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Effects of Pb stress on physiology and main rhizosphere characteristics of
Hydrangea macrophylla

SONG Yunjing, JIN Jing, ZHAO Bing
(College of Landscape Architecture and Arts, Northwest A&F University, Yangling 712100, Shaanxi, China)

Abstract: [Objective] The objective is to explore the effects of different concentrations of lead (Pb) stress on
the root growth physiology, root exudates and rhizosphere soil nutrient environment of Hydrangea macrophylia,
and analyze its adaptation mechanism, provide a scientific basis to repair lead-contaminated soil. [Method]
The effects of Pb [0 (the control), 500, 1 500, 2 500 mg-kg '] stress on the growth and uptake of Pb, root
oxidative damage, root antioxidant system, root osmotic regulatory substances and root exudates, soil physical
and chemical properties, soil enzymes and rhizosphere Pb chemical morphology were studied by a pot
experiment. [Result] Pb stress inhibited the growth of H. macrophylla, especially under 2 500 mg-kg' Pb
treatment, the biomass decreased significantly by 23.7% compared with the control, but H. macrophylla had a
certain tolerance to high concentrations of Pb. The oxidative damage caused by Pb stress on H. macrophylla
was alleviated by increasing SOD and POD activities in the root, increasing GSH content and enhancing the

antioxidant capacity. H. macrophylla also increased the content of osmotic regulatory substances. The soluble
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sugar content reached the maximum under 2 500 mg-kg ™' Pb treatment, while the proline content was opposite.
The root could secrete fatty acids and amines to maintain cell structure, eliminate reactive oxygen species, and
the increase of glycolic acid secretion promoted Pb absorption. Soil microecological environment was improved
under Pb stress. The activities of sucrase and catalase in rhizosphere soil reached the maximum under the
treatment of 2 500 mg- kg ' Pb, which effectively improved soil nutrients. With the increase of Pb concentration,
rhizosphere pH value decreased and EC value increased, and the exchangeable ionic state and carbonate binding
state of soil Pb accounted for 2.03% and 8.09% respectively, which increased the available state composition of
Pb and was conducive to the absorption of Pb by H. macrophylla. [Conclusion] H. macrophylla has good
adaptability to Pb, and can grow normally in soil with high concentration of Pb and improve the physical and
chemical properties of soil. [Ch, 2 fig. 4 tab. 40 ref.]
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Figure 1  Effects of Pb stress on the growth and root morphology of H. macrophylla
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Table 1 The growth parameters of H. macrophylla under Pb stress

R A (mg-kg ) i (g k) WA B K/em AR HE Y em? YK i 32 H6 550/ %
0(ck) 31.14+0.39 a 5395.37+211.58 a 3444.48£115.29 a 8260.62+392.67 a 100.00 a

500 26.10+0.08 b 3 800.38+136.66 b 2346.04+74.01 b 4741.27+80.97 b 72.22+0.46 b

1500 25.17+0.06 ¢ 2 658.66+150.63 ¢ 1610.68+52.75 ¢ 3784.25151.52 ¢ 66.09+£0.74 ¢

2500 23.77+0.47d 2204.41£79.11 d 1432.78+91.62d 3207.75£95.11 d 56.41+0.43 d

LR Bl IR E2E (n=3) ;s [RIFIAN )/ NG T RN AN R Ak B B] 22 5 i 35 (P <<0.05).

HLORRBK . R R EEURAR IS RE & W8 T 5 B0 8 0 2 AL (P<<0.05, 1), 2500
mg-kg ' FIACHE R YA RRAR, JEEREE R REUEAR . T Z IR T 50%, BLE AL HA %
SR [ TR 37 B 7
2.2 SEBMBXT)\ LT 5 IR Ui B9 220G

Bf A R R BRI, S MIEE R, 5518 RECE TR, b b B 5
TR (R 2). A ETAEIE G M T A T A A = T AT R A, R \INAE 3 R [
HREB . Bl AR BRI, A R B T RA E AR T 27.1% . 50.0% Fi1 58.3% (P<<0.05).
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Table 2 Pb concentration, enrichment coefficient and transport coefficient of H. macrophylla under Pb stress

Y5 (mg- kg ™) b FRE/(mg- kg ™) R A/ (mg- kg ™) HERE HE ZB
0(ck) 2.44£0.06 d 6.24+0.12 d 0.48+0.06 a 0.39+0.02 a
500 14.25+0.13 ¢ 121.33+0.22 ¢ 0.35+0.05 b 0.12+0.01 b
1500 29.83+0.63 b 256.83+0.38 b 0.24+0.01 ¢ 0.12+£0.01 b
2500 36.00£0.50 a 448.38+1.88 a 0.20+0.01 d 0.10+0.01 ¢

LR BRI HRRIEZE (n=3); [AFIANIR)/ING 5 B3R R [ ab B A] 22 5 . 2% (P<<0.05).

