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Toxicity of the combination of nanoplastics and salt stress on seeds and seedlings of Spinacia oleracea L.

GUO Linlin', LIU Pan', WANG Jingjing’, CHEN Bingxu®

(1. Department of Life Science, Cangzhou Normal University, Cangzhou 061001, China; 2. College of Life and Health, Dalian University,
Dalian 116622, China; 3. Cangzhou Huanchuang Environmental Protection Technology Service Co., LTD., Cangzhou 061001, China)
Abstract: This study aimed to understand the impact of nanoplastics and salt stress on vegetable crops. Specifically, we investigated the
effects of polystyrene nanoplastics (PSNPs) (200, 400, 800 mg + L', and 1 600 mg+ L") with a particle size of 100 nm and also the
combinatorial effect of PSNPs and NaCl (50, 100, 150 mmol - L', and 200 mmol + ') on the seed germination and seedling growth of
spinach (Spinacia oleracea 1..). We noticed that, in comparison to the control, single PSNPs treatments (>200 mg+L™) significantly reduced
the germination rate, vigor, and index of spinach seeds. Further, superoxide dismutase (SOD) activity was decreased, and the soluble
protein content was significantly increased under cultivation with PSNPs (>400 mg- L™"). Moreover, low concentrations of PSNPs promoted
peroxidase (POD) activity and increased chlorophyll content, while high PSNPs concentrations also induced an inhibitory effect on POD
and chlorophyll. Compared with NaCl alone, treatments with low (200 mg+L™) or high (800 mg- L") concentrations of PSNPs and NaCl

(PSNPs+NaCl) reduced germination rate, vigor, and index of spinach seeds, and aggravated the inhibitory effects of NaCl. The combined
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effects of PSNPs+ NaCl pollution on seedlings were as follows: PSNPs + NaCl contamination significantly decreased POD activity and
increased soluble protein content. However, 200 mg + L' PSNPs+NaCl led to a decline in SOD activity, while 800 mg+ L' PSNPs+NaCl

enhanced it. These results indicate that PSNPs have significant toxic effects on seed germination and seedling growth of spinach and

aggravate the impact of salt stress on spinach. Importantly, the toxic effects affect not only seed germination but also soluble protein

content, chlorophyll content, and the antioxidant system.

Keywords : nanoplastics; salt stress; spinach; seed germination; seedling growth
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Figure 1 Effects of PSNPs on seeds germination rate of spinach
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Figure 2 Effects of NaCl on seeds germination rate of spinach
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Figure 3 Combined effects of PSNPs and NaCl on seeds germination rate of spinach
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NaCl & A, M4 28 (1 55 12 0 3 P AIK (P<0.05) , PSNPs
FE 2 Dol 55 fIC Wk FEE NaCl XJ 41 B i 4 22 5 it i 35 4
L AN [R) e FE PSNPs 5 5596 B 150 mmol < L™ NaCl &2
AR E RS AR R & i (P<0.05) , PSNPs BEUS I 55
1R R BE NaCLUX B SR 4 i 2 R e . ]
M1, PSNPs 5 NaCl X 3 32 41 17 1) 52 ) 564 38 Wy 45
PirEM .
3 iTig
3.1 PSNPs 5 NaCl BB 34 3 3 fh F 87 Z 9 520

AL F W, 400,800, 1 600 mg - L™ H 7 e JiF
PSNPs 38 fi 35 BEAR 3% S8 A 119 R 208 R 2F 3 R
ZEFRBORTE J1HRE, T3 SR B W &, 1 200 mg -
LR B ol o b= 14 % JC S 2 . A B
KB, AN [R) VB PSNPs S| R S Fh 114 e 25 38 L
ZEARE G 1 HR B3 e ZE BB Guo SE P 5
KRB, RA2 K 80 nm (1) PSNPs 23 i 25 F A% XU AE (Im-
patiens balsamina ) B ¥ & 25 R HK ZEH# R 19
W R BN VE . kS8 Iy 5 A SO W 5 45 2R
— & . Bosker ZFP3K ] 50 nm A1 500 nm AY 4% 4,5
NPs Fl MPs % 88 /K - #0F, & B 8 h Ji & ZF R REAIK,
HE—25 R FH 9t B U8 W J5 & B, K38 43 NPs Al
MPs 2x RAALERN B LB, D8R 50 MPs 23 iE A S| Fh

