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Abstract:. Rice (Oryza sativa L.) seedlings were hydroponically cultivated in different concentrations
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of carboxylated multi-walled carbon nanotubes (MWCNTs-COOH) (0, 2.5, 5.0, and 10.0 mg/
L), 50 mmol/L mixed salt ( 1NaCl : 9Na, SO, : 9NaHCO, : 1Na,CO,), and mixed salt +
MWCNTs-COOH for 10 d, respectively. Several physiological and biochemical parameters
were then determined to investigate the phytotoxicity and ecotoxicological risks of MWCNTs-
COOH and joint exposure with mixed salt on the seedling leaves. Results showed that reactive
oxygen species (ROS) , including superoxide radical (O,”) and hydrogen peroxide (H,O,),
were induced non-significantly by single MWCNTs-COOH treatment compared with the control.
However, O,” and H,O, were overproduced in the mixed salt treatment group and in the
combined treatment group. Mixed salt combined with  MWCNTs-COOH aggravated the
accumulation of O, and H,O,, with obvious concentration effects. As signaling molecules,
ROS enhanced, at least to some extent, the total activities of antioxidant enzymes (i. e.,
SOD, CAT, POD, and APX) in the different treatment groups. The contents of chlorophyll-a
and carotene somewhat increased under low concentration combined treatment compared with
mixed salt treatment. After combination with mixed salt, the synthesis of soluble sugar and
proline were inhibited, conductivity and production of
malondialdehyde ( MDA) were significantly enhanced. The increased activity of antioxidant
enzymes and production of chlorophyll-a and carotene are likely crucial defense mechanisms,
which are beneficial for the alleviation of oxidative stress and damage, as well as for the
maintenance of photosynthetic electron transport and thermal dissipation of excessive light
energy in O. sativa seedlings. This study demonstrated that single MWCNTs-COOH treatment
caused a certain level of oxidative stress and defense response in the leaves of O. sativa
seedlings; furthermore, combined MWCNTs-COOH and mixed salt treatment aggravated
oxidative stress and damage.

Key words: Oryza sativa; Carboxylated multi-walled carbon nanotubes; Saline-alkali stress;
Oxidative damage; Antioxidant enzymes; Osmotic adjustment; Chloroplast pigment
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5RAHA A, B A +MWCNTs-
COOH & A 4H 1) REC X 5 W 134 W 1% 75 T v A 4
B A BRAL R R 22 5% (P > 0.05); MDA
TRIGAEF G, Kb, 10.0 mg/LIRGEE +
MWCNTs-COOH #H ) MDA & & W 3 7+ & (P <
0.05),

R4 £ + MWCNTs-COOH & &4 5 MWC-
NTs-COOH 2—41 4 1, REC Fll MDA & #7E4%
e MWCNTs-COOH 2/ M ¥ Fr—dl, H2:
FRE(P<0.05),

3 itig
3.1 MWCNTs-COOH, E&# R HEE &ihiExt
KFEGE O, F=HEEEM H,0, 2N

FaYE 4 Ak R4 O H,O,, b fiThE
FRiEEK, ARGRAAILEE ), FROMIEHEA(ROS) .,
EVR R ROS X AR Ky FHABHAEM, o4
R AT, DR AH M 25k FI i Be, SRR
SEAMMIET P ® ) AWFSEH, MWCNTs-COOH
BT QM H, O, 77 A F R AN
() JE R A e 5 A 0 S K R A G, UK RS A &
R TR b B s o T, L OE W B 3R MK R OB R
WHNa &R mARR, Rk MWCNTs-COOH
B, KRB Na &R %, TfEds
UL ROS K& ES B, EFIRAHA
KiR4AEE + MWCNTs-COOH & &4 kEiAES: O,
FH,O, R =4 2, HAFRAEE + MWCNTs-
COOH £+ MWCNTs-COOH i, O /A i
FHH,0, 1 B E WK, WHIER, —hH
5 MWCNTs-COOH 7 & HA — & 14 3 MR N A
X, HERAGHE GG R4 T 28 5 [FAE
M, SERa IR S — T RE S T
MWCNTs-COOH # A K #F &y i it Fr J5 T 3 808
FROCR KA K Na* Kt & F£A ¢, S uiiE Na'/
Kok R i T8, ROS 1Y K f = A Fn BRI A Bk 25
PRI KRG I R 28U SR i ae 5 N A, B
5 R T P 40 i 4E T ( Programmed cell death,
PCD) #", DAfE % B WF5E IR IE 52, MWCNTSs-
COOH MR rl Sl AR s SR ou R KM, Na*
B ROS =4 fl RRUF S BRI 5 AR
uﬁ[m, 15, 16, 30, 31] .
3.2 MWCNTs-COOH, E&# R HE &ihiE Xt
KFESE 4 M ELEEENm