2.3 $REMEX /LR RZELBRG HEXRENSERTYRIZM

AT 2 AT L, B R 0 B A B N, IR R HL,0, it 7 B A X 3 R 8 % i L T
2 B 30 A (A P 1R 9 HaO, FUER X 4 R B3 SR A it s, A rE R BT T n o /\AIlIAEAR & v
SOD. APX {14 S GSH Jit it BE /R Ve B . AsA [t f 43 B3l 485 0 o 43 50000 T i 2 5E T e R BR i #4
POD I 1 B o 40 i TH s i A s . b SOD. APX 17 & GSH Jit 1 E /R Wk B 7E 1 500 mg- kg™ 4
AEPEE R o AsA BT 20 E07E 500, 1500 mg-kg ' BT ALEE T 3 & FXTIE (P<<0.05). POD i H:4F 2 500
mg-kg ' HTACBRET f R, CAXTRRY 2.2 4% BEE PN TR B BN, TSR R SO W
T 25 M 2 I e 20 500 2 e T R e T R 3, 500 mg- kg 4 A B st T 0 I e 40 B80S B e i o
2.4 $REMEXT)\LTEIR R4 YIRS 0T

H e 3 AT 0L LRI E] NAEAR R 43104 249 F, HoAp AR & B i 2 W90 AR IR, fc iR
IR 1500 mg-kg " HALHEL M IBYIBCR I Z (78 Bl HIA T /N IIAERR 28 505 R W R AR X 75 e e ok R
B3 T (P<0.05); A HLER AR & & BEET BT/ B K 208 ETHERRIRA 4%, 7F 500 mg-kg ' #4b
PN IS fe iy s ZAERRARNT B 7 2 500 mg-kg ' #PAEFE T A5, 500, 1500 mg-kg ' HALIET W2 AR
(P<<0.05); #Hria T ik AL A YA & IR T X IR (P<<0.05); 45 # i b BT R 2R AR X 5 1 3
TXTHR (P<<0.05); BEZEBRT 1500 mg-kg ™' HYALEE TSN HEAL Y 69.7%, HABALEE FARfEAS B3 .
2.5 $REAMBXT)\ L TE 3 B R BREFAE Y R0

M2 4 770k . 500 mg-kg ™ FYAbHE R -3 pH B X IRTC B EAF L, 1500, 2 500 mg-kg ' AP
pH & & [ ik (P<0.05). + 3 EC7 500 mg-kg ' 4% 4k B F i 3% F B (P<0.05), 7E 1 500, 2 500
mg-kg ' FYALHL T B3 F A (P<0.05), Ab PR - 5 BT RS BB R ZH 43 I RGN T 18.6% .
18.6% . 25.8% (P<<0.05). - & e ¥ it A1 ok 480 Ak &0 il 305 e B 1 8 405 o 3t 20 0000 185 I 3 hm L 2 500
mg-kg ' BTAC PTG d R o A MR IR R 1 R R T O 25 BT FRER S, Hodh 1500
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Figure 2 Effects of Pb stress on oxidative damage, antioxidant system and osmotic regulatory substances in roots of H. macrophylla
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Table 3  Effect of Pb stress on the quantity and relative content of root exudates of H. macrophylla

WAy i) AR 52/%
(mg-kg™) Mo Rz AHHLER HER  BKIEY SN (S JHeks Fifil
0(ck) 73 25.6240.69b 12.33+047b 2.79+0.10b 9.54+0.06a 19.38+0.09a 12.77+0.54a 6.34+0.30c 11.23+044a
500 52 25.50£0.32b 17.28+0.12a 1.76£0.04c 8.40£0.10c 19.82+0.57a  8.08+0.18c 13.83£0.65b  5.68+0.03 ¢
1500 78 26.1320.74a 11.17+0.51c 0.85£0.04d 8.93+0.10b 13.50+0.13b 12.32+0.56a 18.10£0.72a 8.97+0.75b
2500 46 2683:033a 9.52+037d 6.44+0.48a 8.95£0.04b 19.05:0.88a 9.60£0.34b 13.43:x028b 5.51+0.53 ¢

