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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;O,NPs 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™"
NaCl 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;0,NPs 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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SRR B BE A SR A Tz AR, B R L
T AR PR B $ B 8 R AR A . KA
7T B SCER LIS HRIE , 4N Pérez-Labrada 451
5% BLER B T AN KA ) it T = TR AR A
MIPTAEAL , DT F R AR Tt e P o KA 7 iy FH
T A ARRPUARAL, NITAE B TR AR A R A it 2R
(IR T A GRS gk Znol i S
T ERPE A BIFSE . Aazami 2512 % 30 ER ikl R 9k
2% Fe;04 1 ZnO ( Fe;O4,NPs #1 ZnONPs ) 7] 553k
Jiih 30 i A0 B S AR i B 5, Fe;OuNPs 152
2R LT =, 1 ZnONPs 5 S 8 3 4 41 B
3 T Fes;ONPs . Abd-Alla %5 U 5% 3 1
FesO,NPs 835 (2 7 1 #1308 T 0 6 52 4y i S AR
JER A o BRI AT 9K RHE it Bl 1 & B
B e ss £ WG T Almutairi" 058 . HAF
RN, SRMA FAOKAR (AgNPs) AbEI4RE S T
TR R ZEER . AR Gy e T
LR R IR T AgNPs 1T ES 5 T il i #
I o Almutairit > [a] B} % 30 A 909 R th mT A G2 4R o5 7
iR & ZE A 4R K . Al-Quraan ZEUOHF 5
KB, IR AKE4E (CNFs) 0BT, Fhfh 1
y-RZAETR BT, TS5 T RABGEEE, N
AR HE T E 8 T P &

HAETER T ik Aazami 2121 Abd-Alla 25119
T SCHRAN , TR AMERS 2R 2] FesO4NPs JREAH ) i £ P 1)
SCHk, B Almutairi"* "> F1 Al-Quraan %51 =% SCk
Hb, ARMERE 2 B8 KM A 12 3 W30 7 5 A8 &
FAFSE SCHK, T Fe. Fe,Os. Fe;Oy4 S545Fh K 2k
SUAR 18 425 2 i - 17 A ) SCHRSAAR MEAR ) 3] . DG T
Fe;O,NPs ¥ At 9 A4 K A9 SCHRIR AN 217190 il £
Fe;04NPs # F I A m iR AR iik | KRGk |
IR | BB . JLPTTE LA, o, Sk
S A R A AT L4 S T IR A AN A = B, KRR
VoS it R T AR R IR R R O SRR T AT, IR
BEE TP R R A X E LA RS, AR, T
TEEEA BT ZEE . AR e R
AU R AR B9 SR L U0E A & L Fe;O4NPs, Jf:
HAOTHARFIHE (1~400 mg-L™") XFERMM G T H il
Pk . AR, R EERGEENE. N2
it (MDA ), JHZER (Pro) FI{E M E A R AT,

AN R £ Al b 53 R SR AERE A A A R
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1.1 REHHEES

ARA R 5 B85 FeCly-6H,0 , FeCly-4H,0
ZOK . JoK SRR Ry o i 4l B E R ZY
mn AR W AR EG . R R h REH
) A A0 A5 B AR T e RS (KQ-250B, ALl ). fH
IRAH (SPX-250B, Kift), HLHAGX TH4H ( DHG-
9053A, ¥ ), TR (TP-214, Jbx0), X 4
ATHHMY (Rigaku D/max-RA, HAS), 3HiHL T Bk
%% ( Scanning Electron Microscope, SEM, Hitachi
SU8010, H A ) F1i& 4 F W %8s ( Transmission
Electron Microscope, TEM, FEIF20, JEH ), i
b B8 e {3 S 25 LY AT 4tk (L BHEE N 18
MQm ) FITC/K CWER A Ve, M S .
1.2 Fe;04 KM ( Fe;O4NPs ) IS5 981

