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Cadmium remediation efficiency and mechanism of enhanced phytoextraction by Sedum plumbizincicola with

natural organic acids

LI Maolin', CHEN Zhe'*", ZHOU Hongyan', WU Jialing', LI Kanqi', YOU Shaohong'?

(1. College of Environmental Science and Engineering, Guilin University of Technology, Guilin 541004, China; 2. Guilin University of
Technology, Guangxi Key Laboratory of Environmental Pollution Control Theory and Technology, Guilin 541004, China)

Abstract: A pot experiment was conducted to investigate the enhanced phytoextraction of cadmium (Cd) in tissue culture plantlets and
seedling cuttings of Sedum plumbizincicola using 5 mmol - kg™ citric acid, 5 mmol - kg™ malic acid, or 0 mmol + kg™ organic acid (control ).
We measured soil pH, available Cd, and Cd accumulation in specific plant organs. Net Cd fluxes in the meristematic zone, growth zone, and
maturation zone of roots were monitored using non—invasive micro—test technology. Compared to the control, soil application of 5 mmol -kg™
citric acid or malic acid significantly increased the available Cd in the soil as well as net Cd influxes in three root micro—zones by acidizing
the soil. Both citric and malic acid enhanced Sedum growth and Cd content in the plant organs. The Cd content in the shoots of Sedum
plantlets increased by 90.4% and 61.6%, respectively. The Cd content in the shoots of seedling cuttings increased by 73.8% and 34.5%,

respectively. The application of 5 mmol « kg™ citric acid can effectively enhance phytoremediation of Cd—contaminated soil with S.
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plumbizincicola. Compared with tissue culture plantlets, seedling cuttings have better growth adaptability and remediation efficiency in Cd-

contaminated soil.

Keywords : Sedum plumbizincicola; Cd; soil; citric acid; malic acid; tissue culture plantlet; seedling cutting

B (CA)VE Ry —Fh FEZLW TCHLIS Y2, 76 L3
BB S AR RPEY, 55\ - 5 S
Yokt , 38 23 B W i A 1 25 FRUARORE R A ZIS it A g
B, AR R4S 32 SRR, 2014 4R S YUk
BLIEAE AR o, T B 4 4 T 4 0 B AR R
7 19.4% , FHorb Cd 1 s LB AR 2R 735 7.0% . TRIIL,
fal et A sk SRk b 1 e Cd A X R R
FER LA N MRfEERR 5 v ot i R SRt ok HLA B K

HAr, S Ea s B E e 2k T
ZFP A RIS B S A, B an [ Ak e 1k - 4k
Ve MR, AR A BE 5E J5 T 2B
Cd P RLA R &, Ho2x il YRRk b 38 il 55 e, 5 ik
AL A YE S E AR —FhE S R B R HR,
HAEAMEE AL IR A JE 5 G e
FALEE LA, Horp i R HE B AR 2 i
SRR & SR AE NG T A R TS Y R AR
T DT S BB A 3 R TS Y Wi E AR X R 1
AN SR - AR 25 0 A AR P i MRS, SR, AR
WP R Z SR 0t I 4w A AR i A
Y 5 pH 3R B E RN SRR E RS, H
A, RZMR AR LTl it s E SR Y & 4
SN IEIAE ) A W R B R SR R A Y
Uk, WS ERIT, FLL bRl a] T4 S A ) et al
TGk 38 4 T A S, O T B ke A ot 4 i A R A
S, IR 4 4 A8 B T (R s )Y, I A HLER
FEE A BHE LA YU R AEPAR R M AL
A= AR, A o X 4 S A A R R DL R
B2 9 T P AR o 42 AR 2 %) i) 2 5 i) ok 3R 4 1
VoS fit P RO G R0 R AR R A IR TR AN U AR &R
AU E DL R SRR T AT AR , 382 S R T
AR50, HonT A kB s IR A v RS Cd
T E7/PON N1 A a= % S & 1 e
B, WS 100 wmol « L AT 2 A1 SR i S 2 (e i 17
FRABKIXT Cd WS AR R, 8% A it ox
Lt e FE A 5 mmol - kg™ FUFFEE BRI, F A8 XF Cd 1YW
WAL R AR A A A X T 0 P A AR AR
it XA 4 ) et P SR B R (R A 4 e A 2 e
T, BN A AR A AT 721 R0 A Cd 19