LA B IEEARE2E (n=3) 5 [FIFIAN )/ NG T B3R AN R A PR A) 22 5 1 25 (P<<0.05).

mg-kg ' HPAC B R TR AR, AT IRAY 1.3 f5 . X IR IR AR S . A MUES A ST R B
¥R gl R, T 500, 1500, 2500 mg-kg ' HPANEET, BREL ARG A SE R E UGN R K. BRA
LIS A AEHE 500 mg- kg ' FYACFRT 7 Lb 5% BEAH EL B THAh, BRIE S TA MLSS G AT b RE A 4
SO R PR E, AT E A IR S A A R A B S

3 it
34 JMUAEA KA R S BT SRAME W7
T TR O A AP O R, S0 2 BB L T B RO T /Ml S

TR RSB IE T RS ARBESEA [R B B a S T IR A IR P O R
e RIS A SR RS, (IR AR ST R B A R, T R AR A BRSPS, X
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Table 4 Effect of Pb stress on the main rhizosphere characteristics of H. macrophylla

AR GRS AU/ RS TR/ IR BE PR/ o b R T/
(mg-kg " pH (uS+cm™) (g-kgh (mg-g'-d") (mg-g'+d") (mg-g'+20 min )
0(ck) 8.16£0.13 a 126.10+5.58 ¢ 2.85+0.03 ¢ 0.21£0.03 d 114.00:0.82 ¢ 2.01£0.01d
500 8.21+0.17 a 92.3323.17d 3.50£0.27 b 0.30+0.02 ¢ 143.62+1.45 b 2.16+0.05 ¢
1500 7.59+0.20 b 173.43+6.92 b 3.50+0.04 b 1.94+0.06 b 151.52+1.40 a 2.44+0.03 b
2 500 7.73£0.15 b 260.33+£6.92 a 3.84+0.02 a 2.2440.04 a 112.910.68 ¢ 2.54+0.02 a
B SR AL IS R AU E 5 H (mg-kg ™)
(mg kg™ ] ZEHRAS AT WRERTR A A A4 YA A A A S FHLEE A B4 BRI AT
0(ck) 0 0.130.15 (0.53%) 0 8.96+1.36 (35.78%)  15.95+0.14 (63.69%)
500 1.43+0.12 (0.28%) 9.53+0.31 (1.84%) 274.67+12.22 (52.91%)  199.84+5.20 (38.50%)  33.63+3.71 (6.48%)
1500 17.37£1.63 (1.17%)  74.27+3.79 (5.01%) 933.33+16.65 (62.96%)  416.48+3.39 (28.10%)  40.88+0.88 (2.76%)
2500 52.67£10.40 (2.43%) 122.35£22.13 (5.66%) 1413.33£196.34 (65.34%) 524.64+13.35 (24.25%) 50.08+16.79 (2.32%)

VLA . Bl R I EEARE2E (n=3);  [EIBIANIE/ING FRE R m AN R b B R] 22 57 . 35 (P<<0.05)

— I T HEAA KRR, BOMEWEYNIER AR, E2REMEESHMBEYRALT, BRIERAL
IR BE MR R SR TENG PR s B, WSS AT IR S % o0 RN 4 R I RE 1Y /IR A R Y
i 320, A R S A e A B A X = AR, A B s BR i i, BEWTET ]\ 3R
T2V, B EE A EARTR LS N G e 4, R A B XA AT T
3.2 JLERZSLRG ENL REFEEE T R4 BME B Rz

H,0, J&— M EZ R, RWUEY A AN KPS R0 AR i\ Al e AR 2 20 6™ A= 3 £
() HyOy, XoF 4RSS B AR50, MR e et . B R B Tl SAMIE A . SsE LRy
A, AL . BEREMERRAR SGE S R i, KR MBS e, EERE AN
N, SRR PN A1 2SO Al S A A R D e 2R LR

SOD. POD. APX. GSH Fil AsA ZHiéA b R FEMBUA LR AEE BT E LN, 7T LIA 8RB
TR 5 HyO,07 >, I 4 8 o Al A i e Ak Bt 50 . A58 rh 8 BE T POD T4, SOD.
APX Wit K GSH. AsA /K F-2 e LTHE N RER RS 107 B R BEET b6 5 B i394 a8, 40 i 1 4R
FREISBREE, 15 SOD. APX il AsA ZM#Ei 355, 2 500 mg- kg ' #Y40FE T GSH JFi /050 F Rl fig
K8 GSH &G A K (PCs) MIKY), HESESEETEE.

