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WE: HARAEADFPARMMLERAN ETLEFT L LB LA BN ELBEFTEGRAATEEZL, AEXE
(Hemerocallis fulva) ‘Golden Doll’ 4 #X#, KA % M &K%, £ 50mgkeg ' 45 (Cd) 75 % F A AR ERILE (AMF)
54k Ty (100 mg-L ). T, (200 mg'L "), Ts (400 mg-L ') % JE 2 k = AAC4K (TIO, NPs) & - A A4 B A K | vf
GEATEERRAK, ARIHRAHK, CARKARBN RGN Hvh, DAEABREECITLTREEE LS4
ABALH CABOK A, BRAN: CAFTEIEMAZZNHRG., ftHM. R EHEPREZEDETHIEZTH, R
37 B} i & TiO, NPs #2 TiO, NPs + AMF & ) T AL M EF AR % ehdrh, 5 Cd Ak, Cd+T,+AMF &2
g EetEFa, TG EDb, o Fa+b, THEZTADARERT A ESHNEMT 53.8%. 29.7%. 48.6%. 18.4% A=
258%, "4 & %KAM P PSI & K AL F 3 & (FJF,). PSIL# £ & (F/F) fo b AL 5 3 X & 2 (qP) & #) 38 Aw
14.6%. 60.7% F7 67.6%, M XA FHR ZH (NPQ) E FTHAH, CdF A TEEL LR E P)., ABRE
(T) A=A 3LFE (Gy) 893K, Cd+T,+AMF L2 2 E 3 & P, BB, R4 R FKJE TiO, NPs = TiO, NPs + AMF &
HRBERTER LR RRACIAE, RETECIHE ZAHIFEIRE £ RAHK, EAD T A TR AHE (APX).
i B AL £ B (CAT) Ao kW AR SR R B (GR) 76 M, FF 3% v 3k B 30 AL 7] 30 3R B2 (AsA). 4Bk Ak (GSH) A & ¥ 3% BR
(TR A4 FREMELZAMAAME, SR, Cd+T,+AMF &332 E ¥ Cd 75 F Mo 09 30k 245,
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soil is of considerable significance for the prevention and control of heavy metal pollution. In this study, we conducted an
indoor pot experiment to investigate the effects of 50 rng-kgf1 cadmium (Cd) pollution on the growth, chlorophyll content,
chlorophyll fluorescence and gas exchange parameters, Cd uptake using Hemerocallis fulva (Golden Doll). Additionally, we
also investigated the antioxidant system of H. filva treated with an inoculation of arbuscular mycorrhizal fungi (AMF) and
root application of T, (100 mg-LfI), T, (200 mg~L71), T; (400 mg-LfI) concentrations of titanium dioxide nanoparticles (TiO,
NPs), as both independent and combined treatments. The aim of the study was to establish the effects of these two treatments
on improving the photosynthetic physiology of H. fulva and promoting Cd uptake in Cd-contaminated soils. The results
revealed that compared with the control (CK) treatment, there were significant reductions in the height, number of leaves,
and aboveground and root biomasses of H. fulva under Cd pollution. Root application of different concentrations of TiO,
NPs and the combined TiO, NPs + AMF treatment were found to alleviate the Cd-induced growth inhibition of H. fulva.
Compared with the Cd treatment, the Cd + T, + AMF treatment increased chlorophyll a, chlorophyll b, chlorophyll a + b,
chlorophyll a/b, and carotenoid contents of H. fulva by 53.8%, 29.7%, 48.6%, 18.4%, and 25.8%, respectively. Among the
assessed chlorophyll fluorescence parameters, the maximum photochemical efficiency (F,/F,,), potential activity (F,/F,), and
photochemical quenching coefficient (qP) of photosystem II were increased by 14.6%, 60.7%, and 67.6%, respectively,
whereas the non-photochemical quenching coefficient (NPQ) showed a declining trend. Cd pollution inhibited the net
photosynthetic rate (P,), transpiration rate, and stomatal conductance of H. fulva, whereas the Cd + T, + AMF treatment
restored the value of P, to a level comparable to that of the CK treatment in the absence of Cd pollution. Furthermore, root
application of different concentrations of TiO, NPs and the combined TiO, NP + AMF treatments were observed to reduce
Cd contents in the aboveground and belowground parts of H. fulva plants, increase the Cd transport coefficient, reduce the
enrichment coefficient, promote the activities of antioxidant enzymes, including peroxidase, catalase, and glutathione
reductase, and increase the contents of non-enzymatic antioxidants, such as ascorbic acid, glutathione, and total flavonoids
(TF) to alleviate oxidative stress on H. fulva. On the basis of the findings in this study, we established that the Cd + T, +