ROS WIAENE 5 40 F R IERUAE T, e 5 4%
F a0 I 305 15 5 5% ol B2, 5 AW RO B AR
N, BRI PN, G0 ROS Al SAE YL
FALBRGMETE S, DS E ROS A H 3, I
RO BRIE TR IE . 25 ROS T BRI 1
Fi e b S Ak R 4008 % 2445 SOD, CAT, POD
FIAPX % A5 %, MWCNTs-COOH H—2H i
SHUA AT TG T AN B R, X R — MWC-
NTs-COOH Ab BRI A 1 B /K 7% 4y 5 v R 4804k 1 3
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JMIE PRI X AT RS K R AR B LA AR ) T 0
A5 5%, MWCNTs-COOH Bi— 241 $1 S Ak B 16 7 Y
AL IR H ROS AR (b A AR — B, &
P EALEEEYEE IR A + MWCNTs-COOH 24
HPAFFEE W, £ ERE Fid 7 ROS
R, SR T S AL e B4 5 & vk B i IR
A3 + MWCNTs-COOH £ 4 Flifp 48 1k B
PR ZE ik, H POD HI APX filiif it B E K TR A
(P <0.05), XKMMH ROS 7 it 1A Wit
i, AR AR R R, s ROS B T
B R RIEBRAE 1, PUAALES RS XT ROS 1Y
R RSO A, SRR S T 2 8 &
MR B, X 5 A 56 2% 0O Xt A 5 4 v A
MWCNTs-COOH &4 Pb + Cd &4 FHi A LG
PERIBFTEEE AL, TEAE 0, 4 P& L
TEPELEAR [R) 30 25 78 5 A2 fb R A 1Y 22 S5 3R W] L X
ROS 13 B 1 K Ut sl 52 1 AR 2
3.3 MWCNTs-COOH, BE&#H KR EE &g 3t
KEBHEHREREZSENEMN

1R SEAT A T ) S A €8 AL I R (g
Ra MuERb), KW MR(HAY MR, HE
F)MKE, HMGRENREEMLE AR, 16
RERA AR AL b s f ol 2 G E ], b4 & a
AL PST | PSTH R b E GRS G, T
JCREMARAR A 1 h R B e E b
FETHOCORE ST, HEAGMHRIHEE G
MPERIT il g N 2 Mo e i 4l Bh (%
ALK OR ERBIZ IR A M 4 R a, HHTEEZN
YERTEX I ROCRERFERL, VIRIOLE REEAZ
B0 MR R B SO, T
BT, DR, HRRWEESEI; mfER
PRy RIS RS EARE, AR,
Tt & MWCNTs-COOH B —2H #ill & 2 1R & 3k +
MWCNTs-COOH & &40, 4% a ¥k MWCNTs-
COOH ¥ B ry iy KRR Rk #, H 10.0 mg/L
MWCNTs-COOH . — 4l 5 X f 41 #f Lk 2= 5 &
F(P<0.05), 10.0 mg/L iR &3 + MWCNTs-
COOH 411 % fir 47 Ab BRAL P A e AKX 1 e
BT SRR RE . SRR, ERERNEERN T
G HL AR R AR B R BRECE RO R G SO O A AR
Yio, WMERRSE=4: ROS W EEM MR —, IEH
O AR N ROS 1477 A5 RV B b F 30 245 - iy

