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Fl Fes04 NMs) Fll Fe—EDTA Xf K G A I REIA o Seid 2 i T WA AS [R] 7 2 (0. 1.10.50 mg - L) 94k H NM s, 8 5 o5 A it AR e B (10
mg- L) FRFESCHERG VR B, EL A PRl NMs 55 Fe—EDTA X Kk 5 A4z 4 RT3 0V HTRCR B WL o 25 5B o s i A [+
e RE A NMs X K G AR A0 T 3 o i ARG HRARE MR TR A L A, ELSCR B 2 0% o v 52 L e 3 in s AR Y
10 mg- LT Ak 5E NMs A2 #F K G AE K AR A vk B, HLAS ) A 20 ) 42 A2 RO 3R IR y—Fea0s NMs>Fes00 NMs>ZE 52K AE (H
[ Sk B () Fe—EDTA) o BkHE NMs 1B BN e w8 2 1 % P H HE Fe—EDTA HA B 3 19 42 0 v A I , y—Fea05 NMs A0 B 1) R 55
2R kA B R GE Fe-EDTA AL BEAY 1.29 .1.09 . 1.24 1% 510 mg- L™ y=Fe,05 NMs . Fe;0y NMs Fe~EDTA AP , R G564 E
B 5T BELHAH L A3 AN T 62.7% 41.5% .30.7% , 3 NMs X R G 7% i e UL 5 B3 R R[] — A e v 32 I ARl B
YL F T Fe—EDTA ; 85 NMs 3t 1 45 BEMEFE 12 M1 2 L (GmSWEET 15,6mSUT 2) 36 k3 S BG4 7= By 16 M i 32 ey, 38k
TG L R AR RS 43 (S P Ca Mn ,Cu) MRS . BIFFRE 2 , I 1T I 40 DK R IC RE S A i AR ) A A REMB %8 T2 7 40 MR, HLAH X
TAEGEGNE HAL HERCR R 1235 (P<0.05) , 3X B FEQARNETELO N A 77 v g TR AL T B AR

KR PIYKM B Fe-EDTA UG VERT ;s BEMERL 12  F2 00l K6
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Mechanistic study on the effect of foliar—applied, iron—based nanomaterials on the growth of soybean

MA Yangyang, ZHANG Chenchi, CAO Xuesong, WANG Zhenyu"

(Institute of Environmental Processes and Pollution Control, School of Environmental and Civil Engineering, Jiangnan University, Wuxi
214122, China)

Abstract: In order to elucidate the effect of iron—based nanomaterials (NMs) on soybean growth and its related mechanisms, different
concentrations (0, 1, 10 mg + L', and 50 mg + L") of y—Fe;0; NMs and Fe;0s NMs were sprayed on the leaf of soybean cultured in
hydroponic conditions. During the experiments, Fe~EDTA (10 mg + L") was used as control to compare the performance and related
mechanisms of the soybean growth promotion by nanofertilizer and conventional fertilizers. Foliar—applied, iron—based NMs enhanced the
shoot and root biomass, root length, root tips numbers, and root bulk of soybean. The biomass increased initially and decreased afterwards
with the increase in iron—based NM concentration. All the treatments at 10 mg+L™" exhibited the best performance for soybean growth in the
order of y—Fe,03 NMs>Fe;0s NMs>Fe—EDTA. Iron—based NMs exhibited higher bioavailability than Fe—~EDTA due to the slow-release

feature and high surface activity. The iron content in soybean roots, stems, and leaves after exposure to 10 mg- L™ y—Fe,0; NMs was 1.29-,

Yois B EA:2020-12-15  RAAHH3:2021-01-19

EB T : B (1996—) , 2, LB PN L BFGR AR | N N AR BOR b IER A A0 2% 7 F5Y . E—mail : 6181403006@stu.jiangnan.edu.cn

HBEEE: T7ET E-mail: wang0628@jiangnan.edu.cn

BEETA : EHEKBARP A EBRAES 2RI H (41820104009) ;5 [E 5 H AR Fl 24 3 4 3 4R Rl 3 43 (42007299) 5 H [ B 1 )5 Bl 27 42
(2020M671338) ; {14545 4L J5 242 (20207402)