AMF treatment was the most effective regarding the reduction of the adverse effects of Cd pollution on H. fulva.

Keywords: arbuscular mycorrhizal fungi; heavy metal; titanium dioxide nanoparticles; Hemerocallis fulva; photosynthetic

characteristics; chlorophyll; antioxidant enzyme
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A AR FL B (arbuscular mycorrhizal fungi, AMF)
KA E 80% LA I Bl A= v S5 HE W 8 B3 A AR
e, 1E A A AMF SR8 KA S 4, 1
NAE e, AMF NI i 5 48 2 W W 57 23 AK 43 16 g

R RS I 2 RE A s . B RN,
AMF B REEMR R LT B m EEYEFIR
L o g I A M DT AR BB BRI AR FH L, AT
PR 10 AR B AR E 20 U T TE 4 R s e L
HH AMF B 22 18 32 TH B8 0% T2 B8 6 4 L S 5 TR 41 g
BEZH 2y JUT . 208 55 4 8 B A e & e 1F
F, M T A 20 AR R 4 B o0 1 ke i 3 e,
[E] I m Py E Y EE N ELE R TR
R S EAR R AR, ST AEMBE E4& R 4R
B HEIE ", Gao " B 5t K B, Cd Bl T AMF
RS R BB LK, R EWMEY G AR
o, YT Ny PSR R H AT PR
TR H I Cd iR FE . [, AMF & nf DUIE I 2 = 8
BRI G R R R RAERE Y (S K
P SRHEARE N &) AR kb B R o A AL P2 ) ok

http://cykx.lzu.edu.cn


mailto:Kechengkh240323@163.com
mailto:Kechengkh240323@163.com
http://cykx.lzu.edu.cn

640 B R %

oS

Ak 4 B o R B 4 2 UYL gl ok — A Bk (TO,
NPs) J& — i B A 5 W B v HLOG 25 1 4 8 A e,
REfE b B A K, Ssm i ) & R AL,
W 5% 4y 38 5 o B B A BF S E 2, Tio,
NPs f¢ % N FH T 5 & J& 15 4 L3112 52, Singh Al
Lee " RILHHERE 5 PSTL G RS R B 45 4, 3
FE HL A B RN I R A O IE B RE 7, AT i3E K
(Glycine max) %f 38 E 4 J& Cd I K6 L™
WAESE, Cd¥5 4%~ TiO, NPs 7] $2 & £ K (Zea mays)
)2k = S B UL R B AL (SOD. POD. CAT)
PR, B EWIN Cd 2 R Cd $EHCE . LA BT
FAESE T AMFEL TiO, NPs EH 2 H H & @5 J +
B RAEEYAEKNER.

H AT, &3t g komp B kY %
BE E G JE Cd T HE A OF AR E, H 2%
WFARUESRERAE B E M BRR T 82— 25, HE X
AMF — [ B — KM R =B A1 E Cd 5
BRI T8 AR WL o Bl AR S AR T A i
HEMEFNHEE, BT L BEES RS RMERES
ba bk LA 45 &, R A A R E S B
A6 PRI [l AR HE 4, B 5 2 IR T 2R A0 1% W TR
K, AT LR & B IR TS Y, N IB E W
G R T e TR T ORI R R U, AR %2
WE 9T 34 RVE . B 5 (Hemerocallis fulva) & B & FF &
YL FAEEAEY), BA AR KRR, i
S AR AN RRGESRRE , R IE E TR
77 T E A AR B R Y T, ARHE g bl
FORBE T %, 4RI Cd 5 Y L3N R AM H
I C e AS [F) ¥R TiO, NPs X 8 54 KL 358 il 0 1
VLR B AR e TR s e, R4 5 . AMF — [l AR A
M—WAME =BT SHARBEHEEE Cdis ]+
BRI S E KR