KB B R B RAETT &

FLARZ92 10 nm (1 Fes04 K LT TE L2 ]
#& (A BE0): TEPIERR T, IMASK G EAEE
PR R R L1k, IRAERHE, [FIRZ
TNEOK, SRR P AW, B ORTTRES S,
PR pH 2 10201, SR FF R 2= 80°C K
W S KR PR 30 min, K b AR TN A b R 2L
o e W SO ) 25 B /K RN TS K O S 52 5 0 Uk
U, WP E RIAS 2] Fe;O4NPs, 20 #r K-
PRI —E i EIRAK FesO4 R, A LB TIK,
A 30 min, FCEAL 1. 10, 50, 100, 200,
300, 400 mg L (BRI, DMBRFMEH . 20
BR[19-20], FI X SPERATEHOFE G RO TR | 25
JERNAEE AT AL o FHAAH L 7 2 GO X A ot A Bl
WUIE SN ZE A HEAT L% . T ) v S B, XA
it OO ZE AR FTE S AT RAE , 0805 40 B 1 35
5 H B ( High Resolution Transmission Electron
Microscope, HRTEM ) 4341
1.3 RFERWLIT 548

B E i ( Solanum lycopersicum )i “ A4 903”7
FhF2 70% B e 1 min, SRJ5 H 20% NaClO i
PE 10 min, $5J5 HZERK T4, oK 4R T
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JE4r B 0, 1. 10, 50, 100, 200, 300, 400 mg-L™"
Fe;O4NPs 43 BRI Fl 24 h, BUHF P56 T4,
WK 4R T 5 e U L 1 . R/N— B i
T AN ER 12em, @B 5 om BREIRLL 2R &
A TR ER AL FE (100 mmol- L NaCl) F1sh
AEFE (150 mmol-L™' NaCl ). K £k &b FH i) — £ 4]
Fe;O,NPs 12 Flivfk i 4b #7351l 6 7m i LS. LSNI
LSN10 ., LSN50 . LSNI100. LSN200. LSN300 .
LSN400, =3hAbHEf)— R 3 Fe;O4NPs 12 FP ik B ik
45126780 HS \HSN1 . HSN10 . HSN50 . HSN100.,
HSN200 . HSN300 . HSN400. LA NaCl Al
Fe;O,NPs 12 Fh (b B A X IE (CK ). AEASAbFEE 3
ANEE, BNEFETICE 50 RifT, BT 25C
PER B IR A TP AT 55 3% 7 d, R SR Al iR AR5k
4R, RPRHN SR O AR . DU ER K
JE AT 1/2 R & bR, B R G AAL HLY &
R, T RIWCREI A AT
1.4 ®ERIZIT S48

FhFRTA R 1.3, 2P0 5 BUE A5 vE T4
WK AW T, S liE R 2R AW FRAT, BaRk
il 40 %7, FEFESE 1 em, 7R )5 B 2 100 mmol-L™
NaCl () 1/10 ZE# % ( Hoagland ) ¥ ZZ 2B U, ¢
% o XFEM AL LS. LSN1, LSN10, LSN50, LSN100,
LSN200. LSN300. LSN400 Z5 A[E4b3, LAA
NaCl Fll Fe;O4,NPs i Fii b B Ry X i (CK ). A~
IR E 3AESE B TIRET ARG 184,
GEit U IR, HEATAROGIINE o A4 B AR
W, B 1 d, B — A BR R
1.5 MFEFMEKEBRANE

REEERE T, RS AR ZEE DL,
i WE SCHK[21-22]3 158 & 2 44 ( Germination potential,
GP ) MI% %3 ( Germination rate, GR )., Ffx/PZl
JEh 1 mm B8 RO B R 2R i & 7 d B & Rh
FIRAR AT IR B

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

hEE 18 d, GEiT4 bR/ A Fl T, $%
THARIE R % (Seedling rate, SR). FH#x/M
ZIER 1 mm WA RO I AR R R iRl . R

3 Z—HF KW ( Sartorius, FE[E ) 5 HCE LN
FREEY) & ( Fresh biomass, FB), 7£ 105CARH 15
min J5 T 75 CHET RAEE, FRAER TR ( Dry
biomass, DB ). #& 4/ A IHE L % /K& ( Water
content, WC ),