B AUE 7R, A AR 5 K (Sedum plumbizinei-
cola) & TR F A 12 0 —Flh Cd # & SEAE 0
HET, X T s R 5 Y - SR it o8 F 2 1
P 5Ok S HAWAE Y B AR ek b s R
R T R R RE R A IE R AR A AR W S
TE12 ) R A O R BRI AR E 2 T
PR S RAB S Cd 15 g% 135852 Bt fin by g R A0S 2R
PR & 75 BE SR AL PE AT 5 KX Cd iYW & 4R R AN 4
P B A SRR T W R 5K 3R]
P BT R SRR N ARG IR HR R
ARCP 3k DA AR R P, T JC 1 BEAE % 2H B RN 4
R AT OR B AR R SURT DR SR, R A
B AT S FIN I . H AT, 2H 35 I AT 2
X Cd 75 Y - 30 38 WP R B R AR S AR A I e 2
S ATERE

PRIt AS A8 P - 85 2R i s i A%
R RSP SRR A A A B iR AR B 5 R A iR Ak R R
SRR CAT5 Y HIEMERCR SHLH . [FIEHE AR 5
KBS , DFFE PRI s 4R Cd Y 22 51k

1 #MREFE

1.1 et

PR - P S RIS S 1 (ZP) , i P R
BRI ST AR, JCTs Y B T N BRSO
W5 RFFE T (QC) , 2017 43 A1E A 22 FE R H
7N 0 3 AR L 1 A S0, 2018 48 1 R
IR T AR A AL KR RTE L, 2018 4F 6
AWk bl EFCRRRES em) , FAZEA K 2 20194E 1 A5
RN T AEGE . WA PR S K Y ST
BT TOTG YL UE SR I R R 45 L R A
HEFTREHK

R 8 HHOR AT PRHE B 36 AT B
BCPPAEE A SR R SR 075 e A (24°59 7 6.47
N.110°3325.3" E)0~20 cm )2 3, BRER
BeE TR mAL B SR K, BIBR A T R S 2, R
5k 10 B i, I BOR A& FF S 20 H #1100 HJE
i, A4S . UK R S ATEPE R LR 1, R
P - S ER BT o A 4 38 75 Y KURS 45 P b v (I
7)) (GB 15618—2018) , -3 pH 4 5.18, 3 £ Cd
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Table 1 Physical and chemical properties of test soil
" MCd AR C SR GRS R
pH {E . AL e . . . .
H value Total Cd/ Available Oreanic matter/% Ammonium nitrogen/  Available phosphorus/  Rapidly—available potassium/
> 0

P (mg-kg™) Cd/(mg-kg™) & (mg-kg™) (mg-kg™) (mg-kg™)
5.18+0.04 2.29+0.10 1.13+0.03 1.62+0.06 34.78+1.42 5.02+0.38 92.92+3.47

TN 2.29 mg - ke B A Hb - 3 RUBS A5 M
(Cd<1.5 mg-kg™) , B a2 12 AL 1k - 398 A fh 2 20 = Cd
V5Lt 4.

B G YL  F7EBR (Citric acid) FISE SR (Malic
acid) B BT T A EAE 7= 1 43 bl Ak 2471
1.2 ##Fi gt

AARI T 201942 J1 20 H 2 7 J1 6 H Ak B
TR 4 R 5 e Z a5 S E 17 . PRI
6.5 kg1t 10 H i 9 AT L g8 F 18 MR 2 (1
A2 25 em JETBEAR 19.5 em 15 20 em) o BE 1
FFE 5 mmol « kg™ (LUK 38 o 5 3 ) A g R 57 2
iR LAV WOV XA R 3 b Bl P 2 R s
PRI S5 — A P 7 R (LB 1 R 5~7 em, 34
i 10~13 em) Bk T AL 4k, D1
PR 25 U6 BRAL B, ARG L5 T 6 b B : (1)
ZP-CK, Pl 41 K5 i HAS s Ak 5510 5 (2) ZP-CA |, it
7 TR A 2H 5 1 5 (3) ZP—-MA , Ji it 377 SR R ol 4
K5 5 (4)QC—CK, A 44 i (AN s Ak 591 5 (5)QC—
CA, B it A5 T2 IR 47 15 5 (6) QC—MA, it 32 21
FRFPREATIA 1 . AL PR ER A 3 Uk, BEALHES ] HLE 3
AP E . SR AR AR, A K, K
PR H AR KRR K R 1 609%0~70%
1.3 HMmHRE LBRNE