1 MR

1.1 RIEHR

1% H Golden Doll” & B A ik 44, 19 5 O 52 i
ISP B 7 B R R R | R A
75 ER8E W 0 e BT 4 M 1 R b, 3 R R A
B, LR AT G, EBERRA ISR,
If 2 mm 0. IR IE AR B T : pH N 718, H AL
JR A RN 2.12%, BA A BN 1.6 mgkg |, A R

BN 84.5 mgkg L A R & B 263.6 mgkg
Cd &89 0.09 mgkg '« BHR AMF B 78 7 KR
$e 5 (Rhizophagus irregularis), 1 #ir K AR H
A VN A SRR /i £ S [ i S/ N 1) A
(Trifolium) BT K o FF W) ]9 R AF T HAR R J H
R LR IRR B . S48, & 20 g £
it ) oh 7 %5 B N 260 D, B 2442 B F N 60%.
TiO, NPs (Bi4k2Y) AL TIHRREE KM A R A F
Feft, HAS N JROS, “FIRIfE <5 nm, HLREF 150~
300 m>g ', 4 B 99.9%. Hoagland & 75 F |- 3
P AMEHEARAF .
1.2 R

PRI T 2023 44 H—8 AEREHASHIRE
I rb s A BEAT, SR e e REAL B, JL i E 8 Mk
H . % I8 (CK). Cd ¥5 3 40 B (75 1 50 mgkg | Cd).
Cd V5 4 F K i 100 mg-L ™' TiO, NPs (Cd + T))- Cd i5
Y R ML 200 mg-L ' TiO, NPs (Cd + T,). Cd 5 %
ML jE 400 mg-L ™' TiO, NPs (Cd + T3). Cd 5 4 F i i
100 mg-L ™' TiO, NPs, Jf#F R AR 3% (Cd+ T, +
AMF). Cd ¥5 4 N # i 200 mg'L ™' TiO, NPs, JF4fi
F AR (Cd + T, + AMF). Cd 75 %< T R jiti 400
mg'L "' TiO, NPs, Jf 45 7l B B M fl FE % (Cd + T +
AMF), ST E AT 6 K. R Al S 0 B
F0.1% £ B R IEWOH % 25 min, J5 248K bk T
I TBCE AE B v A T4, Bl S B RE & S0 FLUEE I .
RrEBARKE 10 om B, 85— 8L AR
MR A7 K %, Forh 50 mg'kg ' Cd B CdCl,-2.5H,0
VB REEN 3 kg HIE R, WIE S A 4
B FT, AT 4 JE T AR 3 . Tio, NPs i
Tita ¥ £ A 1004 200 400 mg-L ', 2 [ 75 4 i 2 gy
WG4, 0 30 d Wi — UG, EmE 3R, AR
R ¥ H Pk A K 75 4h 78 30% [ Hoagland & 7 ¥,
F 90 d Ji5 WA AR BR 1 5% LA bR
1.3 MEERIRR G E
1.3.1 AKiEFR

