SC#k[24-25] 76/
2 PR AR S0 o0 3 3k 4R U 55 2 kN Az 2
A3 RIS, BT R S 45 Wit — vk, Wit £
40 L/667m%, FMAbH 3 kES, 4t 72 AKX,
A/NXEACR 4 m*(2 m x2 m), BEPLHES ., fE/hEEA:
KA, 398t AE RN 7K 24 B 4 b A AL 481
14 HRRES5HW

TR A A0 ~ 20 em)H T4
BRI O A, I O i 2 IR 3R AR 23 BT )2000
AERRPO, N T BRI X R
BN RRRIFHEAT RN, RISV XMk | B 1f A
B, TR ARARE, SHENS RN R
K5y AR L 25 WERIRRRL 4 343, TEVE . BT R
A AR SR

4 R o R AE PRI 0.2 g S kS RE A R ke
i TR, AR A AR (AR 5 0 DT
IR, TR Y B S X 7, SRR AR
MR AT A o 23 FURR S RITRR o X R i 4 )
(7 VR T AR, AR o i . R FH B 5 A
T Bt (Perkin Elmer ® Optima 2000, UAS)Il &
VWP Cdy Zn R0 Min VR . i T E RR S
2 FRE S L SRR R S DL S bR 1 (A AR
GBW10020) il 7 #F 47 J7 7 4% i, A 0 0 Inl fig o
91% ~ 105%.
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1.5 HELESSH

F TG /NEAFAICA, ZnfiiMn A R it LAY %%
BHES, HEC. Zn. Mo\ HIEFH | 558 250
(TE?, 5 AR N TRy 2=/NE 25 Cd/Zn/Mnf
T/ NER P CA/Z/Mnf) & & TR o=/NEZ TR Cd/
Zn/Mnf) &8 //NE 22 Cd/Zn/Mnfy & HE 5 TFx ger=
/INZEKFRL R Cd/Zn/Mn i 75 15 //N 22 2571 Cd/Zn/Mn 1)
g TFu_wpe=/NEFFRLH Cd/Zn/Mnfd & i/ /N2 25
t1Cd/Zn/Mnf) & P8

SCHVECE DL SRR m 22 T X s . &4
PG5 2253 MR A SPSS 22.0 #1fd:, FFf
H Origin 2021 fEA .

2 ZER591h

2.1 MEBEHKM BN EFENR I

550 BEAH H, ARG BEBRY 6 4>/INAZ St o v T
T A KA R I X R 24 0 R B R (R 1) S5 X R AR
He, 7ERZ 36, fBM 305, J&FE 21 FIVTLE 919 dhFp
t B ZnONP. MnO,NP HI ZnONP+MnO,NP
PR T /NE THRE 3% ~ 13%. 1% ~ 10%. 1% ~

11% F12% ~ 11%, {HZESYAREP>0.05). 7EF
42 619 FUEAR 919 S, AT ZnONP . MnO,NP
P T TRE 5% ~ 7% 1 9% ~ 15%, i - i
ZnONP+MnO,NP FEAIK T TR 3% Ml 6%, 5XT IR
FHLE, TEARMH 305 FURAZ 21 /NAZ S i i m i
ZnONP ., MnO,NP #1 ZnONP+MnO,NP ¥4 7 /N3
FERIEL 1% ~ 10% F1 4% ~ 14%. FEPG4 619, T#
919 FIMAAR 919 /NZZ vl b TSt ZnONP #2555
INZTERIEL 8%, 6% FI 3%, PMTEIME MnO,NP if
g 919 /INEFEREIRE 6%, HESAEE
(P>0.05), SXfREAHLL, TEJEZZ 36 VLA 919 it
A5 ZnONP, MnO,NP Fl ZnONP+MnO,NP 254
T HIE TR R 3% ~ 12% 1 2% ~ 19%, (HEFEAR
3 (P>0.05), M ZnONP ., MnO,NP #2517
e 619 FIMHAR 919 HIL =& 10% ~ 14% Fl 3% ~
18%, {HZE5 A B3 (P>0.05), X THHH 305, Mk
M55 ZnONP, MnO,NP I ZnONP+MnO,NP #2551
PRSP 10%., 13% 1 4%, Hrp i MnO,NP
YER 2% (P<0.05). MHTHMjiEE ZnONP, MnO,NP i} 3
PR TR 21 B 22% 1 24%(P<0.05),