SR/% = ( % EU/HA I ) Fh %% ) x100

WC/%=[ (FB—DB) /FB] x100

1.6 HERPBRFEEE. RE. BEEK. O,

1 H,0, E=EHINE

PR B4 bR AL T 0.05 mol- L' R 2% b i
(pH=7.8 ) VKIFWFEE, B0 (4 000 rrmin', 4 °C)
15 min, BOH ISR T AR5 2R Go 0 v 5
BN E bW LB ( Superoxide dismutase, SOD )
W% B &% DY ( Nitro-blue tetrazolium, NBT)
W RN E , SOD Jh MBI NBT oAbk B 1)
50% 0 — N EETEME AL (U) For. o ALY
( Peroxidase, POD ) ¥if 14 >R FH A QA Lb (o 30 52
PLEES> 4 A470 784K 0.01 2 1 i A Ak 4 il 1% v 2
fii (U), i F8 L5 ( Catalase, CAT) HMHRH%
SNSRI, LS EP OD240 /b 0.1 iR
1 ANEEE TR (U)o SRAISACE H2 iR vk
N % ( Malondialdehyde, MDA ) &, kK
% 123000 52 il 22 ( Proline, Pro) &it, HIERMA
il BAEFAmE (0 ) &P, H-
F Iy A i 52 1 AR AL (HL0,) FrE ™l
1.7 HiELIE

AR E 3 ANEE, JdERR N OFE
+SD”, ffi ] SPSS 18.0 il # {44 P=0.05 /K Lk
TTHHA R B EME 208 (ANOVA ), ffiH Origin
8.0 & Excel 2016 £l K .

2 4 R

2.1 Fe;04NPs & B 5 RAE

K HILDURE L RIME Fe;ONPs, K 1 Fish
Fe;O4NPs /) X-51£:4i7 44 ( X-Ray diffraction, XRD )
WL, ATE AT R AR B B, R 15 5
B GKARLBAT RAF R4S ik, PRiERT 6 T
(30.2°, 35.5°, 43.2°, 53.6°, 57.1°F1 62.7°) 43l
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(220), (311), (400), (422), (511) F1 (440)
I o T4 BB Fe;O4NPs Y i BRI 254 5 XRD A i i
B+awd, Joasmig s, B Fe;ONPs i)
B e

—_
—
—_—
~

ZIO 410 610 810
20(°)
[g 1 ?V]?K Fe;04 (FC304NPS) Elg X-Eﬂ‘g?jﬁgﬁ (X-ray
diffractio, XRD) [&i%
Fig. 1 The X-ray diffraction ( XRD ) patterns of the nanoparticle
Fe;O4NPs

[l 2a b Fe;O,NPs WHEHHR B, v E 3
Fe;O4,NPs Ay LE /N ORI R, e s 2]
HE—2E MR IR SR ZE AL, SRR R4 T T B S
FME, TEESTHEE T, FesO4NPs R /NHITE MR B
JEWT, EBEOERCR, HEAEKY 10 nm, 4

oS (E 20, B 2¢), HEEFMEH R4S
A B B 2d BXT N H I B = o HE IR
Al BB EWI) Fe;ONPs [ fbA& 440, 43l X 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
WA EE, AR b8 AR M 5 281 & 28 % (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

K2 FesO4NPs HYAFiHLEE (SEM) KlJ1 (a) MBS HE (TEM) KT (b, ¢, d)

Fig. 2 The scanning electron microscope ( SEM ) image (a) and transmission electron microscope ( TEM ) (b, ¢, d) of Fe;04NPs
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2R ETF, H GR PR E T, 50 mg- L' Fe;O,NPs
(HSN50) 4bHEF, H: GR Fisp b ib 2 (HS) 92
SR, B FesONPs ifhkFaks: I, H
GR B N (&l 3d ). %5 R Ul WIFE R b0 T i