FET 7 R £ % e 3 ) A v A B BE BN Bk
s B AL R R L R AT TR SR A bk
Ve g 5 i, B BT R, T 105 °C B AE
th %75 0.5 h, BEJG7E 85 °C FHEFZEAEE, 7051t 3
Hy AR R T o & .
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i PR E BB R, SR N R I e St R
(a\ b)s B b 2o & Sl R g Ak B 30
min, H] PS-1000 %Y 2 Tjj GE - 4% 3 2 G A0 5E M 1Y
M2 R K OGS MR BN ROGE (F)s I KOt
{8 (Fp)~ AT J6AA (F,) vH & PSTT & Kb 2 &
TRE (F/F,) M PS T ETE M (F/F,): 285 72 H 2R
TG 1 h J5, W5E 500 pmol-(m*-s) ' Y imfE T
W46 5% 56 (F,)s i K2R G (Fy)s Fa & %6 (Fy)o
A K R (qP) AR 6 50 K R4 (NPQ) 1)
THE AT

qP = (Fi, = Fo)/(Ff, = F{); (D

NPQ = (Fim = Fp,)/Fpyo (2)
133 HESH

THE R 09:00— 12:00, 40 B FEHLZE X 8 #RE
L I PR BE T B TP-3051D {8 45 200k & (G AT
W[ ZHCEE L IRBREE 1000 pmol-(m’s) ', H =
JRE 25 °C, R FE 70%, CO, ¥ F¥ 400 pmol-mol .
R BUE Fa Ja o il S 30F 6 B R (P 78 B H
(T AL T BE (G 4 B [7] B CO, WK % (Cy) 5%
1.34 H BRI R Cd & & .

K A S 5 WO 1SV (GFAAS) W & 18
Prf it B3 DL IR R Cd & B, it iz A
(translocation factor, TF) F1'& ££ & %{ (bioconcentration
factor, BCF). 1H5 AT

TF = Cds/Cdy:

g R B

g

S

BCF =(Cds+CdRr)/Cdt-

A : Cdg FI Cdy 43 ) & B F AR S Cd &
i, Cdp N3 Cd & &
1.3.5 PLEALERTE M AR PUAA Y S &

K A Wi I e PR I R O A Ak
(ascorbate peroxidase, APX) 7% ¥£; K H Al (NO;);-
NaNO,-NaOH [ 8 ] 52 & 3 B (total flavonoids,
TF) & 5 >R & 4 B2 21 i e vE W e 1 464k &
(catalase, CAT) & % ; 4 Bt H Ik i& J5 B (glutathione
reductase, GR) ¥ . LR LR (ascorbic acid, AsA) Fl
4 Bt B K (glutathione, GSH) & & il 5& 15 R H 2= &
AP R A

1.4 HFELLIE

K H SPSS 22.0 AT BN & 7 Z b UL K E 7
BEVER I (LSR V%, a=0.05), 2 T H¥E NP HME +
FrufEi%, % H Excel 2003 & AEEE .

2 HR50M

2.1 AMF 1 TiO, NPs 3 Cd £ TIEETE £ K
e AR A R

W 1T, CAisH R, & H RS 4
EEBAN R T R 23 R B (P < 0.05), ISINAN [
W ¥ TiO, NPs B¢ TiO, NPs + AMF W] 1 Jjji & % £k
B Mt B EROR R T R S AL E R, A
AMF 4b B X5 & B bk A 2500 (i k2 R i T
fih 4 B ; Cd + T, + AMF 4 B fl Cd + T; + AMF
MEHREEERSE S ERMRATRE, 5
Cd AbFEAHEE, Cd + T, + AMF 4b 3 i b 36 FIAR &
TR o A IEIN T 49.7% Fl 53.4%, Cd + T3 + AMF
Ab B R BB AIRR & B A A T 43.9% M
43.8%. % b, Cd il Cd + T, + AMF 4b 3 %} 25 %8
A KR AR g 2 R e T At AL 3

22 AMF F TiO, NPs 3 Cd iS5 T IBEE XS
BREESENE

W2 frdl, Cdis R, BEEM4E a. 4 ER
b &K a+b MK ab MKPAE FEFEWE
N EiEH (P <0.05), %I04 F K E TiO, NPs 8¢
TiO, NPs + AMF Al INEF e & B R & &, &0l
H1, Cd + T, + AMF 4bBEXF 4% 25 a. IEER 3R by 4%
Fa+b MHEE ab BRI R & &, B Cd A 5
BN T 53.8%. 29.7%. 48.6% Fl 18.4%. Cd+ T, +
AMF A-HLI Cd + T5 + AMF Kb FE 35 SR B3 N &
BRI HECR T T A A, T Cd 4 4 )
W T 25.8% F1 23.9%. LA AT Al A1, CATG R R
Cd + T, + AMF b B0 & B e & B 5% & B IR AL
REHT .
2.3 AMF #1 TiO, NPs X} Cd 5% 1+ 1% = Bt 4%
ZERASHF N