Project supported : Projects of International Cooperation and Exchanges NSFC (41820104009) ; The Young Scientists Fund of the National Natural Science
Foundation of China (42007299) ; The China Postdoctoral Science Foundation (2020M671338) ; Jiangsu Planned Projects for Postdoctoral
Research Funds(2020Z402)

http://'www.aed.org.cn



MV BEIR S FREE A4 - 5 39 4 - 2 100

1.09-, and 1.24 —fold of that of an equal quantity of iron in Fe~EDTA exposure. The net photosynthetic rate of soybean exposed to 10 mg+
L™ y-Fe;05 NMs, Fe;04 NMs, and Fe~EDTA was increased by 62.7%, 41.5%, and 30.7%, respectively, compared with the control. The

transpiration rate, stomatal conductance, and intracellular CO, concentration of soybean leaf exposed to iron—based NMs were all higher

than in the Fe—~EDTA treatment. Iron—based NMs up-regulated the sucrose transporter related genes (GmSWEET 15, GmSUT 2), increased

the transport of photosynthate from leaf to root, and increased the root—shoot ratio, thereby enhancing the uptake of nutrients (S, P, Ca, Mn,

and Cu). In conclusion, foliar application of iron—nanofertilizer (y—Fe,0; NMs) promoted the growth and nutrient uptake of soybean over

conventional iron fertilizer. The results of this study provide a foundation for the application of iron-based NMs in promoting the growth of

crops.

Keywords : iron—based nanomaterials; Fe~EDTA; photosynthesis; sucrose transport; nutrient uptake; soybean

BRMYE R LT N EET WEFRILR , S
5 T HPCE R PR R AN [ 0 2 B i A
G s, BAR LRSS ETE B =0
BRAYIE AR XA N A R Bk oe RAEmUE 138 b n] A
FZAER AL, AR RB, 24 30% I H1L X 1
SEBRERD, BRER 23 S BUR Y SR AR 25 1 2 450, AT
[iEIER 72 S8 SO 3| A2 Valt S E XA S T BN =9 W) IF 2R 7R
NESRGER IR IS . (HR AL GE kAL (AT Lk
JE TEAILNE FES S BRIE ) A= W vl R FPEAG, &5 80k
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PR K T RO R 13, y—Fe.0s NMs I T US
Research Nanomaterials (Houston, 32 [# ) . Fe;0s NMs
A WELZE) 7 1210 2 o IR NMs B 25 F0 R
3% 59 v F S U BE (TEML, JEM-2100, H 7 ) 2215
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FEE )P E S P Mg.Ca . Mn,Cu.Zn Mo JLEK &>,
1 N ICP-MS 9 TAES%L

&1 ICP-MSTIESH
Table 1 Working parameters of ICP-MS

244 Parameters A Value
SR RF power/W 1548.6
TS ARG EE The flow rate of auxiliary gas/(L+min™) 0.796 2
FAL SR The flow rate of nebulizer gas/(1-min™) 1.039 6
B HVSRFE The flow rate of cool gas/(L-min™") 13.861
R Sample mode Normal
T L Repeat time 3