HERYSCR, FEARER M TR R & ZE S (GP) ik
BIC AR, M AR AT, A ae a8 K 55,

HORRIAR P % 285 (GR ) oM W25 55 1 sk hia
T T X B S b AR, 5% 2

Fi B9 & 2, 200 mg-L™" Fe;O4NPs #5 Ff kb A {2 SEARIBE] I E K,
100 100 -
aa) 2 ®
N
3 75 i 75_‘}
5 b
] ¢ c
f@ = 50F d . 501
él% .g <€
<
i= f be
g 25r ﬁ 25 q od
D
G}
O 1 1 1 1 1 1 1 1 J 0 1 ’iL‘ 1 |—$—| 1 |{—| ’—}‘ ﬁ ’—}‘ ’ir_‘ ’{—‘
DR TR\ TS TIPS N LS N
&V S B DS & S \ q,
F S8 Al RS $§§ & &e
c) d)
100 a a a a a a a a 100 a
EIEa s iL EE e Es E5 b b
S L L bc  be bed
E 75 75 i ;o = od o
W
-2 S0F 50
& E
=
8 25F 25+
0 | | | | | | | | | 1 1 1 1 1
& & %é\ é\a @Q > q}@ SIS & ¢ C}&\ %\Q @ 5“
VIV ESSS %&&ﬁggg
4b38 Treatment AbF8 Treatment
#:: LS. LSNI1, LSN10, LSN50, LSN100, LSN200, LSN300. LSN400 Zb#1 451 R 1, 10, 50, 100, 200, 300, 400 mg-L"'

Fe;O,NPs i F1f5 4 — FIKEE (100 mmol-L™' NaCl) #b¥#, HS, HSN1, HSN10, HSN50, HSN100, HSN200, HSN300, HSN400 &b
B4R 1, 10, 50, 100, 200, 300, 400 mg-L' Fe;O,NPs 2 Fl)5 4 — H & (150 mmol-L™' NaCl) 4bH, CK MiEKEF)E, &
i NaCl PyZE K AL 3R, B4R 1R A /NG FBE R R AL 1R 22 5 2% (P<0.05). T [Al. 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;O4NPs 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 ' Fe;O,NPs soaking seeds,

treated with high salt ( 150 mmol-L™' NaCl ) . CK represent seeds soaked in and treated with distilled water. The different lowercase letters on

and uniformly

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

B3 {&ih (100 mmol-L! NaCl, a. c¢) FIEEh (150 mmol-L ™! NaCl, b. d) Wl FAFRIMEEE Fe;04NPs & Fx%t i fh+

K (ay b) FUEZFHR (c. d) B
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)

2.3 HEMETARERE Fe;ONPs BHRxFEMM 7 AR OLA I 800 o (IR A w35 3 F
FBEARFN T AR FR 4K B9 521 1 mg-L " FesO4NPs 37 1) i - AR AT Al
B 4 Pion, kool SRS A g B EmA T RSP BE TR, JUHT IR A AR

AR IR A RS, JE R R A0 4 ) 58
j‘j%ﬁo %u’:t\_ﬂj] —F Klﬂfkﬁ F€304NPS /xﬁ‘ﬁl%ﬂ‘

i, BA Fes;O4NPs iR B -, HARARK AT AR
M BB B I, 100~200 mg- L' Fe;O,NPs
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BRI AR AR AR R R B2 38 S0 5 (RFhab 28
T, 200 mg-L ™' Fe;04NPs £bH ( LSN200) A T ik
KBAURER AL (LS ) Ay 23 BT+ (P<0.05), 1t
A BT B IRHRFN T RS 5 A A B Y 22 5 4R

WE (B 4), R FE I E M0 i &5 3R
B 1 mg-L " Fe;O,NPs {2 Ff xif 7 it b7 AR AR i 4l
K AT 52, T 200 mg-L ' Fe;O,NPs =2 Fh%f
AR AR AT — 2 A2 00

8 a) 87 b
E 62 6L a
wH be b b b
=5 4f . & cd 4t
E% b bc be
5 1 | ﬂ i ’—X—‘ ﬂ ﬁ ﬁ (ﬁ
O ‘%'I% 1 \I QI QI QI QIQIQ 0 %I%I’%\‘Iﬁal QI QI QI QIQI
F &V S S S P T &5 & N
VS \3?\?%\?'%\?‘% ® SR «2@é ~2~°’é ~2~°’é ~2~°’é
or o 61 d
g a a
L2
=
;14204_ cd be b be cd 4r
g2 e
=% f b
}Lé 5L 5L |_X_‘ g L b b b be
(= [§]
: A0
O 1 1 1 1 1 1 1 1 0 1 Iﬁl 1 1 1 1 1 J
S AN O O O O OO KIS N O OO O ®
F VDL S S S F € &L LSS
VS \?é \»%é V%é\)%é ® SR Q\c"é «23’é «2~°”é «2§
AbFR Treatment AbFE Treatment