RAS, AR R PR 30 25 S B B b e 7]
ez g, SbE B FE®ZHE, 51k ROS =4
IR S NIRRT
4% a e TEE MWCNTs-COOH i 451 T 2
REAK, A5 B WLl =z s i A e, X5 Rk
O, 77 A= 8 R A1 H,0, 7 it 75 % W ¥ MWCNTSs-
COOH &M F K =A: fl BRUR A —2y, 8
NS RIERAE + MWCNTs-COOH &4 5
TR A ERUAR L S B e 5 AR e 3, i ek
RS ER A S5 R B ) MWCNTs-COOH 1]
Ph—E FEEE IR K R B AR ALE , 5 R
NRIE, XS M RALSHAX S FDOGRE
PFEH R T e % VA O
3.4 MWCNTs-COOH, B EHEE&SHEBEX
KFE4hE SS #0 Pro &= /I3

LRI XY 05 B WA, BB iENE
HETRE, BEME AT SR BOKBRRL,
FERRMOK FRIME, DT K 20 5 SRR 20 i 5 1k
HERAERN, BIRAYARERAL, miEH 4K
REE AT YRR IE 040 M A BT BE RS B
P PRI S AR TP B T R BB B
PR AL, RSE A K A B T 5 LA
A, AEFFANM N AR AR, o SS Al
Pro 45 B2l W) 7EEh i P8 4518 T 7 R i EZEA L
BBEMATYFRS T ABFsER, #— MWCNTs-
COOH 4b#%F SS il Pro 253838 J# 45 ) i i & ik
AR R R (BRI A R W A4, MWC-
NTs-COOH A B & T4E T SS Hil Pro 4525 14
T E R, B MWCNTs-COOH ¥ Ji 1y 1%
hn, R4 4 + MWCNTs-COOH & 4 4H 119 SS #i
Pro St RIS, HESRBAM TG
4, I RIS R R R T B AR IR A haa
24 F MWCNTs-COOH HIIMA NN B IR 1 40 g Jo
B e, B EE RS E TR, 2
fede, M@l Ca® |, KM & E 3R K4t
B, i Na®, CITAE R, ok o™ & 7k,
YA PN B R, ACIEEEREL IR, REC %k
PEAUE T 3X—pi . T B4R 0, KAEN 7 AE i
B0 A5 0F T 38 A 2 AR 18 33 R 1 ) IO DA 2R 0 e P
IR RE S R PR, B SS 1 Pro X 5%
SER DN PR S R A el [N S i STER: S U
W, B R Y A R gl sz A
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F, REIRZAEMEAERMET, X 56—
SRR IR 86 M FR AN A BIMIL I B 2 o
FEMIRR &Iy i R B0 B 5 rh e 30 Bt o £ ol e
BN, FEYIARN SS Fl Pro it £k b if e B A
19 12550 %7 ) 5 SR — B
3.5 MWCNTs-COOH, B&#H K HE &iriEXt
kTB4 85 REC 1 MDA & E M0