TR A I 2 T LA S8 7 L 0 98 a7 A v s %) 240 RS K RN e 4801, A 2 I A
SIE P ARG\ e i AT P B R o et o AR B AR B R 2 TR AN, FE il
PR R BT ol — R4, Ud WY RV P S 2R 8 2/ \ A A 5 X 5 P 1 ) SR B
3.3 )\ fLiTEHR Z 43 i XoF 45 R B Ml Rz

AHI AN B (AR R - I IR R« BESSANA ALERLE /I FEPU A e vh & ¥ EEAEH . IRIiR 2
20 B 1 T LA R T, S AR ) T 4 T T A 2 M S AEAH OGO, 1500 12 500 mg- kg F A
ERINT NG FRARXS B &, X5 SUN SEU SR 25 AR o BEBHET A T /AR i 34 s 105 R (Can st
FiR) BRI S, DAXEINBEA sk, e Rpdn i AY 18 W 25 AT RE . AR R 43I AL 2 — Fh A
S ESIREEMILE, AULMRESFEAESR, TWELSEAELEPWITE . B EY AR
PEM, ARWFSE H 500 mg- kg H AL BT AT LR AR X S i B9 B & T /A AE X I I RE ) R 37 BE
J1o AR NIAER R 50 W) — LG HLER AT A & IR b ny 4, BomER i TE ahtE, DI (2 AR ) 0T 4
FWCRIAR R . B2 T DUOR R A2 1 A, RBOME 51 i i Ak 00 . A IR R+ /A BEAR XS
S I AT T A AR BT, AT SR AR 0 A SR BT, ARRIETE R B, BESSAH Br
HATE 1500 mg-kg ' HALBE T B EFEAL, BaBAATERa X AIFERS BT —E i A A4

RSP PR KA YA SRR e R AR AR W ae i) IR & 4 45 TE VR FHP, BRI &
BRGNS A F I BRI AR, PR AR, 2 AT B a0 — R AL o B ERE R A LIAERR 2R 50
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YK AL P ) B 2 TR, S HEES Rhododendron simsii FEE K AL A 3G [F]P, 13X AT BE A
B RA I AR \AIAERE AEAAE RN BA HLE IR Wi o AR, DL\ AIAE X 0 SR AT R4
HORTEIVA & S =008 i G 7 BTG L | s - S WD O NTTR S D) |- s PO e

3.4 J\ (7L = Z R BRAFAERT 57 BiviE A Wi i

FELPIAR ZR A RS, P IR RT3 A 55— ZR 97 S B Y A= W) T RE S S A AR R, 3 RS- ) R 56
AFEEAEPY IFEAR ZR 3 pH FRARZ KO8 B 48 Po?> Al USO8 Ca® Na sl H A g1 FH B
TP AN, FIAR R IR ML W 2 BRI L pH™Y, R SRS S i e O, B
Pn - e L S A AR T PO BRI, LA R B S U s A R AR R BT A A TN A
BUST X BRAI I, £ HLS 5 A ERER, TABGRIIZSSRES, W S HEEREEG MR UL
Yo, BEIREGJR A b p iR, DA R EAR X A A i i B7 %1,

LIRS BRI PR M BOR VIS, AR R LT B R S Y R RS B R R e
I, /AR PR - e RS P 52 ST RIS T R s IR R M & R ALY () s,
P b R R, AT R A g A S ORI o TR o B 2 ol s b A T
PECY, AT SIREETG AR 455, S0 SEEIRYAEY, I KBS 1. AR AR MRS T
AL S WAl LAGE BE L R E M A MR, (At it - SR TG PR A 4 iR ) ORI A S T S P Y
femR U T e H 5 e R HA B Z AR

A TS BRIRERAS A AT LI h B R AR TR | Fedl, HABERAYIRTRIEE, SEda
WESC; BRI A S AT T LU i Sl 12 | BRIRERAS B S BYHAL, B ER T MU EE s A
PL A& 88T ] LB E A T L sfeh ;s RS RE RIRR E A e T L3 b, A5 T 8ot Yy i o]
PR ARBFFE, B RA T A RS B o B o LR IR RE S pH R . AR A T A
MAERR R iy 20 735 i i RO R A, A5 8 pH A4 Al SRR M R A28 Ak, i HIk B vl
AR S P I RO BT, PR AR R AR M, R ph A S i ARy T RIS e f, AT A
AT RPN o

