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Effects of Seed Soaking in Fe;O4 Nanoparticle on Tomato Seed Germination
and Seedling Protective Enzyme System under Saline Stress

CHEN Siyuan"?, LU Yao®, WU Sifan®, QI Yongbing’, ZHENG Qingsong" > *', ZHANG Xinyue' %, ZHAO Wenjia®',
CHEN Jun’

(1. Sanya Research Institute, Nanjing Agricultural University, Sanya, Hainan 572025, China; 2. College of Resources and Environmental
Sciences, Jiangsu Provincial Key Laboratory of Marine Biology, Nanjing Agricultural University, Nanjing 210095, China; 3. College of
Science, Nanjing Agricultural University, Nanjing 210095, China; 4. Sichuan County Economic Development Research Center, Mianyang
Normal University, Mianyang, Sichuan 621000, China; 5. College of Horticulture and Technology, Suzhou Polytechnic Institute of
Agriculture, Suzhou, Jiangsu 215008, China)

Abstract: Objective This study examined the effect and mechanism by which nano-sized iron oxide regulates crop tolerance
to salt. Method Nanoparticle Fe;0, (Fe;O4NPs) with a particle size of about 10 nm was synthesized by the coprecipitation
method and characterized by X-ray diffractometry and electron microscopy. Selected tomato seeds were soaked in 0, 1, 10, 50,
100, 200, 300, and 400 mg'Lf1 of Fe;O4NPs solution and the effects on seed germination, seedling growth and antioxidant
system under NaCl stress were evaluated. Result Fe;O4NPs with a particle size of 10 nm were synthesized and successfully
passed the characterization analysis and identification. It was found that under salt stress, soaking tomato seeds in 1 mg-L™"
Fe;O4NPs reduced seed germination. However, seed germination was improved as the concentration of Fe;O4NPs was
increased. Under 100 mmol-L™' NaCl stress, the seed germination potential and hypocotyl length after soaking in 200 mg-L™
Fe;04NPs reached the peak, which was significantly higher than those treated with salt stress only. Salt stress of 100 mmol-L™"
NacCl significantly reduced the seedling rate, fresh biomass and water content of tomato seedlings, and this negative trend was
intensified after soaking the seeds in 1 mg'L™' Fe;O,NPs. With an increase in the concentration of Fe;O,NPs, the negative
impact of salt stress was alleviated and the fresh biomass and water content of seedlings soaked with 200 mg-L™' Fe;0,NPs
reached the peak, which was significantly higher than those treated only with salt. Under salt stress, the activities of
superoxide dismutase (SOD) and peroxidase (POD) in tomato seedlings soaked in 1 mg-L™' Fe;O,4NPs increased significantly,
while the activity of catalase (CAT) decreased significantly. With an increase in the concentration of Fe;O4NPs, the activities
of SOD and POD gradually decreased and then gradually increased while that of CAT gradually increased and then decreased.
Specifically, the activities of SOD and POD in seedlings treated with 100-200 mg-L™' Fe;0,NPs were the lowest, while the
activity of CAT was the highest. Also, the contents of malondialdehyde (MDA), proline (Pro), superoxide anion (O, ) and
hydrogen peroxide (H,0,) in seedlings treated with 200 mg-L™' Fe;O,NPs were the lowest of all treatments. The correlation
analysis showed that the fresh biomass and seedling rate of seedlings were significantly negatively correlated with the
activities of SOD and POD, as well as the contents of MDA and reactive oxygen species.  Conclusion  Fe;O4NPs with a
particle size of 10 nm were prepared by the coprecipitation method. It was found for the first time that the germination and
emergence of tomato seedlings under salt stress could be mitigated by Fe;O4NPs and the effect was proportional to the
concentrations of Fe;O4NPs. For example, treating seeds with 1 mg-L’1 Fe;O4NPs inhibited germination due to increased
oxidative stress whereas 200 mg-L™' Fe;04NPs showed significant promotion of germination, seedling formation and seedling
strength. This study provides scientific basis and technical support for the application of nanomaterials to improve agriculture
in saline soil.