R3 BEZHENREBEIUNE TR ERS @& ERHIZ M0

Table 3 Combined effects of PSNPs and NaCl on growth of spinach seedlings

JiSEiEd| A AL SUR=R iYL AR R

Treatment SOD/(U-g™) POD/(U-g™") Soluble protein/(pg-g™) Chlorophyll/(mg-g™)

%if ## Control 664.36=18.03d 85.00+5.18g 3.0120.22d 2.40+0.06bc

PSNPs 200 653.98+14.61d 117.60+4.18fg 3.000.05d 2.79+0.16a

PSNPs 800 595.85+11.04e 138.5027.10ef 4.12+0.05¢ 1.49+0.16d

NaCl 50 710.04+1.08¢ 600.00+28.93a 2.33+0.12¢ 2.84+0.07a

NaCl 150 697.58+3.07¢ 312.00+54.67¢ 2.49+0.19¢ 1.2620.09¢

PSNPs 200-NaCl 50 494.12+1.05f 120.00+18.33fg 4.43%0.16ab 2.49+0.14b

PSNPs 800-NaCl 50 772.31£1.98a 480.00+37.99h 4.630.13a 1.0920.05¢

PSNPs 200-NaCl 150 457.54+0.63g 168.00+15.72¢ 4.35+0.19bc 2.22+0.17¢

PSNPs 800-NaCl 150 730.8022.27b 252.00+18.52d 4.65£0.13a 1.540.16d
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FHIRFL A SRR K o FE SR B SV E A 5
Xif A% 5L A F B B 4 R B % L 100 nm Y PSNPs 23 iF A
SRR, AR E TR TR 52 B, 3 6] RS2
MPs AR FP -1 & 1 2R A

ABEFE 1, NaCl L0 138 15 PSNPs B0 By 38 %
W SEFPF BB A5 2L, B 100,150,200 mmol « 17!
rh VR T 2H R PR SR I R R R R
ZEFREL S AR MR B & 1 50 mmol - LK
W BE LR 1 & 0B E . A T R B,
NaCl Jifr 38 23 1 3 B AR 3 32 b 19 & 25 38 Tk 2F 1
JEEUT i AV BT A A SR e 1 SRR 4 A,
FIRWFIEEE R S A RS TR E Y
NaCl #10 #1 Ff 187 & ) 3 22 J5 R AT g o H S 00 22
T BB AL KT N B R A

PSNPs 5 NaCl & 615 L A58 R B , w55 Wk 32 800
mg- L™ PSNPs 5 NaCl & &5 23 it — 0 R AR I S Fh - 1Y
RFH R FH R ZFIRECNTE T 485, RUR NaCl
X o= & A A P A ARV B 200 mg - L' PSNPs
55 NaCl & A A7 HLF NaCl B a8 I A 5 | 2 A5 Y
WA, O MR, MPs o] DLiE 2 W% BFE
HESREET, Y HRAGER T AR, MPs 2
T I HE IR AR B IR L AU 05 5y s 4
TR AR B B AN BN, A RBESE R B,
B WS IR Cd Xt /N 22 b7 2 28 7 3 ) 1R
FHES T Cd X K ) B K42 4 20 nm fY) PSNPs
T 2o 1 91 3He TR A 98 2 L 5 R 08 s A L (e LA Y Y
Ag' BB, TTTHE /i PSNPs 5 Ag' B9 T2 27,
B BIRFSE K B, R RERS 52 1 MPs Xt HILT5 Y i
W BRF 50, HL LA HIL I 4 S B 20, 1 5 26 MPs S5 8
W3 52 T T R A %) 5 ) i TG
3.2 PSNPs 5 NaCl BB 31 5 32 4h i £ K B9 &2 Mg