R1 FELENEFEREBERZIT

Table 1 Effects of different treatments on wheat yields and yield components
IINZE b Fif Ab PR (cm) T (7 Fli/hm®) T-HiE(g) TR R (A /) FE 7 i (kg/hm?)
A% 619 CK 66.0+1.00 a 601.3+21.7a 355+27a 48+4a 8486+ 1044 a
Zn 69.0£2.00 a 601.4+19.5a 380+2.7a S51+7a 9703 £689 a
Mn 68.0£2.00a 608.2+194a 373+38a 48+3a 9315+367a
Zn+Mn 67.0t1.53a 598.6£27.2a 345+33a 47+2a 8454+ 620 a
J8Z 36 CK 59.0t1.53a 605.0+37.5a 335+35a 49+5a 8262 +728.8a
Zn 63.0+6.64a 606.8 £37.6 a 380t1.2a 47+5a 9248 +976a
Mn 66.0 £2.00 a 612.3+37.8a 346+53a 48t4a 8534+1119a
Zn+Mn 61.0+2.00a 610.9+27.7a 36.2+53a 46+2a 8691 +769 a
£ 305 CK 63.0+2.00a 601.3 £29.6 ab 352+32a 48+4a 8720+ 861D
Zn 65.0+£2.08a 600.0 £30.7 a 373+39a 49+4a 9584 +519 ab
Mn 63.0t1.53a 601.4+338a 386+t14a 50t5a 9892+380a
Zn+Mn 63.0+4.04a 595.9+32.2b 357£19a 53+4a 9058 £437 ab
w21 CK 640+t1.15a 601.3 £30.3 ab 345+08a 48t1b 8444 £ 138D
Zn 66.0t1.53a 601.4+31.8a 383+25a 50+ 4 ab 10297 £438a
Mn 64.0+£3.00a 586.4 £22.7 ab 38.1£08a 55+3a 10429 £ 264 a
Zn+Mn 63.0+153a 597.3+34.1b 349+48a 51+£3ab 8709+ 787 b
VLA 919 CK 71.0+1.53 a 602.5+27.0a 347+34a 47+ 1a 8149 +411 a
Zn 73.0+£2.08a 609.5+35.7a 385+08a 50+8a 9698+1035a
Mn 71.0+£2.08a 606.8 £41.0 a 355+56a 44+4a 8295+904 a
Zn+Mn 720+ 1.73 a 610.9+44.0a 36.3+55a 47+t1a 8547+999 a
MR 919 CK 56.0£1.53b 608.8 £43.6 a 349+56a 47+2a 8486+ 1011 a
Zn 61.0+£2.08a 608.3+42.5a 399+53a 49+t4a 9975+ 824 a
Mn 61.0t1.53a 607.5+364a 37.8+62a 44+2a 8699+ 1060 a
Zn+Mn 61.0+3.00a 600.0+15.0a 328+2.7a 50+6a 8325+ 184 a

. %W Zn, Mn 1 Zn+Mn 23 5140 M B ZnONP . MnO,NP Fl ZnONP+MnO,NP; [E51] A [G]/ING b2 755 [7] — i FAS [5] E ii
LB ] 2% FAE P<0.05 /K83 TR,
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2.2 MEBENRMBANNEZEBE Cd FER