Key words: Tomato; Salt stress; Nano-Fe;O,4 ; Seed germination; Seed soaking; Antioxidation
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il
1.2 Fe;04 0K#1#4 ( Fe;ONPs ) GRS S HL
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AP 30 min, FCEAL 1. 10, 50, 100, 200,
300, 400 mgL™' (BRI, DMBRFME . 20
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e MES A SEAT LS . TS i WA, XA
IO S5 F4 FITE ST 3RAE , I8 23 R 1 35 I3
B, % ( High Resolution Transmission Electron
Microscope, HRTEM ) 4347,
1.3 RFERWRIT 548

B3 i ( Solanum lycopersicum ) i Fh & 1E 903”
FhF2 70% W5 PE 1 min, SRJ5 H 20% NaClO i
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Uk 10 min, S FHZE K e T4, FOK AU T
JE4AA 0, 1, 10, 50, 100, 200, 300, 400 mg-L"'
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AEFE (150 mmol-L™' NaCl ). & £k &b FH i) — £ 4]
Fe;O,NPs 12 Flivf i b 3 73 51| 6 7~ i LS. LSNI
LSN10 ., LSN50. LSNI100. LSN200. LSN300 .
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A28 HS \HSN1 . HSN10 ,HSN50 . HSN100,
HSN200 . HSN300 . HSN400. LA H NaCl Al
Fe;O,NPs 12 Fh (B AT IE (CK ). AEASAbFE 3
NEE, BNERFEETHCE 50 KT, BT 25C
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AhHRE 3 AEL B TIRE T ARG 184,
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1.5 MFEFMEKEBRANE

KEEGRE T, RG4S AR DL,
Fi B SCHR[21-22]3 155 % 28 #% ( Germination Potential,
GP) Ff%k %% ( Germination Rate, GR ), fH&H/N%l
FESR 1 mm 189 R PR & 2 & il & 7 d i & b
FIRAR AT IR B

GP/%= (3 d & ZFFhFBUAERE I ) A 747 ) <100
GR/%= (7 d K& 275U/ HAG 0 /) A 740 ) <100

R 18 d, Gt AbBEAY R AR T RS B, 1%
T ARIE R % ( Seedling Rate, SR). FH#x/)

ZIB5 R 1 mm AN R BRA AR KRN R IR, T
7 Z—HF R (Sartorius, FE ) = HUF L)
FREEY) Jfi & ( Fresh Biomass, FB), 7 105CATH
15 min J5 T 75°CHTREHE, FRIFHEE TP
( Dry Biomass, DB). & FAlIAXIHRE LM &K E
( Water Content, WC ),

SR/% = ( i B/ MR ) Fh %52 ) <100
WC/%=[ (FB—DB) /FB] x100

1.6 HERPERFEFEE. RE. IR, 0,

1 H,0, E=HINE

PR B4 Bk AL T 0.05 mol- L™ #1828 b Wi
(pH=7.8) VKIFHFEE, #.00 (4 000 rmin', 4 °C)
15 min, BOH LIS BEAT AR 9 i 22 40 16 PR 2 5
BB E AL 5 AL ( Superoxide Dismutase, SOD )
W% B &% POk ( Nitro-blue Tetrazolium, NBT)
W E , SOD Jh MR LIME] NBT Yo bik i)
50% A — A EEE PR (U) Fon . i AL
( Peroxidase, POD ) Jif 1R FH AL BUA B He (230 22
PLEES> 40 A470 7284k 0.01 A 1 i A Ak 4 it I v 2
i (U), i FE LS ( Catalase, CAT) EMHRHE
ANREEI R, LS4 OD240 187 0.1 AN
1 ANEEE TR, (U)o SRASCE 2 iRk e
N [ ( Malondialdehyde, MDA ) &4, fifidk/Kis
1% 2123000 52 il 22 ( Proline, Pro) &, MM
ke BEREFARE (0,7) &, iz
F I A 0 5 o AR AL (HL0,) Fre ™l
1.7 #HiEaE

BARERE 3 AEE, JdhERR N OFE
+SD” i 1] SPSS 18.0 e it ¥ F7E P0.05 /K- i
T AR B EHE I 208 (ANOVA ), ffiH Origin
8.0 J% Excel 2016 2| K .