SOD #1 POD J& 41 B AE ¥ 9t A ik R 48 1) = g
THEAME D AR RN 0 B B RS AR
rh, PSNPs FLUMME R, 352401 1 19 SOD 15 P 7E 200
400 mg- L' PP IR R T i 2 AR Ak, T #E 800 1 600
mg - L7 15 W B 20 I 3 A, POD 305 1k Bt PSNPs ¥k JiE
3G T, 56320 T = J5 AE S s W 1 600 mg - L' T i
FIRT XL . BAH R S5 R 100 nm 1 SRR O M
PECIYIR T T /N v ST B, W 7 P4 SOD i
PE AR T 0 BREZH , 17 POD f4 3% M 56 B 35 T v 5 %
I, X SAM I 25 REEA—B, U LBEEPEm T
(R A ST A PR A0 B 7 A R S T
TG PE 0 FEAIC R B a8 8 LA B B RS2 L. B

B WFSE R B AR B 8 MPs 2 T A g A PN 3 4R
F14) A 6 TG 10 24 5 5 R, DT 4 i A () 7 S I 1) 7
PE T e Ve B 1) MPs 23 32 i AE P AR PR R T 8 5 i
W SRALAR B S AL T B A5 2R 8, AT 3 S80I U 2 114 o
IR0, 3 AT BE A 5E o SOD Al POD 1 b i 7% 1 A%
TRl EEHH Z— . T o, EARBFIEH, NaCl B
B4 S IESEY T SOD M POD i, B4 MBI
KB, NaCl Jpifl 2535 S L0 A 4 SOD 1 PEFH 5
T A6l POD (1) 1% PEBY, Bl NaCl p 38 /NZ D 6 d,
SOD i P T = 1M POD ¥ PEFEAREY, EaR g5 R S A5
— 5, R SR 4l i 35 2 E o 32 /& SOD 1 POD 3
PEE T R Ibh 8 1 S AL A A B AR

AR A SRt Y S 5 AN A W ) i 2
Bz — K 50EMBERT . Kt
PSNPs B0 138 BE 2 55 i % S8 4h i PR 9 nT s R
B R, HAE 800, 1 600 mg- L i e J& b PR H & 2
ETHE . AR EI,S wm BIE DGR
18 SRR /N I R T VR R T Y, X S AR
g T U B PSNPs B il if 5 | AT A AR
18 2 1 0 2 T L 3 T AR S5 vk BE R SOD 1
FEAR S AR R BT E AL B LA G 5 4h, FEAHIF
FE 1, NaCl R 38 25 5 I 3% S0 40 i 0% mT i 1k 2 1
i, BAWFIE R AR NaCl Brad o] fi JE A 9
AT 2R 100 B 1 DAGE IO R A 5%, {H Bl NaCl R JiE
FRIRE T, J 36 38 B — g RE R, a1 Az
SRR, SR R I, 5~20 mmol - L
fIC v B NaCl m i 13 32 4 i nl s PE R A & i, 24
NaCl ¥ B K F 30 mmol « L™ B, 3 2 4 1 14 m 5 P 28
o PR B B R 5540, Eh il SRR 5
/e I B e e N A TN o S R T L T S
ARSI 25 R — 5