WG 2 AR E 1, TR A B A s o S VA
B BEREL i BUPRHE N 2R o AST7 1D Ge S AR, 7 Fil
JGE PR 100%~118%
1.3.3 FEFE

R DR A AH X 26 05 e T - 80 C Uk A 1 A7 4y 2 A0 F
FFE o f# F MiniBEST #8549 RNA 2B £ (Taka-
ra, HA) 43 @5 Ffalifb KRGt S RNA . 38 1 8
4366 i (Gallop UlraM—QB200, 38 57, -7 )
6 2R PR A RNA (19 e B2 A58 88 M . J Prime-
Script™ RT i 7 & (Takara, H 4 ) , ] F§ PCR ¥
(T100™ Thermal Cycler, Bio—Rad, FE ) B B RNA X
B cDNA . M UltraSYBR Mixture (FE A 22, b
70) IR 2 R A 45 B 3R 5R A B qRT—PCR J2
WA FI DS EE f PCR G 55 (CFX96™ Optics
Module, Bio—Rad, £ ED 475087, i HLL T #IEER 5
4::95 °C 5 min, ZRJF7E 95 °C 15 5,60 °C 1 min #F17 40
MER . FERRE S P54 43 58 SWEET15 (Glyma.
06G166800_F CATGACCAAACGGAACTCAACAAG;
Glyma.06G166800_RAACTTCGCAACTCACCCTCTCC)
F1 SUT2 (Glyma. 16G157100_FGGCCAAGGTTTATC -
TTTGGGAGTC;; Glyma. 16G157100_RCAAGTTGCCA -
CCACCAAACAAAG) . AHXTFIBHIHE 22 e o .
i N 2 3E A GmEF1b (Glyma. 14G039100_FGTT-
GAAAAGCCAGGGGACA ; Glyma. 14G039100_FTCT-
TACCCCTTGAGCGTGG)E %t BER
1.4 ZitHHh

AW AE Y DG S AR R A
AL PRLH B S AN, RO RTINS A b B
WE9NE K . {8 Excel 2016 F1 SPSS 25.0 43 #1 48
THEE ot R R Ty 2250 BT (ANOVA) B8 7 Sk DA
BARPREY 22 5 W . ] Duncan 23 B KG 0 P4k 24
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2.1 NMsR1AE
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JH XRD X} NMs #4790 AH 7B , 45 SR 4 1€ 1D fios
i3 XRD 4347 AT LIS R AR 351 8 y—Fe,05 NMs
FIFe;0.NMs. y—Fe,0s NMs Fl Fe;0,NMs [I7K 124 4%
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31{1
;ii 2500 | »
E 511
g 20008 5y 12 TO { 4}00 4%/“» WJ | Wﬂ MWWMW
B L e 1

1500 e
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20/(°)

3000
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311
B
2500
=3 440
i |
5 220 | 400 .
#2000 I\ \ \ 422 | ]
= / TR Mty
e " p W \} i M,[W !
WMWN W o oV e

00]5 2IO 2IS 3IO 3IS 4i() 4‘5 SIO SIS 6IO 6IS 7I0 7I5 é() 8I5
26/(°)
B 1 y-Fe,0;NMs 0 Fe;0, NMs B9 TEM [E (A .B)#A
XRD Ei&(C.D)
Figure 1 TEM panel(A,B) and XRD spectrum(C,D) of y—Fe,0;
NMs and Fe;04 NMs
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43519 (495.0+21.7) nm #1(817.4+28.3) nm, y—Fe,0s
NMs 1 224 A% T FesOs NMs; P ff NMs < 17 47 171
L, y—Fe,0s NMs (14 18 HL fif B 12 2 T Fes04 NMs (&
2) , AVELLAN S5 i 58 3 B, 2 Ty 17 H 17 19 NMs
{7 A ] ) B g, L INMLs 26 17 HEL 77 A v 2 2 T )
FAPERRE . PRI, y=Fe.05 NMs 54 95 a] F M 2 T
Fe;0, NMs,
2.2 MEMEEHEERE NMs Xtk 5 £ KA
A A Sk 24 d A IR AR S OE
B S HAE bR W 18 I8 y—Fe,0s NMs(1.,10.,50 mg-
L") .Fe;0, NMs(1,10,50 mg-L™") .Fe—~EDTA (10 mg-
L y=Fe,05 NMs 45 f 4 ve B ) %o K 0 A= K A A i2E &L
IF, I DA I 07 1 o 7 ol NMEs i 5 A o A K ) o 1 3%
FHARZR . KRG T Ha 2558 (B 2) 2B, v [a we i 99
BRI NMs % R Gl 3 R T #8421 34 A e
HERONE , FLAR 8 A5 Bl 25 R 2k i NMEs ¥ 32 17 184 o
SEISE T A B R, XK G A K i AR A
WP R 10 mg - Lo 7E SRR A VR B2, i 1D s i
y—Fex05 NMs Xof K 57 b= FRF kb 35 5 5t i 3 fim s
R B 5T Fes0s NMs Hil Fe—EDTA ., 4k Fe;04 NMs
i BT iR S Fe-EDTA 4R FHJC B 3 22 5 {HH
B & T Fe-EDTA 2L (#12) . EA M A
WFFEFEH , it 100 mg« L™ FesO4 NMs BH (42 F
K g A K2 MR 2R 7R y—Fe,05 NMss 7 20 mg - L it
A 2 25 0 EA AR 4l v AR KT ASBIESE X H A B TR
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AL A= R AL T Fes0s NMs, [R) B} i) B 17 2 5t NMs b
G BRNERCR AL . — 5 18 NMs A Rk, (115
NMs (4 4= 9 vl R R B S & T2 6 84k, H y-Fe.0;
NMs 7K JJ 2% AR /N R 1H L faf 22, (145 1F A S R4 1
Y y—Fe.0s NMs 2 T Fe;0, NMs, FPIAR (2% 0t
PR P i 4 R (] 3) R B, NMs Zb 3B A% (5 25 34 Jin
KGR &, H y-Fe05 NMs 4bFH ) K & A
[ 3057 42k 25 1 25 F FesOu NMs, JL R AR 25 nfrpdk
P RS Fe-EDTA AL BE ) 1.29 .1.09 ,1.24 1% ; 75—
J5 T NMs HAT 9K 00, FLH A 4 0 A 1 F %