K 4 {&th (100 mmol'L™! NaCl, a. c¢) FIE £k (150 mmol'L™! NaCl, b. d) Wl FAFRIMREE Fe;04NPs 15 Fxt i fh+
JERRK (a, b) FMITFIEEHK (¢, d) MW

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 mmol-L™' NaCl, a, ¢) and high salt stress ( 150 mmol-L™' NaCl, b, d)

2.4 EMB TAREIRE Fe;ONP 2 M3 ab 15 50
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Jor g A E K B, M4 A AL ) B AL (SOD ).
ALY (POD) Fid A LAl (CAT) WM,
ANFEHE FesONPs 270, /R T X Lk FEARAS
&) A P8 5 % (& 5 ). 100 mmol-L™!' NaCl ke F,
1 mg- L' Fe;O,NPs (LSN1) ZFEF, FHFiikh 1Y
B R A ) R E K A B TR
([l 5a, & 5b, &l S5c), FRM T LR AR IHIRL
N, T SOD 1 POD i i — W& L+, CAT
PETRE (K 5d, Kl Se, Kl 5f), K% Fe;O,NPs 2
Pl FE B, JLRCHT S . Al e A . S KR
CAT i PE & W % F 7+ (& 5a, [l 5b, [ 5c,

& 5f), 1 SOD £l POD i P28 F % (& 5d,
Kl 5¢), 100 mg- L' Fe;0,NPs ( SN100) A3
R R A N IEME (K 5a), 200 mg' L' FesO4,NPs
( SN200) AT iy B . & /KAl CAT i
PES IR Bl , W E S TR AL (K
5b, Kl 5c, & 5f), WhERAAET Eh M0 i LT
/R 200 mg-L~" Fe;O,NPs kb H X % J5 B i A4l i
A BENMRIRY . BE% Fe;O4NPs 12 Fhk
BEARZE b, AU Y e B . fK . CAT
TEPEY B E T . B FesO,NPs 12 Ry (1 ),
SOD #il POD itk 2 B 5%e TR . J5 L7+, 100 mg-L™
Fe;0,NPs ( SN100 ) Ab ¥~ H 1% 5 e fik, (H2&
Py 00 2 T R, R B  ER AER Ab HE (R Sd,
Kl 5e ),
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Fig. 5 Effects of soaking seeds with different concentrations of Fe;O,NPs 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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TR R R E KT, R T SR R A AR
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R1 EWMHEHEME (SFB). HEE (SR). BKkE (WO, RIFEBRSFENME. MDA, Pro. O; 1 H,0, 2 £ [H
L EPS kS

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 (09 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%** 0.92%* 0.95%* -0.23 0.93%* 0.84%* 1.0

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 3 HH G . Note: * and * * indicate significant correlation at 0.05 and 0.01 levels respectively.
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WM. POD HETE. MDA &, O &M H0, %
HEAMG, HYERIREEKT (P<0.01); 4
fif Yyt 5 Pro & 2 W F HAHSC (P<0.05); 4
fEY) S CAT {6 PETCH B G (P>0.05),
F1id R, SHAGERH L, ety a5 oy
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POD {fPELL N MDA & #8830 i %5 SOD
TG . POD JEELA K MDA | Pro. O5 Fll HO, & it
VIR EMAC (F1) .

3 3 ®

3.1 YR RFEE Y IR GO AT /T NAFAE

RS SR A K R R AT Y R A
Z—o TERIAEYE T, BR T EAEY R &
Gh, B AMEALE Y AR N, A . RE
BPLOMLL A, AR FE YA YRR, AR
R AR AR, 2R T MR RGP,
YUK FAR AN A, T2 KA — bR ST
WO A ER A, R AT RS RO Y — A R IR
(T ELDY ) — s ELA i R A T 49 A AR Y
VER AR, AT Y 7E A2 AR 9 A RN 4R S 4t
WRE ST, GUORRLT B R AR ) 2E A R R T AL
PRI it FH 32 Rt e i 200
3.2 KM RbEAEERENE TEYMRFRBEA