2 4 R

2.1 Fe;O4NPs HIE R 5 RIE

KL TIVEERIME ] Fe;04NPs, 1 iRl
Fe;O4NPs ) X-4F 2477 8+ ( X-Ray Diffraction, XRD )
R, A A AR B B, R A5 15 2
BRI R LA AR5 e, BRI 6 AT
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20 40 60 80
20 (°)
Bl 1 45K Fe;04 (Fe;04NPs) (1) X-JZEATH ( X-Ray
Diffractio, XRD ) &%
Fig. 1 The X-ray diffraction ( XRD ) patterns of the nanoparticle

Fe;O4NPs
Kl 2a & Fe;O,NPs FUHIHLEEIR A, I FE T
Fe;O4NPs N HLE /N BURLI IR, A8 5], Ry

PE— 2 WA HIE AL, X247 T B 5T AL B
(RAE, TEBEGTHEE T, FesO4NPs [ K/ NHITEARTE
W, EREIEBORCIR, HARKZ 10 nm, I3

oS (E 20, B 2¢), HEERMEH RS
S B B 2d XN ) B = o HE IR
Al BB EWI) Fe;ONPs [ fbAs 440, 43l X g F
(400 ).(220 )F0( 222 )fm i, #—BUESE T Fe;O4NPs
Y LB o

2.2 TEMBETARIRE Fe;ONPs X EMMFE

SFRIR M
TE & 2 B kAT b it i & iR e e W, Eh b
i1 (100, 150 mmol-r1 NaCl) B & BSR4

REHH (GP), JRHELERE (150 mmol-L ™' NaCl)
T (&l 3a, ¥ 3b), AN[FEE Fe;O,NPs ZFIALHLT
MR T RS SR 0% o £RE R, 1 mgL™!
Fe;O,NPs 2 F & A A 1 GP iF—2 B & T, Bl
KM BRI E LT, K GP & LT,

200 mg-L ' Fe;O,NPs 2R A F i Fh 7 GP #4155
KAE, HrP R R, 200 mg L' Fe;O,NPs 27
A3 (LSN200) ) GP i3 KTk (LS) 1)
(P<0.05), BE# FesO4NPs iR T3 300 Al
400 mg' L', H: GP 2 FFE (K 3a, Kl 3b). 5XF
FEAR LG, AR W8 AR S M i A & 2F % (GR ),

Fe;O4NPs 12 Ff, H GR WAk B E2 (& 3c). 1M
FERNE R, H GR B TR, 1 mgL' Fe;O,NPs
BRI E AT GR E—4 B3 T %, i Fe;O4NPs

K12 Fe;O4NPs B HIEE (SEM) B )r (a) FES R

(TEM) B F (b, c. d)
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Fig. 2 The scanning electron microscope ( SEM ) image (a) and transmission electron microscope ( TEM ) (b, ¢, d) of Fe;04NPs

2R E FTF, H GR RS T, 50 mg L Fe;O,NPs  FEAYRCR, 7eRERa R A mtal & 254 (GP) [k
(HSN50) 4h¥i R, H GR A b B (HS) M2 BN IARE, WRKERAAET , FF58580as K5,
FARE, WE Fe;O.NPs RMUKEEARZE FTb, H HORNEACFEAZFR (GR) W W 225 Mmhihia
GR Z i N (& 3d ). IZZERULIAEER I T30 N TEAXFFB S g mBR R, iz
P9 & 28, 200 mg- L™ Fe;O4NPs 3= Fh b B4 i SRR B E K
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S SIS I S S &SSO
MR ICCCC TEFFeEE
c) d)
100 a a a a a a a a a 100 a
TEaEsdEeE T A H HE b
§ 75F 75} {» ;o u be be bed 4
<
= | o
ﬂf\‘é 50 5
=
8 251 25+
0 1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 J
%« \)% é\ \Q ‘)Q QQ QQ QQ QQ «% S N \Q ch QQ QQ QQ QQ
TV SIS TS SaSE
VoV Y IR
AbFR Treatments 4bFR Treatments