HNIE ) 5 AT LA 3 e A R P I S 2R 1 B
e AER . AW, 200 mg- LR E
PSNPs Bl P36 5 |2 2 28 5 T, I Bl 75 PSNPs
WP R T, R R o B 0 RN, IR R S
FER I AR E R Lm0 C IR AR IS4 = /N 22 4
B4R S i W BR LI B T E kgt
RO B TR RS OR R IR S T8 b 5 i
TOK R B AR BE 50 mg- L' MPs 25| Bk
P2 28 B i G, B AR R v B 3G 2 R i i
R AR I B T B AL ; Lin PR R 206
BEERER /NG SLAR I S 2 0 B R e T
i BRI X 25 R AT — 3. A RIBE
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FER I AR FE AR BB R T KRBT 2 R T i
Ji R 2 5 vk B O R RE B AR E I R AR KA
IR AL SR A 5 P ARV B PNSPs 48 /55 4 28 7 ot
P AT BB D Rl 22— o T v VR B 1Y) PNSPs BRAIR 28 32 %
T F BEHL AT AR v R S R S A AR Y Y
ROS 7 & , il IR ZRARZ5 48, DT B AR I 2 28 1) 5
w7 AN, AT LB, 50 nm 1500 nm Y ERK L
I D IR 2 R T AR 5 IR T R A
NI 2R 28 9 S 2 A8 A Lian 557k FRLAR
93.6 nm 1Y) PSNPs 2 #5 4= SR 40 1, 4wy 4 3% 3 1 b
Ko DA g5 SRS A5 H AR —3, X 0] GBS R R
Fhs, LA e R F Y PSNPs BREAR JEARFN B B i & s
TG 22 A O, S3Ah  FEARBSE Y AIRHR B NaCl 5
38 B2 T B SR A A 4R 2K A, P R VR NacCl
BB RE NS &, XS5 A MR LR —
e,

PSNPs 5 NaCl & & 15 YL 9 WF 55 2 B, PSNPs 5
NaCl X3 2240 1 POD | il i M2 1 L rh 4 25 119 5 i ik
AT RFEDER .. BT R, B Imm
BEZIES Ph XK FE 4 1 AR 2R POD 9 30461 76 ™, fig
% 22 i Cu FI Cd X 7Nz 4y v 2 28 R4 il 4 FH 9, 3R
RONHHIRL S TR 48 B Z IR AT HUE,
X ARSI IR 25 A — 5 T A ARSIk
& PSNPs 2x 411 il NaCl X%} SOD #9375 S, — & F W
S AE RN, T 7 e B PSNPs 23 iF— 4 58 NaCl 1Y
B, ERICNIBRIEY . A R LB, IR
JE 1) MPs 2 2 i As X KRG 4l B 0 7 v SOD iy il £
F,MPs 5 As B HFESEHURON , 11 5 W B MPs 23 il As
X SOD [l , =2 K U [ ROW T, X 5 A 5T Y
g s, R T MPs 44 8 B T 2 W R
FH AR B2 1 PSNPs A e Na i TH5 92 1, 80
P )y T L R Nar i I B et DT RRAER T % 52 &) 1
NaCl {4 FH B , 1 =5 e B 1 PSNPs 1] LA 5 5 £ 1
NN i 7R N 0 T (5 P N i 7 2
PSNPs 5 R[] ¥k B (1) NaCl &8 4 % 401 1 A [ 45 4 14 5
Wil £ 7E —5E 25 5, D LA DN PSNPs X 3 38 2504 F #il
Y s i MLRRAS R 52 2% A e — 20 5T

4 it

(1) B A PSNPs ok i Xof g S b 5 A 52 Wi S B A1
R ZF AR R 2F ¥ R AR RO TR 5 AR 1
1A 2 5 B K PSNPs Jp38 X 35 352 401 v 04952 ) g 400
SOD FIE Y, S i Al TR S A & (R PR R =

1% WHART]

POD (3 ME |, $5z i W BE A ) POD T M | S5 1GR3 4 1=
ML, P ER BRI SR R A

(2) 5l ¥ NaCl P36 50 5 528 7 1 i & L 5%
PESEANE SOD FPOD {fPET &, AR AT A0
NI 2R A FE BRI O " VR R LA .

(3) PSNPs 23 il il NaCl X 35 =% Ff - 1 2% A 41 7l
YERT, 8 RIUNPMRME R 5 0 8 & & % i e 4 i
A RS IWSE e AR (YAE S
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