AR JolR 30 XA B0 K ZE AR A AR K AR AR
M), A% a5 B B ok B T, ok 53K
HIYI5 8 e A A (b 22 55 1 S AR AR 281 TR
AR AL 5 A o 1) S T 4 T AR v B S A
B R WP e P00 SR AR R T
VEWD I K AHOCSCHRA 30 ks, MER £
ZnONPs, AgNPs. ik SiO, ( SiO,NPs ), 44K TiO,
( TiO,NPs ) 4k Se ( SeNPs) ZE7eEh Wit k%
TEYIF T &, kWA —2 T4k CeO,
( CeO,NPs ). 4Kmx% ( CNPs ). gKnE ( SiNPs ). 44
KAE( ZoNPs )P ER G R EY RT3 &P Gaafar
ZEBOF IR T ZnONPs 3270 2 h JE#E R0 T K = A
T & BIBFSE, 76 250 mmol-L' NaCl e T, K&
Pl 7R 2ER B E R, 25, 50 mg'L ' ZnONPs & Fh

B FpF & 28R T, JUH: 50 mg-L™' ZnONPs 12 F1
PR PN S M I B, T 100, 200 mg- L' ZnONPs 2
Pl FP & ZF 3 i — 20 W 2% R R, W] ZnONPs
)it P RS A SR s R K SRR i i R EL A ff
WA e FE U . Almutairi" ] AgNPs =2/ 2 h, &
L 0.05~2.5 mg-L' AgNPs 3= Fh A [] 72 5 Hb 2 = 2h
Filp 360 3 it b4 & 2, 150 mmol-L™' NaCl il F
0.5 #12.5 mg-L ™ 12 FP Y & ZF AR 524F, 200 mmol- L™
NaCl i1 F, 2.0 mgL " 2R & ZERHCR Il o AR
I IR A Fe;sONPs W EL ki F & i fh 1
W%, KM Fe;O4NPs JFE T A+ & IR
A A R BE RO (] 3), MK Z Sk JE Fe;O4NPs
LEER, 2500 Almutairi! TG RFSE, HF & 2E
Mk ZFHRZHAEME LN, Hh 1 mgL!
Fe;04,NPs i — 25 AP 7 A 27 IR0 fe A BRI 5 T
W30 F T A Fe;O4NPs 32 FiAL R, 200 mg-L " 4b
PR 2 Al A RIS — e R R B i 2E RO .
Gaafar Z5POWF5E & 8L, $hWHATF, 25~200 mgL”
ZnONPs 2R AN AZ 7 d Ja R A 1
BN TR R 3 0, Hod 50 A1 100 mg L' ZnONPs
R FPAL B K RN . Almutairi! % BX
150 mmol-L™' NaCl |1l F 0.05~2.0 mg-L™" AgNPs
R AL ES ARG N A AP AR, Hh 1.5 mgL!
W N e W3, T 2.5 mg L' AgNPs 4bBRF
FiFh AR K 23 T ;200 mmol-L™' NaCl i T,
0.05~2.5 mg-L ™' AgNPs iZFab B, $47EH N i fh
TR, FAREERFRENR M, R 2R
A4k, E 1.5 mg L MR NG W . A
gi, ERA R Fe;ONPs AR [T, il
KR F B RAR KA R IR b 2B Lok, &
A 200 mg-L ' Fe;O,NPs {2 FhihHLE E4E0E 100 mmol- L™
NaCl i3 N & AN IR EE (&L 4), 1038500
AL Bk — AR, BESEROR I, FH ZnO ik
BB A YA R B R B, AR A KA
R, BEYN K BURL BT B8 3 o 4 R K 43 R CR A
3 AR 7R SR B N R ) K o VR Ak
WKL, Fe Fl Zn [FIREAE A A K B 0T T R
AR AT BEAEAR #E K 43 W e b B AL
3.3 GRMMXTEENE TR EREXNEY RS
B8 IE R &R EE
Almutairi" & BELME T, 0.05 mg L' AgNPs
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ETF, HiEH PR, Hb 200 mg L' Fe;0,NPs 32 F
(& ) i sk B e (1 5 ), 8 200 mgL!
Fe;O4NPs {2 H AT i3 A Bl At /5 o Gaafar
DR W & B, 250 mmol-L™" NaCl it F
ZnONPs i Ff (1) K 57 4 v e ) Jo i 52 B2 RL Ay i
YR A BE RGN, 50 mg-L™' ZnONPs 12 i 40y i e 1y
R AN R AL B A B AT 1 A, 25, 100 A0
200 mg'L™' ZnONPs 2 4b 3 (1 &y i ff ) Jot £ 3%
F W, R &2 BLOKR 401 POD Ml CAT %1% \MDA
S HEEH Pro & it ZnONPs 2Rk [ T1, Sed i
FREFRITE, 1 SOD I M B IR AR B TR R,
50 mg-L™' ZnONPs i #1411 SOD. POD FI CAT
ST T B 5 AR, MDA 5 4l Pro 2 i IR 1% .
AR I E R G0N ZnONPs I b 3 (4 75 1k AR BF
A 5 )ARIF  ARBFFE R, FhMHA T, 1 mg L
Fe;O,NPs 12 4l i S8 AL e e, 3 MDA |
Pro. O; Fl H,0, &% & W ¥ — 71, SOD #il POD
FEG Wi A (K 5), B Fe;O4NPs 32 ik i
K F] 100~200 mg L', HiiFhHES 2] W FesE, 4
WiEY IR . R A MDA, Pro, O Al Hy0, &
i DL M SOD . POD i PR 52 B i 3 (A OG( R 1),
e WY AE PR BT A AL Y R T B0 R PR Y B R
Al-Quraan JEAFSY & AR WraE T B8 K il 40 K £F 4 b
PR FEA T MDA KV R, A7 &K
T, TR ZER N, RUIR RNk
(Bl BT AR AR e BT DA O . g
R AKRRS &2 FE AT, A 50 mmol-L'
NaCl 138 F 50, 250 mg-L " 4R K itk — 4 W &
FERRRY SRR S i, Hit i H,0,. MDA & it i 3
T, i SOD Al CAT 3tE e B & A8 fk, vk E
BLIE o M LIS N R i E AL B (APX) WEMERIR
TR S A W TR B W W B TR SRR 2 R
TR TR R o IZERIF ST 2 BRI A KRR R 4 i R
TR & P AL R E S AR TR (| 5)