. LS. LSN1, LSN10, LSN50, LSN100, LSN200, LSN300, LSN400 4B 451578 1. 10, 50, 100, 200, 300, 400 mg-L"
Fe;O,NPs i FJ5 45— F{%EE (100 mmol-L™' NaCl) 4b¥E, HS., HSNI1, HSN10, HSN50, HSN100, HSN200, HSN300, HSN400 4t
FRAMIZER 1, 10, 50, 100, 200, 300, 400 mg-L ' Fe;O,NPs i&F 54— M FEE (150 mmol- L' NaCl) 4b#l, CK AiE/KEME, K
i NaCl (2 8k ab 2

FIFE BN /NG FRE R b B 25 53 3% (P<0.05). FIAl. Note: The treatments of LS, LSN1, LSN10, LSN50, LSN100,
LSN200, LSN300, and LSN400 represent 1, 10, 50, 100, 200, 300, and 400 mg-L ' Fe;0,NPs soaking seeds, respectively, and uniformly
treated with low salt ( 100 mmol-L™' NaCl ) after soaking. Treatment with HS, HSN1, HSN10, HSN50, HSN100, HSN200, HSN300,
and HSN400, respectively, indicated that 1, 10, 50, 100, 200, 300, and 400 mg~L’1 Fe;04NPs soaking seeds, and uniformly treated with
high salt( 150 mmol-L ™' NaCl ). CK represent seeds soaked in and treated with distilled water. The different lowercase letters on the column in

Figure 1 indicate significant differences between treatments ( P<0.05) . The same below.

K3 ik (100 mmol'L™ NaCl, a. ¢) Mk (150 mmol-L™' NaCl, b, d) Wfl FARIKE Fe;0,NPs B Rt F i i1
RHEH (a, b) FIKZFE (c. d) MM
Fig. 3 Effects of soaking seeds with different concentrations of Fe;O4NPs on germination potential ( a, b ) and germination rate( ¢, d ) of tomato

seeds under low salt stress ( 100 mmol-L™' NaCl, a, c) and high salt stress ( 150 mmol-L™' NaCl, b, d)
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F VSIS S S FE S S PSS
or o or 9
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g2 e
=% f b
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g e d
>
- A.0]]
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S S S
MRV \?’% w%é \?’%\f’% TEE Q&\l Q&\l Q&% «3@%
AbFR Treatments AbFR Treatments

K4 %ER (100 mmol-L™ NaCl, a, c¢) FIEEE (150 mmol-L™' NaCl, b, d) Mhifl F AU Fe;0,NPs 2R %} % it fh 1
MR (a. b) MIFIRAIK (e, d) MM
Fig. 4 Effects of soaking seeds with different concentrations of Fe;O4NPs on radicle length ( a, b ) and hypocoltyl length ( ¢, d ) of tomato seeds
under low salt stress ( 100 mmo 1-L ™' NaCl, a, c¢) and high salt stress ( 150 mmo 'L ' NaCl, b, d)