REC #1 MDA 5 J2 1y ek 24 o 5375 14 7R 240 el .
B A AR5 B (N LR b, — A B P
R R B 5 06 5% ol 2E 9 A G, REC ok, 4
JRLRSE ) 3 35 o M 2514075 T MDA 2 BRI 3 4R
Ao i 2 —, HEENEZ /D EERIT
BERGE I 15 FR Y ARWF5E R, REC Hil MDA
TR EFRA I AEF, MWCNTs-COOH Hi—
I REC 2 AW EFHE ¥, 1 MDA & & 5 X} it
AT, AT LLUAK, EIREPImA MWC-
NTs-COOH i —E F2 B I 5 FOUK RS M- R 40 il i o8
PERYBGIN, ATRET | & 41PN F R BT A B Na ™ 7
R, M K/Na kA, B i TAS Y KR A
BB — W SR 0 AE )1, HIE# KR E R
Na B A B, DRI I oA ok 200 it 5 B s i ) 8 4 5t
Fibifi. X5 & MWCNTs-COOH B — 41 fiy
ROS KAt AL iy AR b M A 2 AHAR & 1, IR A
A FNR A4 + MWCNTs-COOH & & 411y REC
IR R e 38 m KF, H 5 XF B4l B2 MWCNTSs-
COOH H—4i M 22 5+ W% (P < 0.05), BB
JEEE R R, BERRE M W RAL, X ™
S AN N B8 SR T R A, 51k KT, Ca?”
IR EAIMNE i Na* i) K& 4E . ROS Kt = A il
RRUFREEMAB S — R R G R, X5 Be-
gum IS B 7 R WARVEMI A 2
A MWCNTs RS 5% 15 d 5, KRSt
PR AR PN ) R AR Y i A R M B ARG T IR 5
AR, FIEE, FRATHEE Z 25 Z 60 1R &+ +
MWCNTs-COOH & &4, & 411 MDA % &
e T MWCNTs-COOH H—4 x4, HiRA
£ + MWCNTs-COOH & & 411 MDA 7% & 2 AW
I, RS TIRAG A, XUlBEKFED
20l 7 — R E W WAL, BT AMNE
MWCNTs-COOH WA, I#BIA T 4l ROS
FEAESERRZ AT, T30 ROS MR (1) AS 7 3
i, IR T A AR R R R L AR, SR

AEYIRE BT, DNA Fil RNA 455 A 8 Ak #6145,
MK R R E R ME T, WA S EHRIE
]\:[33] .

T EAR 2 CNTs 53 4l il 7~ £ ROS & H:
SHE A= A T LR, Xk
SCESBFSERTIESS . {H2, CNTs B4 ¥y dE AR K ft
B LTI B 5 O B ) AR A R 2
AWF5EH, MWCNTs-COOH 81— kb B X} 7Kk F 40 i
() M AION A B i ) 2 22 I PR AT g & MWCNITs-
COOH M3 E, LIFENFFEh MWCNTSs H
— b BEXF AR R B AR AN SR ) CNTs ¥R &
VLS TASLH P iy 8 — CNTs kb ¥k i s2pr
I, FHOCWFFE O UE 56 A3 AR R AR BE (+38) h
) CNTs & 25 10 mg/kg, 7F & 2 5% 3 85
CNTs BHCE I E % 20 mg/kg ™. AW i &
f) CNTs ¥ JE 5 45 A B S UL o F 45 21 1Y) 52 B
CNTs PRBE ( +-38) Bl B, A5 & A 2 M
G LATS e e B IR BT rp ) R BR BEAE 7T A
AR AR UE

4 it

2% FFR, MWCNTs-COOH Bf— 4 75 — & ##
JE AT TKRESE T i 4419 O, F H, O, iy =
AR, MR A R4 AR Ak +MWCNTs-COOH
HEMANES T KRt F 42l O, 1 H,0,
R AEMRER, HERSEH+MWCNTs-COOH
AU MWCNTs-COOH ¥ FE#k i, O, 7= 4=
FHH,O, M BREMK, ROSfERES 4 TiAT
T AR BA TR PO A ERE M  TEE, fE—E RR
BT ROS R R, S 1A L Ia B, 5
RAAML, IRAE + MWCNTs-COOH E &4
it 2R K a A D &R & IR E MWCNTs-
COOH 41 F—m BIE R T, XTI KAEM A
IE 0 R TR 3 B ) i ' e i AFE HIUR A 25 19
MWCNTs-COOH 5 iR & # & & 5 M6l 7 SS #
Pro Z2i& AT B A N, % T ROS MKt
FEAEMZE, 58 REC fl MDA &1 B E T,
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