WE 1R, Cdis 43T, &5 PSITH K F/Fo.
PS I F/F, 1 qP % 3 Ath 4b BT F%, 10 NPQ M) %%
e Cd ¥5 3 R U INAS A3 FE TiO, NPs B TiO, NPs +
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Table 1 Effects of TiO, nanoparticles and arbuscular mycorrhizal fungi on the growth of
Hemerocallis fulva under cadmium pollution

pised B R M T A AT P&
Treatment Plant height/cm Leaf number/piece Aboveground dry mass/g Root dry mass/g

CK 37.8+3.0a 16.3+£0.3a 2.74 £ 0.05a 2.48 £ 0.04a

Cd 20.3 £ 1.6d 9.7+0.3¢ 1.73 £ 0.06f 1.46 £ 0.04g
Cd+T, 23.0+0.3cd 11.7+0.3d 2.01 £0.03¢ 1.61 +0.05fg
Cd+T, 25.1+1.6¢ 13.0 £ 0.6¢d 2.18 £0.03d 1.85 +0.05de
Cd+Ts 24.0 £ 1.4cd 13.0 + 0.6¢d 1.98 £0.03¢ 1.73 + 0.06ef
Cd+ T, + AMF 34.0 + 3.7ab 15.0 + 0.6ab 2.40 +0.02¢ 1.97 £ 0.07cd
Cd+ T, + AMF 35.0+3.9a 153+ 0.3ab 2.59 £ 0.04b 2.24 £0.04b
Cd + T3 + AMF 30.2+2.3b 14.3 £ 1.2bc 2.49 +0.03bc 2.10 £ 0.02bc

CK. Cd. Cd+T,. Cd+T,. Cd+Ts;. Cd+T, +AMF. Cd+T,+AMF. Cd+ T; + AMF/ B R5 . ¥iN50 mgkg ' Cdv Cdis 4 AR
100 mg-L ™' TiO, NPs. Cdi5#: FAHRME200 mg-L ™' TiO, NPs. Cdi54: FARME400 mg-L ™' TiO, NPs. Cdi5 %4 FHRHE100 mg L™ TiO, NPs - Hf REAR
TR . Ci5Y FiRMN200 mg L TiO, NPsIF 45t RIUARTIZE R . Cdi5 e T IRIE400 mg-L ™' TiO, NPsH A RILIRE R . TRNES FRFERT

[A] Ab B ] 22 53 2. (P < 0.05)0 R IAl,

CK, control; Cd, added 50 mg~kg7I Cd; Cd + Ty, added 100 mg-Lfl TiO, NPs under Cd pollution; Cd + T,, added 200 mg-LiI TiO, NPs under Cd
pollution; Cd + T3, added 400 mg~L71 TiO, NPs under Cd pollution; Cd + T; + AMF, added 100 mg-Lfl TiO, NPs and inoculated Rhizophagus irregularis
under Cd pollution; Cd + T, + AMF, added 200 mg~L7| TiO, NPs and inoculated R. irregularis under Cd pollution; Cd + T; + AMF, added 400 mg-LiI TiO,

NPs and inoculated R. irregularis under Cd pollution. Different lowercase letters within the same column indicate significant differences between the

different treatments at the 0.05 level. This is applicable for the following figures and tables as well.