2.4 EIME T ARERE Fe;ONP i2F T RbIZ &
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Fig. 5 Effects of soaking seeds with different concentrations of Fe;04NPs on seedling rate ( a ), seedling fresh biomass (b ), water content ( ¢ ),

superoxide dismutase ( SOD ) activity (d ), peroxidase ( POD ) activity ( e ) and catalase ( CAT ) activity ( f) of tomato seeds under salt stress
of 100 mmol-L "' NaCl
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Fig. 6 Effects of soaking seeds with different concentrations of Fe;0,NPs on contents of malondialdehyde ( MDA ) (a), proline (Pro) (b),

superoxide anion radical ( O, ~ ) (¢ ) andhydrogen peroxide ( H,O,) ( d) of tomato seedlings under salt stress of 100 mmol-L™" NaCl
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Table 1 Correlation between seedling fresh biomass (SFB), seedling rate (SR), water content (WC), protective enzyme system activity,
contents of MDA, Pro, O, , and H,O, content in tomato seedlings
SFB SR wC SOD POD CAT MDA Pro (07 H,0,
SFB 1.0
SR 0.85%* 1.0
wC 0.93** 0.95%* 1.0
SOD —0.88%* —0.97%* —0.99%* 1.0
POD —0.91%* —0.97%* —0.99%* 0.99%* 1.0
CAT -0.083 -0.056 0.013 0.016 —-0.027 1.0
MDA —0.89%* —0.98%* —-0.96** 0.97%* 0.96%** 0.0094 1.0
Pro -0.79* —0.91%* —0.94%* 0.96%** 0.93%* -0.027 0.94%* 1.0
0~ —0.94%** —0.93%* —0.94%** 0.927%* 0.95%* -0.23 0.93%* 0.84%* 1.0
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H,0, —0.95%* —0.89%* —0.93%* 0.90**

0.93** -0.24

0.93** 0.85%* 0.97** 1.0

ek A RIRTE 0,05, 0.01 /KOF I B 34 5C . Note: * and * * indicate significant correlation at 0.05 and 0.01 levels respectively.
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W R 22 FesO4NPs TR k0 F 35 i fh 1
W%, KM Fe;O4NPs JFE T A+ ii & IR
AR IR RN (1B 3), MARZE Rk JE Fe;O4NPs
AEEER, 2 AlmutairiIRFSY, HF G & 2
Mk ZEHREBARMEERY, HP 1 mgL!
Fe;O4NPs #— 20 B AR D & 2F 18800 5 WD B i
R0 T T Fe;O4NPs i FAbEEH | 200 mg- L' b
B2 A AD T I — e BB AR R ZE RN .
Gaafar ZCWF58 KB, AT, 25~200 mgL
ZnONPs @M FE AT K2 7 d JFRK A L
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EBH Pro il ZnONPs & FPik B -, e
FREFRITE, 1 SOD I M Bl IR ARk BE L TR R,
50 mg:.L' ZnONPs ZF Y4l SOD. POD Hl CAT
SRS PR B 24 I, MDA 5 2 1 Pro &t o 5 415
ARG RS0 ZnONPs ¥l itb 31 (14 75 A AR TF
LG S )ARIF ABFFE R, F Wl T, 1 mgL!
Fe;O,NPs R4l (1 AL rac s, L MDA |
Pro.0, il H,0, & w1yt —2F -7+, SOD #1 POD
Gt i LAt (B 5), BE% Fe;O4NPs = Flik i
K 100 ~ 200 mg L', SR PEAS 2 B EME, 4
WEEY TR . B M MDA, Pro. O, 1 H,0, &
i D) M SOD . POD 1 PR 52 Bl i 3 (A OG( R 1),
eI e R W D o QT I G S
Al-Quraan JEAFSY & AR Wpae T B8 K i 40 K £F 4 b
PR FEA T MDA KV R, A7 &K
LT, R SER W E N, RUIFR ARk
(Bl BT AR RE T BT DA O . gl
R AKRRS & F AT, A 50 mmol-L'
NaCl 138 F 50, 250 mg-L " 4h K itk — 4 W & 1