BRI

I T B it 99 K AR AL X 6 AN /NZZ S FORERL AR | 25
At Cd srffsgm A B E 2RI 1), /NEHS
FKABAL Cd P BRI o« AR>ZE> 0>
FEXFHRAL A, 6 AN/NEE S FIFFRL Cd % 1£(0.06 ~
0.08 mg/kg) % T [E PR ik ML 57 23 (CAC) brifE)
FFRE a2 2 E e &5 s IR ) (GB
2762—2022)* R AERLE ) 0.1 mg/kg, HXFIEALE,
I TET M5t ZnONP 351 a4 619 J8 22 36 44 4% 305,
&7 21 FIVLZE 919 BkFRL, ZERIFAY Cd i

FEAR 8% ~ 25% . 19% ~ 25% . 10% ~ 30% . 27% ~ 40%
F110% ~37%, {HARA 919 4R, ZERIFAY Cd 7 515
RS AR J 3 5 1T 5%t MinO,NP 43 I H Pi 4 619
JH 36, HEf5 305, BEAE 21 AL 919 HkEkr . AR
FZERY Cd &5 B W B FEAIK 35% ~ 42% . 7% ~ 16% . 8%
~ 38%. 21% ~ 45% Kl 27% ~ 39%; MM I 5%
ZnONP+MnO,NP 43I PE AR 619, il 36 &4 21,
VLA 919 FIMAAR 919 BykFhL . # . ZERIAHAY Cd &k
] AR 23% ~ 62% . 31% ~51%. 26% ~37%. 1%
~53% Fll 9% ~ 21%, fli4EH: 305 AFFRL . ARFIZE Cd
B PER 12% ~ 40%.

ek [ ]znONP [ JMnONP [ ]| ZnONP+MnO,NP
1.6r
0.10+
a a a a a ab
a
% 0.08¢ a { ab = 12r a fab|  a .
oz v a
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g E
= | |ab b| | a bb b bb E abb
= 006 = sk -}b b Wabb b 1M fa
42 b & ce b ab
= =
&) 4L b b a| b S
2 0.0 =
5 0.4f
0.02
0.00 f 0.0 T
PiAe619 JE#36 305 &2l ITH919 44919 Pife619 JE#Z36 4305 BEE21 ITHE919 44919
INEZ il /N i
0251
0.20 a a
7 0.20F a
~ 0.16F ) a a
2 a b 7 bab b g § abab a i b aab';l-[b a
gh al abab a ab a a £ 015 ‘} b b
£ o1} b b b = a b a
i a &1
4 b b b a 2 010
S 008t b 2" b
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0.00 t t f T 0.00
Vifk619 2236 446305 BEFE21 V1919 4919 794619 JiZE36 46305 21 13919 MH4Kk919
AN b i AN b il
(B AN )N BRI [R]— AN (7] i T B Ak 2L 1) 22 577 P<0.05 7KF- 1 35)
El1 MEGRENRRI 6 MNER, Z. AR Cd 2R
Fig. 1 Effects of foliar spraying of nanomaterials on Cd concentrations in roots, stems, leaves and grains of six wheat varieties

HTEIBHIEL KA R 6 /N P Cd 19 TF (B
F 2, AEXTIRALEED, V132 919 BT i i TF s
TF w1 TF = s FAAR 619 1Y TF oo H1 TF s pendicfiX
I W ZnONP 1 MnO,NP 43 i fditE 44 305, Jd
21 A 919 A TF g 5% FEAH LI 3% ~ 22% .
4% ~23% F1 8% ~ 11%; M-[fiM®Ejiti ZnONP . MnO,NP

Fl ZnONP+MnO,NP 73 llffi JE 2 36, 4E4f 305 Al
22 21 1) TF = o 5 X HEAH ELIE N 7% ~ 15% .3% ~ 29%
F12% ~ 18%, {HZE 5 A W3 (P>0.05),
23 MEBEENKRABRITNEEEAL Zn SER
ER RN
T S it A KA B RT 25 /INZZ L RIORFRL L AR L ZE
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Table 2  Effects of foliar sprays of nanomaterials on Cd translocation factors in different wheat tissues

