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Abstract: A perennial herb from the Amaranthaceae family, Alternanthera philoxeroides is a hyperaccumulator of the heavy
metal cadmium (Cd). It possesses high medicinal value and demonstrates exceptional resistance. As such, it stands as a
promising candidate for the remediation of cadmium-contaminated soil. To investigate the effects of heavy metal cadmium
(Cd) on the morphology, physiological index, and antioxidant system of A. philoxeroides, we conducted a series of
physiological and biochemical experiments using this plant species within the same watershed with proline added
exogenously. This study aimed to unravel the mechanisms by which externally applied proline influences A. philoxeroides
under Cd toxicity. The results revealed that Cd inhibits A. philoxeroides roots, stems, and leaves. However, when external

proline was applied, it mitigated the damage caused by Cd, alleviating the toxic effects of Cd on A. philoxeroides.
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Concerning physiological indices, the levels of malondialdehyde (MDA), hydrogen peroxide (H,0,), free proline (Pro), and
soluble sugar (SS) of A. philoxeroides were significantly increased under Cd-induced toxicity. Meanwhile, there were no
significant differences in soluble protein (SP) levels among treatments. Regarding antioxidant system indices, Cd toxicity
significantly increased the contents of Glutathione peroxidase (GPX), peroxidase (POD), catalase (CAT), and superoxide
dismutase (SOD) contents were significantly increased by in A. philoxeroides. but the differences were not significant
between treatments for SOD contents in the stem. In summary, the addition of exogenous proline to A. philoxeroides proved
effective in mitigating the toxic effects of Cd. In order to provide a scientific theoretical basis and reference basis for the

future development and utilization of A. philoxeroides in the remediation of Cd-contaminated soil.

Keywords: Alternanthera philoxeroides; heavy metal; Cadmium; proline; morphological index; physiological index;

antioxidant enzyme activity
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Table 1 Exogenous proline reduces the effects of heavy metal
cadmium on root, stem, and leaf length of
Alternanthera philoxeroides

cm
Kb FE Treatment & Root = Stem i Leaf
CK 6.63 +0.30a 55.61+0.75a 5.37+0.26a
W, 4.60+£0.25b 50.30+1.39b 4.63 +0.08b
W, 6.43+0.19a 55.74+3.40a 5.67+0.78a
W, 6.87+0.20a 5644 +1.83a 5.70+0.20a

CK, %M, RFEMmEmACd: W,, R¥EINCd (20 mg-L ™",
W,, RIEMEEE10 mmol' L™y Wy, BEVRIMZER(10 mmol-L ™)
NEMCd (20 mg-L ). AAARFRNEFERRFZEREE (P <
0.05). T,

CK, control group without adding proline and cadmium; W, only added
cadmium (20 mg-L™"); W,, only added proline (10 mmol-L™"); W;, added
both proline (10 mmol'Lfl) and cadmium (20 mg'Lfl). Different lowercase
letters indicate significant differences at the 0.05 level. This is applicable

for the following tables and figures as well.

GEff Cd b 5 BT AR Y I a2
22 SNERMEEREEESE CANERETELE
IR 4EFRAY S0
221 HNEIHEER K E 48 Cd X = 5 5% 7 5 MDA
Al

W, 4 H R, B2 R ) MDA &
F T, B CK N T 127.57%, 1B 5 53% 1 5 A
ZAME N Z BT Cd 1 E (B 1A); W, L3R, 1
F v MDA 7 & 3 CK ¥ N 1 32.15%, (P > 0.05);
Wi kb R, B R R ) MDA & &
CK #I17T 39.57% (P> 0.05), 16 Wy Ab ¥ 4% W, &b F
> T 38.67%, HAFE 3 Z 57 (P <0.05). X
B, X 5 B RN R, e Cd X 5 F

E 7 B e 4 R

W, 4 H T, BRI MDA & & B E I
s BECK N T 212.64%, Vi B B 2% 7 EE %4
BT Cd R E; /£ W, & H R, 8 CK 0
T 29.89%; f£ W AbFE T, B CK ¥4 00 1 122.99%, 17
1E R % %2 7 (P <0.05), H Wy &b H 5 W, 4b B />
T 28.63%. XK, X = 5 AN il R, RE
5 2% fift Cd ) 5 5% - B 20 4 i ) de 5