TR 428 & i, M H,0,. MDA Fig g 3
TF, WiH SOD Ml CAT §ftEJC w481k, itk
TEIE A A PO R S AR (APX ) TR
it S S v AR W T T A B TR A A R B A2 R T
A G TET RS MR o 2R 5T 7 B A 40 AR I 4 R ks
R T8 & PR AR E S AR 45 (| 5) W
ARAA] . AHFFERD, AT, Fe;O4NPs 2 FH
14325 B 4l i R T R B R 5 SOD ., POD TR 5
PR 3 EAR G, SREAR Ik ) MDA | E L
0 HfL 2 7 Y R I K R RS BR R Pro 2R
e 835 IEARSE, M5 CAT 36 M JC A ARG R 1),
X YK AR RN | A B LA R 30 5 Y
25 5 FRE AR ERRE X BT B B A TR) (A5 R iR I st
AR AL o H ZRE v A AR LR T T Ak R A
PR MET TR, SRk a R
R, RS ENEG K. S5 a a7
KA EEA/EHAMY, X SR ] BE R A SE ' Fe;04NPs
PR L AR K AU AEA R B R, (R Ik
JEE RN 1) 2 57 RGNy e i — 280 o

4 %5 i

AW L UIE A R 10 nm /Y
Fe;O4NPs, I XS R AT 5T B33 73 A1 22 B 40 K A
A RS M, Jo4e g el , IRk i e
ZEHINT, FE—HAESE T Fe;O4NPs LI A . H:
GaN 1R D N ) S N i LT 7 AN A BN =)
FEAR M A5 R TR T35 Bl vk B2 A R B R AE 1D
1 mg-L ™' Fe;O4NPs ¥ Ff A 2 B H iE— 25 il &
B L RERAE T 200 mgeL ' Fe;O4NPs 8 i 3 75
HARSE & . B A A MR VR L S A et
O3HT, ki AR AT A A A A B R A
Koo EPXTACRAEMN LT TRERLAS
PREEIA) R, 3 )T & Fe;O4,NPs fIF5E 310 Fi B 48 4
i B AR A AT e 2 AR AE i AE RS
5k, AR MR R HRCR, (il
WAk, el E s, IR/ YL, X7
9% (0 B 2 38 DI RTAT 47 R 55 T ) . Fe;O4NPs
Xof T A & 04 R RRONE (4 R P AL R 5 1 7 4
1 ANRA MR, 2 — BT AE SR e (RDIE &
1 )F Fe;O4NPs FM b BR824 14 5 i 02
WAELNY, AH R A 2R T B R A A BT AR I8 R 2 b

http://pedologica.issas.ac.cn



4 34

/\z@\ﬁ% H

NG Fes04 S0 WU B NaCl JHiria T 2 iibh i e S 4l i 7 il 38 G 9 52

1177

ol 1 o A TP AR B RE R IR BT RAE . B TR
SR EEEE AL A B Y 2.

S %Wk ( References )

[1]

[ 10 ]

Cilek A, Berberoglu S. Biotope conservation in a
Mediterranean agricultural land by incorporating crop
modelling[J]. Ecological Modelling, 2019, 392: 52—66.
FanCZ, Wu XY, Guan X, etal. Concentration effects
and its physiological mechanism of soaking seeds with
brassinolide on tomato seed germination under salt
stress[J]. Acta Ecologica Sinica, 2021, 41 (5):
1857—1867. [JARAL, RIEHG, Sk, “F. MK ANMH
TR TN 30 7 50 R T B A A R e B FG AR BEAILAR ).
AR, 2021, 41 (5). 1857— 1867.]
Hassanisaadi M, Barani M, Rahdar A, et al. Role of
agrochemical-based nanomaterials in plants: Biotic and
abiotic stress with germination improvement of seeds[J].
Plant Growth Regulation, 2022, 97 (2): 375—418.
HuPJ, DuY P, Xia B, etal. Bibliometric analysis of
research on soil colloids affecting the behavior of heavy
metals based on Web of Science[J]. Acta Pedologica
Sinica, 2023, DOI: 10.11766/trxb202207270413. [#A
meAs, FHEE, BEiK, . 3T Web of Science XJ 14
JRE A4 S e o R AT A A ST R AT (0], RIEE
2023, DOI: 10.11766/trxb202207270413.]