R 2 y-Fe,0; NMs # Fe:0, NMs U7k HZ B2 5 Zeta B iz
Table 2 Hydrodynamic diameter and {—potential of y—Fe,0; NMs

and Fe;04 NMs
SIS K% EAR Zeta HL A
NMs Hydrodynamic diameter/nm {—potential/mV
v-Fe,05 NMs 495.0+21.7 -3.53+0.19
Fe;04 NMs 817.4+28.3 -0.58+0.12
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O y-Fe,05 NMs #_E3 shoot

0.6 O v-Fe.0; NMs HbL 3 root
B4 Fe;0. NMs i 3 shoot

0.5 N Fe;0. NMs 1 3 root
20
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z 0.3
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¥ 0.2 b a b )
= b % a ab
01

0
1 10 50 10(Fe-EDTA)

% W Exposure concentration/(mg-L™")

R[]IV 5 32 77 Rl R A ] e B A BRIF] 25 5 5825 (P<0.05) 3 #A X 3 M [RIVR BE T y—Fe.05 NMs 5 Fes0. NMs ZbFH i)
HAT R &2 (P<0.05), FH

Different letters represents the significant difference among different concentrations of NMs exposure ( P<0.05); * indicates the biomass of soybean exposed

to y-Fez05 NMs and Fe;0, NMs was significantly different(P<0.05). The same below
B2 MEEEH#E y-Fe,0s NMs(1,10,50 mg-L™) .Fes0, NMs(1,10.50 mg- L") .Fe~EDTA(10 mg- L' y-Fe,0; NMs 88k iRE)
WAEH FERFNM T AR E RN
Figure 2 Effects of foliar application with y=Fe,0s NMs(1,10,and 50 mg-L™"),Fe;0s NMs(1,10,and 50 mg-L™") ,and Fe—~EDTA (equal Fe
concentration to 10 mg+ L' y=Fe:0; NMs) on the dry weight of soybean shoot and root

250
- a OcK
Z2001 ab O y-Fe.0; NMs
i L b Fes0; NMs
= L N Fe-EDTA
= 150 Z7um
% i \;§ a ab
s 100 ¢ be
C -
i Z b 2 ab T
bz 50T 7
K 7
0 7 7
2 Root 2% Stem I Leaf
AV Part

[i] —FB LA )N P RER R AL PR 22 57 2 (P<0.05) o R I+]
Different letters in the same part indicate the significant difference among
treatments (P<0.05). The same below

El3 10 mg- L' AEKENMs WK ER . ZE M2
Figure 3 Effects of foliar application with different iron—based

NMs on the Fe content in root, stem,and leaf of soybean

IR T A R, 3 FT BE & F T NMs RE % Jin s
HeE TP . B 455 R0 it PR3 NMs 32 5
TREWIMRE L, £ BN y—Fe,0; NMs>Fe;04 NMs>
Fe—EDTA , 2 WA 43 NMs 19 i A 0E T 96 & 72010
Bz,