4 Hip

H a7 LR A KRS B A L 2R, BN T ANMRBE T, X A R A v AR AR A
B/ ANFEXT 2 500 mg-kg ' A EA —EMZ 6T /MIFEAR 238 i 388 bt A AL B 15 PE (SOD., POD) L
KR E Z AR BT ALY 5 (GSH., Pro. SS), Z&ff4T WA & s i A ki, /i Z I IEIER . I
25, DIYERRANMEEEH . THPRTEPESE . BLAM a5 3 MU R R e, el T A S
WhE, 4 pH FRAK . L R(ET R, 8T TARBR £ 3EE RCSE A, 42t T/ IIAEXT E Wl . A
WF5E 2\ Al A6 HA Wik OB i 32 6 0, R FAYS YL+ s & BRI Y, Ak il @ AR R IR &
ORI E VIR . MGERBREREREE m IIE B B R R

5 %HE Uk

(1] g, B2%, MR, 45, /NJEERSE BN AN AR R AR RS 38553 KRR A A ey 5l [0 Wi AR MOR 2541,
2023, 40(1): 176—187.
GU Shaoru, YANG Xing, CHEN Hanbo, et al. Effects of biochar from Procambarus clarkii shells and Ficus microcarpa
branches on soil nutrients and bioavailability of Cd and Pb [J]. Journal of Zhejiang A&F University, 2023, 40(1): 176—187.

(2] BBk, Srfil, £BE, 45 YRR DR el vl SR i A SRR S R s i 52 LD ] VAR MROR 2224k, 2023, 40(2):
338-347.
YAN Yue, JIN Hexian, WANG Ying, et al. Effects of intercropping patterns on physiological characteristics and Pb uptake
of edible plants in community gardens [J]. Journal of Zhejiang A&F University, 2023, 40(2): 338-347.

[3] KAUSHAL J, MAHAJAN P, KAUR N. A review on application of phytoremediation technique for eradication of synthetic
dyes by using ornamental plants [J]. Environmental Science and Pollution Research, 2021, 28(48): 67970—67989.

[4] ROCHA C S, ROCHA D C, KOCHI L Y, et al. Phytoremediation by ornamental plants: a beautiful and ecological


https://doi.org/10.1007/s11356-021-16672-7

140 WroIL R R K A R 20254E2 H 20 H

alternative [J]. Environmental Science and Pollution Research, 2022, 29: 3336—3354.

[5] CAPUANA M. A review of the performance of woody and herbaceous ornamental plants for phytoremediation in urban
areas [J]. iForest-Biogeosciences and Forestry, 2020, 13(1): 139-151.

(6] BAvK. i E/IAE M. JEat: shEAOll L, 2016.

ZHAO Bing. Chinese Hydrangea [M]. Beijing: China Forestry Publishing House, 2016.

[7] DUAN Yaping, ZHANG Ying, ZHAO Bing. Lead, zinc tolerance mechanism and phytoremediation potential of 4lcea rosea
(Linn. ) Cavan. and Hydrangea macrophylla (Thunb. ) Ser. and ethylenediaminetetraacetic acid effect [J]. Environmental
Science and Pollution Research, 2022, 29(27): 41329—41343.

[8] MA Wenjie, ZHAO Bing, LU Xiaofan, et al. Lead tolerance and accumulation characteristics of three Hydrangea cultivars

representing potential lead-contaminated phytoremediation plants [J]. Horticulture, Environment, and Biotechnology, 2022,

63(1): 23-38.
(9] TRk AR, J& 000, B4 U, &5, BF AR B HE LI FEXT Pb(NOs), B4 & Wi (4 A4z & B AR B ny (J]. 65 22, 2020(18):
71-77.

XING Chunyan, ZHOU Yugqing, ZHAO Jiuzhou, et al. Growth and physiological response of Hydrangea paniculata Sieb to
Pb(NO5), heavy metal stress [J]. Northern Horticulture, 2020(18): 71-77.

[10] ZHANG Yuyu, SONG Ziyi, ZHAO Huiqi, et al. Integrative physiological, transcriptomic and metabolomic analysis reveals
how the roots of two ornamental Hydrangea macrophylla cultivars cope with lead (Pb) toxicity [J/OL]. Science of the Total
Environment, 2024, 910: 168615[2024-04-01]. DOI: 10.1016/j.scitotenv.2023.168615.

(11] 5KBE, R, 8K,/ MIEXTRYREATRE L BT ARARAE [T]. AAEMOL 27541, 2022, 50(8): 41-48.

ZHANG Ying, SONG Ziyi, ZHAO Bing. Lead and zinc tolerance mechanisms and accumulation characteristics of
Hydrangea macrophylla [1]. Journal of Northeast Forestry University, 2022, 50(8): 41—48.