JNGE e T M i Ak 34 TF o » TF .y TF w i TF = g
PR 619 CK 0.11 £0.01 ab 1.12 £ 0.03 ab 0.43+0.02a 0.48+0.01 b
Zn 0.12+0.01 a 137+0.11a 0.42+0.02a 0.57 £0.05 ab
Mn 0.12£0.02a 1.25+0.05a 0.41+0.02a 0.51 £0.05 ab
Zn+Mn 0.10£0.00 b 0.90+£0.26 b 0.96+0.57 a 0.76 £0.25a
JiZ 36 CK 0.14£0.05a 1.19£0.04 a 0.45+0.04 a 0.53 £0.06 a
Zn 0.11+0.00 a 128 +0.28a 0.41+0.03a 0.52+0.08a
Mn 0.12£0.02a 1.37£0.05a 0.41+0.01a 0.56+£0.03 a
Zn+Mn 0.10£0.01 a 1.30£0.07 a 0.44+0.03 a 0.57+0.01a
4% 305 CK 0.12£0.02b 1.03£0.23a 0.51+0.11 ab 0.51+0.02a
Zn 0.10£0.01b 1.06 £0.04 a 0.58+0.10a 0.62+0.13 a
Mn 0.13 £0.03 ab 126 £0.18a 0.28 £0.08 ¢ 0.34+0.07b
Zn+Mn 0.18£0.05a 133£0.14a 0.37 £0.02 be 0.49£0.04 a
B 21 CK 0.14+0.03 a 1.4240.09 b 0.42+0.01a 0.60 £0.03 a
Zn 0.14£0.00 a 1.59£0.00 a 0.35+0.07a 0.55+0.11a
Mn 0.09+0.01b 1.65+0.05a 0.41+0.00 a 0.68£0.02a
Zn+Mn 0.12 4 0.02 ab 1.67+0.12a 0.41+0.07a 0.69+0.12 a
T3 919 CK 0.15+0.04a 1.68 £0.50 a 0.46 + 0.04 ab 0.76 £0.15a
Zn 0.13£0.02a 1.30£0.15a 0.40 £0.13 ab 0.52 £0.13b
Mn 0.15£0.01 a 1.19£0.09 a 0.56+0.07 a 0.66 £ 0.03 ab
Zn+Mn 0.11 £0.00 a 1.62£0.14a 0.31+0.06 b 0.50£0.14b
JHA% 919 CK 0.12 +0.02 ab 1.37+0.11b 0.46+0.13 a 0.62+0.12b
Zn 0.11+0.01b 1.86+029a 0.47+0.06 a 0.87 £0.02a
Mn 0.11+0.00 b 1.67 £0.03 ab 0.43+0.05a 0.72 £0.07 ab
Zn+Mn 0.14+0.02a 132+£0.26b 0.43+0.00 a 0.57 £0.11b

ME Zn SEAGEI LA 2. SXHEMLEL, i
ZnONP Z35iffPa4e 619, JiZ 36, V1.4 919 fFFFL,
FRZERI Y Zn 84825 0.3% ~ 108% ., 16% ~ 109%
4% ~ 21%, (H4EFE 305 FIMRAR 919 Bk . 250
M Zn BRI 4% ~ 93% Fl 5% ~ 150%, {H2E 5
PR 53 (P>0.05) ; M-I WE T MnO,NP 4351 J& 22 36
FNTZ 919 19 Zn 5 B B3 28% ~ 99% Fll 7% ~
98%; M I ZnONP+MnO,NP 435I fii & 22 36, 4&
5305, BEE 21, VT3 919 FIAHAR 919 kPR . AR,
LRI Zn FE BN 10% ~ 253%. 2% ~ 89%.,
5% ~59%. 13% ~89% Fl 15% ~ 131%, {HZEF A E
F(P>0.05).