FIFARRBR AT K AR S G TN 44T, 45
(I 5) B, MR y—Fe,05 NMs Fl Fe;0, NMs B
WAL TR G FRRE, HALHROR 5T it g
T, b 10 mg- L' y=Fe,05 NMs X K AR K AR
B BERCR B oA B, FESCRAR T FesOs NMs Al
Fe-EDTA Zb P4 . AR RIEAKI (K 5)WEE 17 LA
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10.50 mg-L™") .Fe-EDTA(10 mg-L™'y-Fe,0; NMs 2 HKE)
W RERE L HIF T
Figure 4 Effects of foliar application with y—=Fe,0; NMs(1,10,and
50 mg-L’l) ,Fes0, NMs(1,10,and 50 mg-L"),and Fe-EDTA
(equal Fe concentration to 10 mg-L™y=Fe,0; NMs) on the root—

shoot ratio of soybean

25, HAEWS HHEWEEF] 10 mg- L' y—Fe,05 NMs AbFH
ZH i K AR TR ] 2 K T Fe;04 NMs 1 Fe~EDTA 4b
B2
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Figure 5 Effects of foliar application with y—Fe,0; NMs(1,10,and 50 mg-L™"),Fe;0s NMs(1,10,and 50 mg-L™") ,and Fe~EDTA (equal
Fe concentration to 10 mg- L' y=Fe20; NMs) on the root length , oot tips number, and root phenotype of soybean

T M i % 5 NMs BR A% i 25 48 i R Gl G sl 8 2%
Jl R L I M ] AR R . 7E 10 mg -
L y=Fe;05 NMs AbFHR |, i1 3 258 1 28 [ i 4 3k )
K, BEETE T 62.7% f191.5%. 10 mg- L' FesO4
NMs il Fe—EDTA Zb #L R, it &3 K 40 B2 T+ T
41.5% M1 30.7% , 75 ¥ VE F 30 43 J 327+ T 95.3% Fl
36.3%. 19 Fh kL NMs 40 3 20t B 2 gk T ok St
AL R ) — A ARk B, HLERTHSCR B
T Fe-EDTA, LB AR fb & 7E — o Y N 52
M) A 40 W S — SR AR Y B T, AL B v, ) —
PR RRUR iy o B T ) AR TR VAR S Y T v,
oG R 2 SR, R OK S FSE A K
FH B35 B 1 UK 2 ) T2 BT 2R R

—144—

2.4 y-Fe,0;NMs 5 Fe;0, NMs X} #8141 St & F= 41 43 BL
BRI EE N AEVIE

JGE VRIS s AT AR HE A 7 W 0 7 AR I e 47
EAEY . SGE T AT DLk B R I Ot G
PG BGEROL) B B s . NIRRT
RS TN T RV 3151 e 203 i VM = W
F B R o —— TR, DL B GG 7
i 1) FEIE A — R TE R O 2 R & &
oA o RS E 7 0] %0, Bk EE NMs Al Fe—EDTA Ab B
TOREAMR ZE A e S R B E R, B AR
vy—Fe,05 NMs b & i 5 Hpml i P 2 i e s o
THEAE 55 AE BRI NMs A B 2 0 2808, HLAE %
SR Fe—EDTA B HIE . [m] B8 52 Fo A R0 o7 e

http://www.aed.org.cn



7l , S5 < P T WK S A AR A R 2 AR K R R B LR F 5 20224F 1

121 (A) FT 141 (B) a
=t a ~ N a 4
Z of _} ! ab g B _}_I_ )
T b a ~} b a 5~ 10f b
S0 m | R i L
= E ¢ b &ﬂ'g 3r Tt
=3 6r T T g E 1
z é - S <= 6 TI
‘M‘v g ENEN
3 ar e 4t
& E &
_;R 2+ ﬁ 2F
px b
S 0
0 1 10 50 10(Fe-EDTA) 0 1 10 50 10(Fe-EDTA)
5% W Exposure concentration/(mg-L™") FFE W Ji Exposure concentration/(mg-L™")
600 6001
3 (c) =5 3 (D) a
£ so0f a a : =< so0f . a .
E a a _:[_ 4 T g —:[— b b
P I o a
=7, 400f _I_ 2% 400f 1
S . “— O
9 o
22300} Q%faoo- ob
£t - b b KEE d o “|F
2 E200F 2o T7 =2 2200 T T
= iy J_ J_ ® & T
ok 11 g
f‘; 100 | = § 100+
I
0 =S 0
0 1 10 50 10(Fe-EDTA) 0 1 10 50 10(Fe-EDTA)
FEFE U Exposure concentration/(mg+L™) 5% W FE Exposure concentration/(mg-L™")