[12] JIN Jing, SONG Ziyi, ZHAO Bing, et al. Physiological and metabolomics responses of Hydrangea macrophylla (Thunb. )
Ser. and Hydrangea strigosa Rehd. to lead exposure [J/OL]. Ecotoxicology and Environmental Safety, 2022, 243:
113960[2024-04-01]. DOI: 10.1016/j.ecoenv.2022.113960.

[13] LIN Hai, LIN Chenjing, LI Bing, et al. Trifolium repens L. regulated phytoremediation of heavy metal contaminated soil by
promoting soil enzyme activities and beneficial rhizosphere associated microorganisms [J/OL]. Journal of Hazardous
Materials, 2021, 402: 123829[2024-04-01]. DOI: 10.1016/j.jhazmat.2020.123829.

(14] BRIEAS, #OAE, B0, 45, B IR Ts 0t IR R I St (] Wi T ARMOR 22441, 2017, 34(6): 1137-1148.

XU Weijie, GUO Jia, ZHAO Min, et al. Research progress of soil plant root exudates in heavy metal contaminated soil [J].
Journal of Zhejiang A&F University, 2017, 34(6): 1137—1148.

[15] KHAN N, ALI S, SHAHID M A, et al. Insights into the interactions among roots, rhizosphere, and rhizobacteria for
improving plant growth and tolerance to abiotic stresses: a review [J/OL]. Cells, 2021, 10(6): 1551[2024-04-01]. DOI:
10.3390/cells10061551.

[16] SUN Lijuan, CAO Xueying, TAN Changyin, et al. Analysis of the effect of cadmium stress on root exudates of Sedum
plumbizincicola based on metabolomics [J]. Ecotoxicology and Environmental Safety, 2020, 205: 9[2024-04-01]. DOI:
10.1016/j.ecoenv.2020.111152.

(17] BOW o, @ vk, AT, &5 S5 BT G N & 28 00 A 4K A S R s AR % 8 AR PR 5 (0], B A2 41, 2022, 30(2):
418-425.

DUAN Yaping, ZHAO Bing, FU Litong, et al. Study on growth, physiological response and accumulation, transport
characteristics of 4lcea rosea (Linn. ) Cavan. under lead and zinc pollution [J]. Acta Agrestia Sinica, 2022, 30(2): 418—425.

(18] XA, 1M 20, Bk, A%, L3S RAUBUHE A R TSk 4h 0 4 i RAR S AR B 17 (0], 2R 382741, 2020, 40(24):
9174-9183.

LIU Chufan, XIAO Rongbo, HUANG Fei, et al. Accumulation and physiological response of Amaranthus tricolor L.
seedings to lead under soil and atmospheric stress [J]. Acta Ecologica Sinica, 2020, 40(24): 9174-9183.

(197 Whir 5=, XA, sKEAE, 55, SMEFTEIRXT RN T B R AA A AR ER 5200 [T]. Mol B, 2018, 54(7): 155-164.

YAO Hongyu, LIU Yamin, ZHANG Shengnan, et al. Effects of exogenous citric acid on physiological characteristics of

Pinus massoniana under aluminum stress [J]. Scientia Silvae Sinicae, 2018, 54(7): 155—164.


https://doi.org/10.1007/s11356-021-17307-7
https://doi.org/10.3832/ifor3242-013
https://doi.org/10.3832/ifor3242-013
https://doi.org/10.3832/ifor3242-013
https://doi.org/10.1007/s11356-021-18243-2
https://doi.org/10.1007/s11356-021-18243-2
https://doi.org/10.1007/s13580-021-00381-8
https://doi.org/10.1016/j.scitotenv.2023.168615
https://doi.org/10.1016/j.ecoenv.2022.113960
https://doi.org/10.1016/j.jhazmat.2020.123829
https://doi.org/10.3390/cells10061551
https://doi.org/10.1016/j.ecoenv.2020.111152

42 B4 1) Rt BREXT /LA B K 32 SR PRRIE ) 5215 141

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

LR, 22 B, KIS, S5 R A XA T A B S R R RE i [T]. B FHAE AR 224, 2018, 29(12): 4191-4198.
AN Feng, LI Changzhen, ZHANG Tingting, et al. Effects of aluminum toxicity on physiological and leaf chlorophyll
fluorescent characteristics of rubber tree seedlings [J]. Chinese Journal of Applied Ecology, 2018, 29(12): 4191-4198.
Ak, W], YRR, % B PUAALEE AsA-GSH EFR i i 5 K b e a7 [, v pkoR 2

i, 2018, 35(2): 268-276.