Fie BEOK £ 2,501 7 I E 3 pH L, 2 (L
HE pHE A I L0735 ) (H) 962—2018) 5 A ML &
R K G A % PR AUk - bL BRI s T4
A AR O TR IS R AR - e
B, S IR S A RO AR I Bk
B R-T ) (NY/T 1849—2010), +HIEE 4 Jm
T, SR FH 25 PO B 477 1) HNOs—Ho0, T ff 1Ak
F (USEPA : Method 3050B) , 43 #r 1 2 /i A+ 35845
HERE T (GSS-23) M2 (1 iEA T o st 45 il A b Il il o3
BILE 90%~110% Z 7], I ik BT A0 3 A g 2, e
FHOK R M4tk 347 3038 Cd & 52k I DTPA %
At , S B E R A RESE R I TRl
%) (GB/T 23739—2009) , H- /il ICP-MS (PE NexION
350) W 438 Cd Ay it o

1% WHART]

LGN AR (NMT) A DL AR A ki
BRI E & FIETEM s S E R .
NMT % 48 (NMT150-SIM~-XY, Younger USA LLC) #f
I E BT SRR R MIX (A X KX B X)
CA> (R WS/ 0 o DA G 3 2 1) B 3 ol AR
AR - 0] 208U i & FH U A% TR (XY -CGQ-01) N
AT em 247K BE TE 0P 10 mmol - L' CA(NOs)
0.1 mmol - L' KCIJ, #& 5 1] % J& 45 2 Ui JH 78 40~50 pum
() CA AR ZZ 57 (XY -SJ-Cd—-10) , 235 F A b 40
T8 B3 30 A A JER AR T A 2R (XY 003-Y11) | 4R
27, DB AAL)Z 76 0.1 mol - L7 KCHIF &
1.20~30 s J5 , 4l AT A2 B A T, DA PR BT
AT R . AE e E R E T RS A
0.05.0.1.0.5 mmol-L™" CdSO4LA A2 0.1 mmol-L™" KCI 1
0.3 mmol - L' MES, pH 5.8 A4 b v %5 18K 1 35 B A o
M58 A 3 4 a5 2 1 Y R W RE R 25 25~32 mV - de-
cade B, ASHE TAESE L. RAIEHARK T 41
PR S R WU 925 A AR A R /K 19 500
mL SRR RR FR IR I 12 h s, JE T A SR 7K rh e AR S0 B
VAL, B LB A e T IEARARYT S 3~5 em
K BHE, #7522 47 0.1 mmol - L CASO. Y I3 1 T
H (pH 5.8) , -5 10 min J& , LA 30 pm 25 I %5 AR 3 434
DXHEATINRE o 38 2o i B WL AR S A X A T 25 A o
K XA AN A i XA BE , ZEFE AR 2224 100,500, 1 500
pom BRI 4R 2 T I A Cd> 1 B, 43 AR AR A Ak
[X (Meristem zone ) . {14 [X. (Elongation zone ) Fl %24 [X.
(Mature zone ) , € (EL A2 2 J& , 10 5% 10 min FYECHE , H
AR A M 3K

TR 5 o AR 25 i 3840 . AR ER S
H K PE4 5, B 10 mmol - L' Na,—~EDTA 12 31 15
min DL BRIFAEAR R E 4R, da A8 1K
MY 3k 5 25 R 3 A Rk gk 3 vk, TR S
FORMPE3 W, M 22 T 105 C TR R F
30 min, 70 C MMt 2 T e, o R FR I
OSSR T i, Z 5 AR RRHIL Ry i, 248 1R
. FERIRE S8 ik MR R A AR S A
HEW BT (GSV-2) s F1bA T T 4 il , A o Tl i 32 2y
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£ 90%~110% 2 [8] . K F ICP-OES(PE Optima 7000
DV) I ZE & Cd 25 o AR, SR AR A AR
XS K T B A B AR AT A L 2k 20 H A
100 H Je Je i , 4845
14 I HIELIES 50

IRIE KK F Excel 2019 Fl Origin 2017 40 A5
&1, FH SPSS 25 1R % J5 2273 (ANOVA) F Duncan 7
XF 22 2 A il BSCH R R AT A3 B AR R A 3 (P<0.05) o
T & 45 R EU(BCF) MFEHE ZECCTR) AR -