MDA & I fig ik S04k 1 =4, 38 & s AT [a] 2
SR 2 G 52 40 R B DA AR el . B R T
FH T MDA & & H 25 MDA & & 0 5 5 5, 00
EHE G JE Cd M e T, 5 555 7 R 1 i i i i
AR T A . R R T
I 240 R S 1 £ 3 AR R v T 2530
222 AMNERR R E SR Cd X =5 5% 75 H,0,
kAl

W, BT, REETFRENFRREEME S E
BT, BCK BN T 102.42%, 0] = B 15
EZEM 28T cdimiE® (B 1B); Wb # R,
R AT A A S B CK BN T 34.68%; Wy AbHE
N, BRE R dod S AR S B CK G
1 99.39%, HAFTE W% %2 7 (P <0.05), {H W3 &b
BOW, AEFRIR DT 1.99%. X £ W, KB RE AL
Jiti Jil 2 R, RE W R Al Cd X B 53 - R 41
MEMEE,

W, E T, SRETREETTAMNEAN S ER
FZTE, B CK N T 98.47%, i3 M B 5% 1 HAE
ZEMETZHT CAdREE; £ W, L F T, ZKEd
AER S 2B CK I T 40.46%; Wy LT, 25
B A AL AR CK B T 96.95%, HAFTE & 3% %
5t (P <0.05), {5 W5 &b B W, &b B2 kb 7 0.77%

®2 NHMRHERERESERRIERETERZ HTESHENTI

Table 2 Exogenous proline reduced the effect of heavy metal cadmium on dry weight and fresh weight

of leaves and stem of Alternanthera philoxeroides

fb 3 T-E Dry weight £ F Fresh weight

Treatment " Leaf 2 Stem " Leaf 2 Stem
CK 0.2126 +0.0003a 0.2080 = 0.002 0a 0.2658 + 0.0004a 0.2600 = 0.002 6a
W, 0.2070 £ 0.008 1b 0.1990 + 0.006 8b 0.2212+0.0101b 0.2112 +0.008 5b
W, 0.2183 + 0.006 6a 0.2116 +0.006 6a 0.2729 +0.008 3a 0.2770 £ 0.008 3a
W; 0.2210+ 0.0050a 0.2193+0.0162a 0.2762 + 0.0062a 0.2866 +0.0202a
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Figure 1 Exogenous proline reduces the effect of heavy metal cadmium on physiological indices of Alternanthera philoxeroides

ANTE] /NG o B TR AR R AN [F] Ak B ) 22 57 B 2 (P < 0.05); TR

Different lowercase letters indicate significant differences between different treatments for the same tissue at the 0.05 level; This is applicable for the

following figures as well.

XARWY, X ERE T A it R R BENE SR Cd Xt
B T RS A R AR E R

£ Cd g s 00N, B 55 7 R A=
A A A R A AR A K NI A it i R
XfE FOE B, BRSO R Cd X B R E T AR A 4
A0 T RN 2 I8 T .
223 SPEMAREICE &8 Cd X & 7% 7 5
2 il =R R S

Wy ALEE, B T R o T I R

§

A AT S B CK N T 83.93%, Ui B H R E T
FEZAMTRZE T CdiaE (B 10); W, kb #H
oM AR HEERABRN S ER CKEmNT
124.58%, HAF/E 3% %2 7 (P<0.05); W3 A H T, &
BEETFEFFPHARN S E2R CKE DT
1279.38%, HAF{E R E % 7 (P <0.05), {H W, &b
BOW, AN T 649.96%, HEHERFHEER (P<
0.05), XKW, A EFETHZE T Cd Mg FH 2
FUR K EIHEARR, (70X 5 505 7 50 0 &0 I8 i 2
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KIEE, e L2 ff Cd 0 5 2% T 5 5 5% .

W, BT, 5REETFREEPRFEMER S &
H R T, B CK 8 T 287.25%, i B & 5L 3% 1 &L
TEZKAM FZE 7 CdaE; Wy o3 T, X0l
TR )& B CK N T 2058.70%, HAF7E & 2% %
7t (P<0.05); Wy 2bBE T, B 5% H 25 v i S il 2
R BB CKBINT 115546%, HFERFHE R
(P <0.05), {H7E W5 &b BREL W, AL RIS N 1 224.20%,
HAEAEZEER (P<0.05), XEY, £ 5% 75
ZE| T Cd e EN SR KEMEAR, B X
BT ENMAMNE AR, XM ERT, &5
AR R 22 KRR W, BE 8 2 Ml Cd X 5
BETFRENFGE.