T T KA RS, 6 A/ N SR Zn B9 TF
HaZ 3 Fin, SXTHEAHEL, M EmiiE ZnONP .
MnO,NP F1 ZnONPs+MnO,NP 4 5ilffi i 2 36. 445
3057122 919 FHA 919 ) TF s =341 22% ~ 61% .
4% ~20% . 15% ~ 64% HI 77% ~ 169%; M- 11 Wi jifi
ZnONP Fl MnO,NP 2 B FE £ 619 FI4EFS 305 (1)

TF = o300 52% ~ 106% 1 30% ~ 81%; M-t
ZnONP, MnO,NP F ZnONP+MnO,NP /35I| {i P 4
619, 44 305, &3 21 FEA 919 1 TF w seudiki />
33% ~ 42%., 45% ~ 48%. 11% ~43% Fll 28% ~ 43%.,
24 MEBEENRGEITNEZEAMA Mn SEK

B RN

I T STl 8 KRR X 5 /N S Rk FE | AR . 25
I Min &5 2 R0 0L P 3 45 %6 BEAH L, 18 189 ZnONP
Sy R 36, 1EA5 305, YT 919 A4 919 R |
2L Mn S A N 1% ~ 185% ., 5% ~ 45%.
43% ~ 84%F1 12% ~ 60%; M-I M5t MnO,NP 4331/ fdi
JilZZ 36 FIVTAZ 919 FFki, R . ZEFIAF Mn & 5340
5% ~ 245% 2% ~ 167%, fH*E4E 305 FIAH4A 919
FERL, AR Mn EEHOIN 9% ~ 114% Fl 9% ~
154%; MM ZnONP+MnO,NP 43 %iI{di 522 36 FI
HHAC 919 Fphi A ZEFIA Mn & 5310 27% ~ 255%
1 13% ~ 315%, (B 21 FIVLA 919 MR . ZEAnt
Mn &N 6% ~ 154% F1 78% ~ 314%.,
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Fig. 2 Effects of foliar spraying of nanomaterials on Zn concentrations in roots, stems, leaves and grains of six wheat varieties

R3 MHEBHEARMEXNEREHLR Zn 2 R HHF0E
Table 3  Effects of foliar sprays of nanomaterials on Zn translocation factors in different wheat tissues
INZZ I T 5% it Ak B TF g TF 2 TF w s TF = w0

Vi 619 CK 0.14 £0.03 ab 1.12£0.17b 3.53+027a 3.93£0.01 ab
Zn 0.20+0.08 a 1.78 £0.61 ab 2.04£0.14b 3.67+0.05b

Mn 0.15+0.01 ab 1.71 £0.13 ab 2.15+£041b 3.65+0.05b

Zn+Mn 0.09+0.01b 232+0.25a 238+040b 545+025a

Ji# 36 CK 0.11 £0.01b 1.54 £0.02 ab 447+0.76 a 6.91+0.06a
Zn 0.18+0.04a 1.52£0.48 ab 2.66+£0.36b 3.93+£0.08b

Mn 0.17+0.03 a 1.25£0.26b 497+046a 6.21+0.03a

Zn+Mn 0.13+£0.00 ab 298+1.52a 1.68 £0.81b 4.19+£0.01b

141 305 CK 0.16+0.06 a 1.06£0.21a 516+021a 5.46+0.02a
Zn 0.18+0.04a 1.92£0.09a 2.86+0.70b 553+0.13a

Mn 0.19+0.09a 1.67£0.86a 2.66+0.39b 426+0.07a

Zn+Mn 0.16+0.06 a 1.38£0.49a 2.78+0.36b 3.71+£0.04 a

A 21 CK 0.14 £0.01 ab 1.76 £0.02 b 411+041a 7.23+£0.66 a
Zn 0.17+0.02a 271+£027a 236+0.30b 6.38+0.98a