AR Cd i (mg kg )/ Cd 5 &=
(mg-kg™)

iz 2B =FEAR L 3 Cd & (mg - kg™ ) AE AR HL
T Cd F i (mg-kg™")

MR 25 Rl iE BB TR A

M -ZE 1) Cd 328 ZB(TF,) = A bR 2536 Cd 5 it
(mg kg™ ) AEMRARTS Cd % & (mg-kg™)

-1 Cd #5328 2 B0(TF.) =8 Bk I-356 Cd 5 &
(mg kg™ )/HFEHEZERB Cd % & (mg-kg ™)

2 HRESW

2.1 EETEBRIERBNET SREVENZN

FH R 2 AT, AP PR S K i A BV Y R 3R
PRI >ZESHY AN [ AL HE R P S K AR R RN
FPAGETR > R > 25 PO IR, P s RAT AR =
AR MR SRR AN T A 5K
Az i A 0 R 43 MG N T 32.7%~34.7% F1 23.4%~
24.2%,QC-CA XL FRAGAR (25 M- W), 20 ol
2.07.4.05.9.55 g~ 4, B QC-CK 1IN 1 25.5% .
30.6% .38.8%.
22 BT EBRNERBEY T EFRSCIEpHE
Al

i &1 AT, S AR LG, S50 S mmol - kg
PR AN SRR IS , A RS Cd & & g
T 19.9%~25.8% F1 14.3%~19.2%., ZP-CA kb3 %%
BCdEREE, N 1.42 mg kg, QC-CK b FEA 8 45

g
=}

[ O _Cd % Cd content - pH 6.0
a a . b

=y = . .

& a a
T T T
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W
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o
HHE

be
T
1
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T
1
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(=]
T
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pH

e
in
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THARAS Cd E R
Available Cd content in soil/(mg-kg™")

0 0
7ZP-CK ZP-CA 7ZP-MA QC-CK QC-CA QC-MA
Ab 4 Treatment

AR NG R OR A BRI 7 A B 22 57 (P<0.05,n=3)
Different lowercase letters indicate significant differences among different
treatments ( P<0.05,n=3)

1 AEERT TEEF A Cd R pH B0

Figure 1 Effects of different treatments on soil available Cd and pH

Cd i, 112 mg-ke '

S AR H, 0 5 mmol - kg™ A7 R FIE
R, 13 pH W EFFEIR T 0.20~0.254F10.13~0.17
AN, ZP-CK Ab B 4 3% pH 5 55, 7 5.15, QC—CA b
PR 148 pH 5 IR, S 4.92,

2.3 BT EBINERBRMET EXCIEENEIE

F L 2 LT ORI BER PR 5o R A4 81 Cd
T A A IS ZES AR, ORI AR AR B R AR |
25 M Cd S B AT RS S R R > 25 N R
QC-CA LbBEAGMR (25 g 2 Cd & fieds , 409k
227.5.398.1.645.5 mg kg, 5 X BEZHAH EL , it Ay
BEIR AL PR A (25 (I Cd B 5 49 1) 3 4G N 55.3%
19.3% .42.6% , Jit IN - R ER AL PR AR (25 - Cd & 4
TN 44.2% .9.9% . 24.3%., 5 Cd ¥ & 54 Y bs e
(R 2020 i b Cd & HE>100 pg-g DAL,
ARBFGE AR 5 R4 Cd 3 R 1% AR Y 3.36~
6.46 % , LB AREE .

24 BT ERNERBNHFTEXREESHKIEC
LA

2 3 AT AR 5 K i 3T Cd 9 & A e

THb TS, T B 15.0~18.3 4%, % T3 Cd i 55 &

B}

R2 FRLGEAXNTHT SRIEREME (- &)

Table 2 Biomass of of Sedum plumbizincicola under different treatments(g-pot™)

412 Tissue ZP-CK ZP-CA ZP-MA 0C-CK 0C-CA 0C-MA
2 Root 0.84+0.11¢ 1.030.12¢ 0.98=0.09¢ 1.65+0.18b 2.07+0.20a 1.94+0.13a
2 Stem 1.55+0.18c 1.99+0.13¢ 1.8620.16¢ 3.10£0.21b 4.05£0.37a 3.7820.50a
M Leaf 3.76+0.39d 5.1320.71c 4.79+0.58cd 6.88+0.73b 9.55+0.83a 8.64=0.55a