A . AFFERD], AT, Fe;O4NPs 2 Ff
1) 7 i R 4 TG R AR AR 2 5 SOD ., POD (i P &2
PR S IEAR G, SRR Ik ) MDA | E L
Y 5 33 R YT ORI 0 B ) ER T BRI Pro iR B
e 835 IEARSE, M5 CAT 36 M JC A S ARG R 1),
R BGUK RN | b B 7 2 LA B R Mt 5
25 5 FRE AR ERURE X BT B B A TR) (A5 R iR I she
AR AL o H ZRE P B AR A, T i T Ak R b
YR ME T TR, Sk a R
FIA . et Z A . S 5PUA RS
KA EEAEHMY, X AR ] BE R AT ' Fe;04NPs
PR RS AR AU EAR ) B R, (HR Mk
JE RN 1Y) 25 T RGP T it — 2 PR

4 4 K

A B 5E LT VE B A R AR O 10 nm ()
Fe;04NPs, o X-SFZ A7 5 B3 43 B 22 BHZ 40K #4 K}
A RAFISS Mk, o4« el , IRl f e i
ZEHT, FE—HAESE T Fe;O4NPs LI i, H
Sy HOROR RO R ME T B AR P& . R . LR
AR &5 J R T AR T 35 Bl BE A R R AE B
1 mg-L ™" Fe;O4NPs ¥ Ff A 2 B HY iE— 25 il &
B BLIRRAE T 200 mg-L ! Fe;O4NPs 182 ik 3 i 7
HARSE & . B A A MR VR L S A
O3MT, BRI AR S HA A A A A B R A
Ko EPXTEUOR AR R, FREELDAS
PREE )3, 5 B T & Fes;O4NPs WF5¢IE 0 I 2 h -4
M AR A T S e DA 2 R IE B iR RS
55k, ARG RLIERFHRCR, (et
YAk, el E s, IS Y, XTI
75 A B B2k L 3e PP RIAT A7 1R 55 1M 0T . Fe;O4NPs
Xof T i A T & ) RN 1 A AL R 5T o T 4
T AR A MRS, dE— 250 dE SR . (AP
Z0F )F Fe;04NPs FMEUb B R 4 (14 52 i . J2:
WAELEY, A AL 2R TF B A M B AR B8 T
P8 o B2 o AR BRI RE AR PR AL . B TR
AW LR B P T
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