O y-Fe:0; NMs [0 Fe;0: NMs
6 MTEBIHE y-Fe.0; NMs(1.10.50 mg-L") \Fe;04 NMs(1.10.50 mg- L") .Fe~EDTA (10 mg- L' y-Fe.0; NMs E 2K E ) 3¢
EMAXEERER ZBER S SEMRE _SHBRENZN
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Table 3 Nutrient element content in root, stem,and leaf of soybean after exposed to 10 mg+ L™ y—Fe,0; NMs, Fe;0s NMs,Fe~EDTA (mg-g™")

A L5 fin S WP BE Mg 5 Ca % Mn i Cu Mo ¥EZn

Part Treatment

R Root CK 9.03+0.47¢  6.08+0.44a  15.84+0.30a  5.09x0.22b  27.92#3.07¢  7.95#0.30c  3.12+0.70b  7.95+0.70a
y-Fe;0; NMs 10.82+0.16b  7.41+0.74a  18.3220.95a  5.42+0.15ab 43.70£5.32ab 12.17+#2.58a  6.16+0.43a  8.85+0.77a
Fei0s NMs  12.95+0.49a 8.50+0.43a  17.7322.08a  5.50+0.28a  45.92+1.94a 11.08+0.68ab  4.84+0.16a  8.30+0.74a
Fe-EDTA  8.34x0.81c 8.55+4.23a  16.6122.88a  5.57+0.16a  37.72+1.53b  8.5620.59bc  5.19+1.07a  7.48+1.4la

24 Stem CK 1.5620.32b  2.03+0.25b  1.52+#0.49a  7.65+1.13b  8.65x0.72b  5.45+0.5a  1.21x0.13b  5.48+1.52a
y=Fe;0; NMs 2.20+0.60ab  3.33+0.93a  1.3720.32a  11.95#1.39a  14.2020.96a  6.06+1.42a  1.53x0.08a  5.69+0.25a
Fe:0:NMs ~ 2.7620.55a 3.02#0.83ab  1.96+0.48a  11.66x1.28a 13.95x1.51a  6.7420.98a  1.36£0.08ab 5.0120.07a
Fe-EDTA  1.45:0.18b 2.1120.33ab  1.56x0.34a  7.96x0.67b  8.53+1.43b  5.03+0.48a  1.3020.07b  5.05+0.45a

It Leaf CK 3.61£0.77a  4.62+0.13¢  3.84x0.48a  15.75+1.18b 38.33x9.22a 11.21#2.18a  3.93+0.34c  9.12+1.42)
y=Fe;0; NMs  4.03£0.45a  6.95+0.11a  4.89+0.51a  21.58#5.16a  49.15+4.74a  11.81£0.87a  5.73+0.21a 11.45+1.69ab
Fe;0s NMs ~ 3.95+0.17a  6.02+0.47ab  4.36+0.87a  20.37+3.19a  48.83+6.69a 11.65+1.06a  5.52+0.56a 12.26+0.91a
Fe-EDTA  4.00:0.34a 535+1.04bc  4.61+0.75a  19.48+2.26a 51.43+6.90a 11.36+2.38a  4.65+0.27b 10.98+0.77ab

TE R B LT Bt i Bl P I (b 5 22 5 1] 90 AR [7 S57 250008 5 A ) 5 B 2 m Ab B 2 ] 2 5 8 35 (P<0.05) ¢

Notes: Values in the table are calculated in dry weight. Data are Mean+SE ; Different lowercase letters for the same part in the same column indicate

significant differences among treatments (P<0.05).
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