HAN Yilin, WANG Xinzhao, XU Xinlu, ef al. Responses of anti-oxidant enzymes and the ascorbate-glutathione cycle to
heat, drought, and synergistic stress in Phyllostachys edulis seedlings [J]. Journal of Zhejiang A&F University, 2018, 35(2):
268-276.

MAZUMDAR K, DAS S. Phytoremediation of soil treated with metalliferous leachate from an abandoned industrial site by
Alternanthera sessilis and Ipomoea aquatica: metal extraction and biochemical responses [J/OL]. Ecological Engineering,
2021, 170: 106349[2024-04-01]. DOI: 10.1016/j.ecoleng.2021.106349.

ZHANG Ying, JIANG Duo, YANG Chao, et al. The oxidative stress caused by atrazine in root exudation of Pennisetum
americanum (L. ) K. Schum [J/OL]. Ecotoxicology and Environmental Safety, 2021, 211: 111943[2024-04-01]. DOI:
10.1016/j.ecoenv.2021.111943.

R B A, SR, A AR ) e e SRR B 8 b A BIL S R R S M R S e (D], RS A, 2019, 50(1):
103—-108.

GAO Feng, YANG Fengjun, WU Xia, et al. Effects of biochar application on organic matter content and enzyme activity in
rhizosphere soil of Chinese cabbage [J]. Chinese Journal of Soil Science, 2019, 50(1): 103—108.

SR, RUNYE, Wi, 55 MR R 2300 W0 X 4B 7 A 1 S 5% 0 AR PR i 2 (7). AR A Sr 20K, 2019, 38(7):
2080—2086.

Y1 Yanling, WU Liying, YANG Qian, et al. Effects of root exudates of Cupressus funebris on soil nutrients and enzyme
activities of potted Toona sinensis [J]. Chinese Journal of Ecology, 2019, 38(7): 2080-2086.

S, AR 2%, R, A JLAES RIS TR R AR RRAE AT ST D). S AR R 2224, 2012, 34(3): 305-310,
315.

WU Tong, LI Cuilan, SHAO Zeqiang, et al. Enrichment characteristics of several ornamental plants to lead in soil [J].
Journal of Jilin Agricultural University, 2012, 34(3): 305-310, 315.

A, BT B, IR T, AL AR Y T R N P B 5 4 RN EE 4 S Rl BROBVRRAE (00 0 AR AR R, 2022, 33(6):
1629—-1638.

FENG Jiayi, Ruan Kejin, SU Sining, et a/. Adaptability of Broussonetia papyrifera to sewage sludge and its characteristics
of nutrient and heavy metal uptake and accumulation [J]. Chinese Journal of Applied Ecology, 2022, 33(6): 1629—1638.
TR, W, B, A NE AR R LR EMa R I L] RO BRI, 2019, 38(6): 1218-1225.

WANG Xiaojin, GAO Wei, ZHAO Peng, et al. Changes to wheat seedling root morphology in response to cadmium stress
[J]. Journal of Agro-Environment Science, 2019, 38(6): 1218—1225.

FORTE J, MUTITI S. Phytoremediation potential of Helianthus annuus and Hydrangea paniculata in copper and lead-
contaminated soil [J]. Water, Air, & Soil Pollution, 2017, 228(2): 1-11.

ABID R, MANZOOR M, DE OLIVEIRA L M, et al. Interactive effects of As, Cd and Zn on their uptake and oxidative
stress in As-hyperaccumulator Preris vittate [J]. Environmental Pollution, 2019, 248: 756-762.

AR, sk, AR, 5. SAPHERR . . BE A MNA T nOmHE AR EEALE] (). AR SRR B AR 4R, 2021, 37(9):
1209-1217.

XIE Yihui, ZHANG Minghua, XIONG Rui, et al. Study on the tolerance and detoxification mechanisms of lantana camara
under the combined stress of Cadmium, Lead and Zinc [J]. Journal of Ecology and Rural Environment, 2021, 37(9):
1209-1217.

IR, Rl 0, S5 4ENT, S5, SR IA R AN [R50 B e ZAR R AR R 4 22 57 [0 WV R AMOR 272441, 2016,
33(6): 1009-1016.

XU Yuanyuan, LU Mingying, JIANG Weixin, et al. Al stress with lipid peroxidation and antioxidant enzyme activities in
eucalyptus roots and leaves [J]. Journal of Zhejiang A&F University, 2016, 33(6): 1009-1016.