T2 PARCEURFMAREREEN CASRTEELARRSENTW

Table 2 Effects of TiO, nanoparticles and arbuscular mycorrhizal fungi on the photosynthetic
pigment contents of Hemerocallis fulva under cadmium pollution

it Fa+b w4k Farb KB N
Chla+b/(mg'g ) Chl a/b Carotenoids/(mg-g )

SO M4k Ra -4 2b
Treatment Chla/(mg-'g ) Chl b/(mg-g )
CK 1.078 £ 0.028a 0.252 £0.002a
Cd 0.641 £0.012¢g 0.182 + 0.004f
Cd+T, 0.724 £ 0.005f 0.208 £ 0.003¢
Cd+T, 0.825 + 0.005¢d 0.224 £ 0.002cd
Cd+ T, 0.767 £ 0.006ef 0.217 £0.001d
Cd+ T, + AMF 0.854 + 0.015¢ 0.228 £0.001¢
Cd+ T, + AMF 0.986 + 0.019b 0.236 = 0.003b
Cd + T; + AMF 0.803 + 0.005de 0.221 £0.002cd

1.331 4 0.026a
0.823 +0.013g
0.932 £ 0.007f
1.050 + 0.005¢d
0.985 + 0.007¢
1.083 + 0.015¢
12234 0.021b
1.025 + 0.005de

4268 £0.147a
3.518 £ 0.097bc
3.477 +£0.039¢
3.674 £ 0.049bc
3.527 £ 0.031bc
3.737+£0.072b
4.166 +0.071a
3.626 + 0.040bc

0.209 + 0.003a
0.155+0.001g
0.167 + 0.002f
0.184 +0.001d
0.176 + 0.002¢
0.189 +0.002cd
0.195 + 0.002b
0.192 +0.001be

AMF ¥ o] 14 i & % F /F,. F/F, fl qP, {H (¥ K T
NPQ. & 4b# i, Cd+ T, + AMF Z4# A1 Cd + T, +
AMF &b PR X5 5 5 F/F,, 13 7 ROR & T HoAh 4 22,
Ee Cd 4b FE 42 5 T 14.2% F1 14.6%; Cd + T, + AMF
Ab BN E B F/F, A qP AR FHOR B3, o AR s
T 60.7% 1 67.6%. Cd+ T, + AMF B Cd+ T, +
AMF b B0} & B NPQ 1 4 ) 26 AR T A Ak 2

i b, CAdV5 Qe ] 1 & B F/F, F/F, 1 qP [ 3
£, Cd + T, + AMF &b 3 2 % {2 3 5 &= F/F,« F,/F,
H1 QP I3
2.4 AMF F1 TiO, NPs 3f Cd i3 HIEEE S K
RS

WK 2FiR, Cdis 4T, & P, T, fl G, 3L
fib 4b BRI R IR T B, T C W R IAE e, R

http://cykx.lzu.edu.cn


http://cykx.lzu.edu.cn

%3 PUEI TR R S

IS T R TR R A oK — S A B B O A AR PR A ) 5 T 643

T
g

g

Hos
s
Hhg

PST S K633 (F/F,)
PS II maximum photochemical
efficiency

0.6 |
04
10
: b
8t b b
I b
c I
6 =S

B2 KRB (NPQ)
Non-photochemical
quenching coefficient

K W % % Y% b @
2,2

AbFE Treatment

’><{7 ><(7 X{Y
Yo Y g

5_

%M
H+H
%M

HF

PSII AR (F/F,)
PSII potentialactivity
w

3]
T

0.8
E'%1)06-21 be 7
S, ., N
3 —I
W& o
X 8 04 e
'ﬁ%
g
SN
R 202
=5}
0.0 1 1
C C C C C C
CK Cd O’X)s O'X); O)XZ»Q’X)) O'X);O'X)s
7 < N /X(Y\X(YJX{Y
'y, Uy,
L H Treatment @ e

E1 CASETHR_EURMAREREFENEEHRRRALSHNFIT

Figure 1 Effects of TiO, nanoparticles and arbuscular mycorrhizal fungi on the chlorophyll fluorescence
parameters of Hemerocallis fulva under cadmium pollution
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APX, ascorbate peroxidase; GR, glutathione reductase; GSH, glutathione; CAT, catalase; AsA, ascorbic acid; TF, total flavonoids.
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