Ding Y Z, Wang X L, Zeng Y, et al. Mechanism of
p-hydroxybiphenyl degradation by persulfate activated
with iron- carbon composite nanomaterials in
soil[J].Soils, 2022, 54 (5): 1041—1050.[ T ¥, +
M, BT, 5 BRBR G GUORBDRHT AL B 1R 3 e A
TR XPRFBR LA FTI]. 3, 2022, 54(5):
1041—1050.]

Pérez-Labrada F, Lopez-Vargas E R, Ortega-Ortiz H,
et al. Responses of tomato plants under saline stress to
foliar application of copper nanoparticles[J]. Plants,
2019, 8 (6): Article 151.
M C,

Pérez-Alvarez M, et al. Se nanoparticles induce changes

Morales-Espinoza Cadenas-Pliego G ,
in the growth, antioxidant responses, and fruit quality of
tomato developed under NaCl stress[J]. Molecules,
2019, 24 (17): 3030.

Sayed E G, Mahmoud A W M, El-Mogy M M, et al. The
effective role of nano-silicon application in improving
the productivity and quality of grafted tomato grown
under salinity stress[J]. Horticulturae, 2022, 8(4): 293.
Pinedo-Guerrero Z H, Cadenas-Pliego G, Ortega-Ortiz
H, etal. Form of silica improves yield, fruit quality and
antioxidant defense system of tomato plants under salt
stress[J]. Agriculture, 2020, 10 (9): 367.

Faizan M, Bhat J A, Chen C,

nanoparticles ( ZnO-NPs ) induce salt tolerance by

et al. Zinc oxide

[ 21 ]

improving the antioxidant system and photosynthetic
machinery in Plant
Biochemistry, 2021, 161 (4): 122— 130.

Hosseinpour A , Haliloglu K , Cinisli K T, et al.

tomato[J]. Physiology and

Application of zinc oxide nanoparticles and plant growth
promoting bacteria reduces genetic impairment under salt
stress in tomato ( Solanum lycopersicum L. 'Linda') [J].
Agriculture, 2020, 10 (11): 521.

Aazami M A, Rasouli F, Ebrahimzadeh A. Oxidative
damage, antioxidant mechanism and gene expression in
tomato responding to salinity stress under in vitro
conditions and application of iron and zinc oxide
nanoparticles on callus induction and plant regeneration[J].
BMC Plant Biology, 2021, 21 (1): 597.

Abd-Alla M H, Nafady N A, Bashandy S R, e t al.
Mitigation of effect of salt stress on the nodulation,
nitrogen fixation and growth of chickpea( Cicer arietinum
L.)by triple microbial inoculation[J]. Rhizosphere 2019,
10: 100148.

Almutairi Z M. Influence of silver nano-particles on the
salt resistance of tomato ( Solanum lycopersicum ) during
germination[J]. Agriculture and Biology, 2016, 18 (2):
449—457.

Almutairi Z M. Effect of nano-silicon application on the
expression of salt tolerance genes in germinating tomato
( Solanum lycopersicum L. ) seedlings under salt stress[J].
Plant Omics, 2016, 9 (1): 106—114.

Al-Quraan N A , Al-Akhras M, Ayoub A A. Effect of ash
carbon nanofibers on GABA shunt pathway in
germinating seeds of tomato ( Lycopersicon esculentum
Mill. c.v. Rohaba. ) under salt stress[J]. Turkish Journal of
Botany, 2021, 45 (2): 124—139.

Neha J, Abhishek P, Devanshi C U, et al. Synthesis of
and MnO,

enhanced tuberization in potato ( Solanum tuberosum L. )

biocompatible Fe;04 nanoparticles for
[J]. Biocatalysis and Agricultural Biotechnology, 2022,
39: 102258.

Elanchezhian R , Ramesh K,

Morpho-physiological and biochemical response of maize

Kumar D , et al.
(Zea mays L.) plants fertilized with nano-iron (Fe;0,4)
micronutrient[J]. Journal of Plant Nutrition, 2017, 40
(14): 1969—1977.