Mn 0.11 £0.01b 1.70 £0.11b 3.60+033a 6.10+0.16 a

Zn+Mn 0.16+0.03a 1.32£0.09¢ 3.64£032a 4.80+0.60b
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INFZ R T 15 Tt Ak B TF px TF TF wime TF = i
T3 919 CK 0.13 +0.02b 2.07+0.10a 3.69+043a 7.64+1.01a
Zn 0.15+0.01b 1.83+0.16 ab 3.76 £ 0.56 a 6.82+0.57 ab
Mn 0.22+0.04a 1.19+021 ¢ 3.26+035a 3.90 £ 0.99 ¢
Zn+Mn 0.19 + 0.04 ab 1.40 + 0.49 be 3.64+£042a 5.14 £ 1.97 be
MR 919 CK 0.10£0.01b 1.83+0.35a 3.96+1.05a 7.02+1.00a
Zn 0.28 +0.15 ab 1.66 +0.96 a 224+041b 3.82+2.66b
Mn 0.28+0.07 a 1.07+0.21a 233+048b 247+0.59b
Zn+Mn 0.19 + 0.06 ab 1.33+0.58a 2.84 +0.45 ab 3.62+0.92b
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Fig. 3 Effects of foliar spraying of nanomaterials on Mn concentrations in roots, stems, leaves and grains of six wheat varieties
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Table 4 Effects of foliar sprays of nanomaterials on Mn translocation factors in different wheat tissues

AN A e M i Ak 34 TF pu_» TF » o TF o _in TF » gm0
P4k 619 CK 0.10£0.04 b 449+130c 1.24+030a 534+093a
Zn 0.1240.01 ab 4424091 ¢ 1.10+0.36 a 4.65+0.57 ab
Mn 0.14%0.02a 923+ 1.61b 0.40+0.02b 3.68+0.46 b
Zn+Mn 0.11£0.01 ab 13.30£0.76 a 027+0.04b 3.55+0.78 b
JA% 36 CK 0.11 £0.01 be 478+ 0.59 ¢ 1.05+0.10 a 5.05+091a
Zn 0.26+0.01a 5.83+0.53 ¢ 031+0.04b 1.81+0.12¢
Mn 0.10+0.00 ¢ 11.16 +0.97 a 0.32+0.00b 3.56+0.35b
Zn+Mn 0.1440.02 b 9.79 + 0.66b 0.38+0.01b 3.68+0.28 b
441 305 CK 0.07%0.01b 597+123¢ 116 £0.33 a 6.68+0.45a
Zn 0.09%0.02 b 573+1.01c¢ 0.87 +0.15 ab 5.00+1.18 b
Mn 0.10 + 0.03 ab 9.83+0.65b 0.58+0.12 be 5.61+0.91 ab
Zn+Mn 0.13+0.00a 1295+ 1.74a 0.33+0.04 ¢ 422+0.05b
B 21 CK 0.07+0.01b 7.09+0.55b 0.87+0.06 a 6.19+0.50a
Zn 0.10+0.00 a 8.01+0.18b 0.43+0.13b 345+ 1.11b
Mn 0.10 +0.03 ab 10.76 +3.69 ab 0.31+0.06b 331+1.06b
Zn+Mn 0.09 +0.01 ab 13214071 a 0.29+0.01b 3.85+035b
T4 919 CK 0.14%0.04 a 4.07+1.16¢ 1.55+031a 6.06+0.55a
Zn 0.13+0.03 a 5.1740.13 be 0.80+0.21b 413+099b
Mn 0.0940.00a 6.75+0.98 b 0.61+0.12 be 4.04+0.16 b
Zn+Mn 0.13+0.01a 9.86+2.21a 0.32+0.03 ¢ 3.11£0.60b
A 919 CK 0.09%0.02 b 493+085b 1.00+0.30 a 488+1.62a
Zn 0.06 +0.00 ¢ 6.90+0.29 b 0.57+0.02b 391+0.16a
Mn 0.2240.00 a 441+1.05b 0.47+0.09b 2.00+0.14b
Zn+Mn 0.09+0.02 b 12.61+3.22a 0.26+0.03b 3.28 4 0.47 ab
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