PN, LA, WA, A5 AR R I A IR 38 R KA b S R GRS [T]. A=A, 2021, 41(13):


https://doi.org/10.1016/j.ecoleng.2021.106349
https://doi.org/10.1016/j.ecoenv.2021.111943
https://doi.org/10.1016/j.envpol.2019.02.054

142

RN/ NI NI e 14 202542 20 H

[34]

[35]

[36]

[37]

[38]

[39]

[40]

5385-5397.

SUN Haiyan, KONG Deyong, HU Huiying, et al. Effects of soaking seed with humic acid on antioxidant system of maize
seedlings under low temperature stress [J]. Acta Ecologica Sinica, 2021, 41(13): 5385-5397.

W, PREEE, SRR, S5 DU AR A A IO SRR R G Cd A B 2K (D). B AR A 4, 2022, 43(5):
1023-1031.

QUAN Ruiping, CHEN lJianfu, ZHANG Lei, et al. Responses of ramie to antioxidant enzymes and plant chelating peptides
to Cd stress [J]. Chinese Journal of Tropical Crops, 2022, 43(5): 1023—1031.

FERRERI C, MASI A, SANSONE A, ef al. Fatty acids in membranes as homeostatic, metabolic and nutritional biomarkers:
recent advancements in analytics and diagnostics [J/OL]. Diagnostics, 2017, 7(1): 1[2024-04-01]. DOI: 10.3390/diagnostics
7010001.

WANG lJiaolong, FAROOQ T H, ASLAM A, et al. Non-targeted metabolomics reveal the impact of phenanthrene stress on
root exudates of ten urban greening tree species [J/OL]. Environmental Research, 2021, 196: 110370[2024-04-01]. DOI:
10.1016/j.envres.2020.110370.

KUMAR P, FULEKAR M H. Cadmium phytoremediation potential of Deenanath grass (Pennisetum pedicellatum) and the
assessment of bacterial communities in the rhizospheric soil [J]. Environmental Science and Pollution Research, 2022,
29(2): 2936—2953.

WU Bohan, LUO Shihua, LUO Huanyan, et al. Improved phytoremediation of heavy metal contaminated soils by
Miscanthus floridulus under a varied rhizosphere ecological characteristic [J/OL]. Science of the Total Environment, 2022,
808: 151995[2024-04-01]. DOIL: 10.1016/j.scitotenv.2021.151995.

YANG Yan, SHEN Qianyong. Phytoremediation of cadmium-contaminated wetland soil with Typha latifolia L. and the
underlying mechanisms involved in the heavy-metal uptake and removal [J]. Environmental Science and Pollution
Research, 2020, 27(5): 4905—4916.

2R, B A, 530, A HE T Tessier 125 A 38 rhUAN [ R 254 ) e A B G52 R SR WF S ik Jee (7). - 3Eid 41, 2021, 52(6):
1505-1512.

LI Na, XIA Yu, HE Xuwen, et al. Research progress of cd form transformation and the effective environmental factors in
soil based on Tessier analysis [J]. Chinese Journal of Soil Science, 2021, 52(6): 1505-1512.


https://doi.org/10.3390/diagnostics7010001
https://doi.org/10.3390/diagnostics7010001
https://doi.org/10.1016/j.envres.2020.110370
https://doi.org/10.1007/s11356-021-15667-8
https://doi.org/10.1016/j.scitotenv.2021.151995
https://doi.org/10.1007/s11356-019-07256-7
https://doi.org/10.1007/s11356-019-07256-7

	1 材料与方法
	1.1 试验设计
	1.2 测定方法
	1.2.1 生长指标及铅的测定
	1.2.2 植物抗氧化指标及渗透调节物质的测定
	1.2.3 根系分泌物的收集、提取与测定
	1.2.4 主要根际特征的测定

	1.3 数据分析

	2 结果与分析
	2.1 铅胁迫对八仙花生长特性和根系参数的影响
	2.2 铅胁迫对八仙花铅吸收的影响
	2.3 铅胁迫对八仙花根系氧化损伤、抗氧化系统和渗透调节物质的影响
	2.4 铅胁迫对八仙花根系分泌物的影响
	2.5 铅胁迫对八仙花主要根际特征的影响

	3 讨论
	3.1 八仙花生长和铅质量分数对铅胁迫的响应
	3.2 八仙花根系氧化损伤、抗氧化系统和渗透调节物质对铅胁迫的响应
	3.3 八仙花根系分泌物对铅胁迫的响应
	3.4 八仙花主要根际特征对铅胁迫的响应

	4 结论
	参考文献