Cui W'Y, Xue D, Tan N D, et al. Pt supported on
octahedral Fe;O4 microcrystals as a catalyst for removal
of formaldehyde under ambient conditions[J]. Chinese
Journal of Catalysis, 2018, 39 (9): 1534—1542.
Syamsu, Sachana S, Darmadi I W, et al. Introduction of
nanoparticle magnetic development as transfer medium at
mung bean seeds (virginia radiata L.) using soaking
method[J]. Journal of Physics: Conference Series, 2020,
1434: 012026.

Haghighi M, Afifipour Z, Mozafarian M. The effect of

http://pedologica.issas.ac.cn



1178 + o IR 61 &
N-Si on tomato seed germination under salinity levels[J]. [ 26 ] ZhaoLJ, LulL, Wang A D, et al. Nano-biotechnology in
Journal of Biological and Environmental Sciences, 2012, agriculture : Use of nanomaterials to promote plant
6: 87—90. growth and stress tolerance[J]. Journal of Agricultural

[ 22 ] ChenlJ, Guan X, Fan C Z, et al. Effects of salt stress on and Food Chemistry, 2020, 68 (7): 1935—1947.
form of polyamine and antioxidation in germinating [ 27 ] PuZT, ZhangL, Zhang C, et al. Research progress of
tomato seed[J]. Acta Pedologica Sinica, 2021, 58 (6): arbuscular mycorrhizal fungi and plant symbiosis
1598—1609. [FRZE, &k, JuRAL, 2. hihia xrFE i affecting plant water regime[J]. Soils, 2022, 54 (5):
717 & h 2 WOR SR AL AT A AL RS2 IR (D], T3 882—889.[F Tk, Ak, skatl, 5 AR EE 54
i, 2021, 58 (6): 1598—1609.] Yy A ) K A RS R s R (U], 1, 2022,

[ 23 ] Wang X K. Principles and techniques of plant 54 (5): 882—889.]
physiological biochemical experiment [M]. 2nd ed. [ 28 ] Ge LJ, Yang XY, Liu Y, et al. Improvement of seed
Beijing: Higher Education Press, 2006. [T24Zs. #H4) germination under salt stress via overexpressing caffeic
AP AL SR TR AR R [M]. 2 B Jb5T: B EE acid O-methyltransferase 1 ( SICOMT1 ) in Solanum
fRAt, 2006.] lycopersicum L[J]. International Journal of Molecular

[ 24 ] Ahammed G J, Li Y, Li X, et al. Epigallocatechin- Sciences, 2023, 24 (1): 734.
3-gallate alleviates salinity-retarded seed germination and [ 29 ] AnJ,HuPG,LiF]J,etal Improvement by seed priming
oxidative stress in tomato[J]. Journal of Plant Growth with cerium oxide nanoparticles[J]. Environmental
Regulation, 2018, 37 (4): 1349—1356. Science-Nano, 2020, 7 (8): 2214—2228.

[ 25 ] SuY, TianCY, Mai W X, etal.. Progress and prospect [ 30 ] Gaafar R, Diab R, Halawa M, et al. Role of zinc oxide
of biological salt removal from farmland under drip nanoparticles in ameliorating salt tolerance in soybean[J].
irrigation in arid area of northwest China[J]. Acta Egyptian Journal of Botany, 2020, 60 (3): 733—747.
Pedologica Sinica, 2023, 60 (4): 925—938. [/ %, [ 31 ] Gonzilez-Garcia Y, Lopez-Vargas E R, Pérez-Alvarez

M, Ecuk, . MR FEIL T2 X AR H A
YIHEEL RS E R S R[], IR, 2023, 60 (4):
925-—938.]

M, et al. Seed priming with carbon nanomaterials
improves the bioactive compounds of tomato plants under
saline stress[J]. Plants, 2022, 11 (15): 1984.

(RERE: HRF)

http://pedologica.issas.ac.cn