T [ TN NE PR OR A PR A A7 1 25 22 5 (P<0.05,n=3)

Note: Different lowercase letters in the same line indicate significant differences among different treatments ( P<0.05,n=3).
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B2 ARLAEFAXTHT SREEATHCIRE

Figure 2 Contents of Cd in Sedum plumbizincicola tissues under different treatments

T 94.1% 0 TH E3 . AHLERALFE T A0 5
AR S A > S AR R > 2 6 i, Hoh Qe -
CALbFEXS + 48 Cd iy & AE i fe i, 9 8.24 mg- 47, ZP-
CK AP FRARA , 4 1.88 mg- 73" Wl Iy 468 1R A1 SR iR
ALFR AR 5 K5 5% BT AR EL , b 350 Cd & A ol
WY 73.8%~90.4% F134.5%~61.6%.,

PRI 5 R HIE CAY AR B EER
£5(129.2~229.8) , it AT A6 R A1 S SRR B 35 42 5 1
PR SR Cd & 4R RE T, & AR LA AP > R
i >3 0t IR, o QC-CA b BR A B 42 R B0 R

PE SR O R Cd 512 R Ak 2.20~
3.03, il iR R AN SRR S, i 1 5 i 5 Cd %2
ZEO B EIER T 6.1%~17.2% F110.6%~22.4% , 2
SRS Y Cd 51z 2800 1.64~2.35, CAd 58 RE 155
X250 CdF5i2 R ECN 1.17~1.62,
2.5 BT BAMERBET S RREME CdR
Wr/5MEER R

rh P& 3 0P 4 AT, 4% 4b B2 R AT RAR BB i X
CAd™ s 34 R fAE, BI e m W Cd™ o AR FRAN [] X 35

C™ i 38 22 S B0, W R/ MR G X >0 AR X >
JEEAIX, o QC—CA b BRARK X C* -3 s A
-39.95 pmol - cm ™+ s, ZP—CK A Bl 34 X Cd> -1
T 5/, AN =5.53 pmol - em ™57 FFA 5 KATHH
BT AS X Cd™ 3t ey T [ A B A AL B 1, 5 0] 1R
ZURH L, AT AR AN SRR IG A T R 5 R AR
X Cd Yk, FLAE A7 R I M AR A X Cd™ It 3 4 o
e TSR R o

3 it
3.1 BT ERBAERRX TEpHI CABERERN

0

PR NS R BT JE TR0 T A WU, HE fE
A (IR ) 2 & J@ I B 45 G008, & 24834
FREEHY SRR MIFTRTR , 7T LAY Cd LR AT TG 3R
NIRRT CAd—A LR 25 W) , M ik 3 22 Y
I CA™. R A LA R I AR
PRASEIR RIS 98 T CARYILRE . TEAMEFE Bt nfy
BERRANSEIR MRS , LA RS Cd & 55 %) IR AH T

R3 AELEFHT SR CINEESHIEHE

Table 3 Characteristics of Cd enrichment and translocation in Sedum plumbizincicola with different treatments

b Cd % #4 Cd accumulation/(mg- pot™) HIER %32 4 Transportation factor
Treatment H T Aerial part M E7 Root Bioconcentration factor TF.. TF. TF
ZP-CK 0.11x0.01d 1.770.13f 129.2+9.8e 2.200.05a 1.170.11¢ 2.46:0.19b
ZP-CA 0.21:0.03¢ 3.370.07d 192.0+2.3be 1.740.17h 1.45:0.07ab  2.3120.05¢d
ZP-MA 0.19+0.02¢ 2.86+0.16¢ 174.7+8.1d 1.64+0.15b 1.48+0.11ab  2.20+0.12d
0C-CK 0.24x0.03¢ 4.4720.24¢ 177.0+9.9¢d 2.35:0.28a 1.42:0.05b 3.030.16a
QC-CA 0.47+0.05a 7.7740.42a 229.8+11.6a 1.75+0.16b 1.62+0.09a 2.51:0.14h
QC-MA 0.40+0.04b 6.01:0.24h 195.127.1b 1.83+0.15b 1.41=0.11b  2.35:0.09b¢

1 RN NG FBE R OR AN [ AL BRIA) A7 A i35 25 53 (P<0.05,n=3 ) .

Note : Different lowercase letters in the same column indicate significant differences among different treatments (P<0.05,n=3).
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