M2, fEEEE Cd e T, 58RI
SRR A AR R T R R A, X U AR
Z R R, BRE TR A S 2B E S
Cdim#s, sRErEmn 2R REN AR,
T 2 fif Cd X 35 543 B 1) 1E 5 .
224 AP E R FFICE &8 CdXf
VRS S =

W, Kb EER, B EE R RS R R
ZTHE, B CK BN T 59.74%, i W & 5% 7 5L
ZAM 2R T cditiaE (K 1D); W, L3R,
FH R R S RO CKOBEIN T 9.98%, &R
HZEF (P>0.05); Wy 0 R, =238 7R
AT PERE S B CK M T 1457%, B LR EE 7
(P>0.05), {H Wy &b BEHZ W, bR/ T 28.27%, H
FAEREER (P<0.05), IXE, X8 53% 7 HAhk
it il B R, e R AR Cd X B T 7 R e

W, AT, B E PR DA E RS R
CK M hn 1 13.33%, Ui W] & 5 3% 7 A% & T2
F Cd i E; W, /R, ZEE AT M T A B
CK#n 7T 4.25%, (H & 3% Z 7 (P> 0.05); W5 4t
HT, SR EFRENTBEERSER CKIENT
22.89%, TG i 3 £ R (P> 0.05), Wy A H & W, Ab#
WINT 8.43%. XKW, Xf B 5% T A0 it il = R
RES 22 Cd X 5 B E TR 2R F .

B2, FAELE CAE T, & 5% 7R
F 52 B WA E R T 2R, N B T A it
HIR, REM AR Cd W & R F R E %,

i

S |

225 HEIHEREICE SR CdX 5 2 E T 5
WY O AR

W, AL, i R Rl s R R S B R CK G
T 2.95%, U E B E SR RAME T —EREE L
ZF] Cd 38 E (B 1E); W, AbH R, iy F o Al i
EAMSER CKIEIN T 24.38%; Wy ABLR, A
R EASER CKIEIN T 67.33%, HAH &
EHER (P<0.05), H1E Wy 4bFEE W, AL BB I T
62.54%, HAFIE R #2257/ (P <0.05), XKW, X &
B EA i I Z R, REWP 2% R Cd X B R
A .

W, KB, ZEEA T E A SRR CK N T
19.04%, ¥t W] = 5 3% 7 B AR Z &M N2 2] 7 Cd 1)
BHE; Wy BT, ZEE A E AR S B CK 1Y
N7 23.88%, HAFTE W % %2 7 (P <0.05); W; &b
T, EMAEEEA SRR CKIE M T 24.83%, H
AR R #2573 (P <0.05), {H Wy 4b B W, 4b 2 14
T 4.87%. X LW, Xf 5 5% 1 5 A0 it il = R, e
iR/ Cd X =5 B TR E .

MZ, EELR CdMa T, 528 75y
AEHEEOSES TERTBEEEASE, M55
HE T AN e I R R, AE 5 ZE R Cd W B R T T
BE,

23 MEREERERKESRE CAXMEREFEM
=R 2N 0A
231 HERHEBREKESE CAYE R E 7
SOD & £ ¥ 51

W, A BN, B R A SOD E P i
FEAK, 8 CK IR Z> T 11.05%, i B = 2% 7 5%
U TRZET CdmiaE (B 24) W, 8 R, i i
o SOD JEPEAL CK 3 hn 1 7.45%, HAFE W% 2 7
(P<0.05); W3 &2, i )yt SOD i 1 ¢ CK 2>
T 15.13%, B W B> T 4.59%. XK, X E
L TR A0 it I R, RE 8 4R MR Cd X B TR
R e .

W, 4B R, BB 7 B2 SOD i M B Tt
B CK N T 43.02%, i W 2 2% 7 51 1% &
BT CdRiEE; W, 43R, 2558 SOD i 4
BOCKIGIN T 38.89%, H 77 & % 7 (P < 0.05);
W &b HE R, 2585 SOD i MR B CK 3 N 1 31.96%,
2 Wy abEEE W B D T 7.73%. XK, X H

Il
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Figure 2 Exogenous proline reduces the effect of heavy metal cadmium on the antioxidant

system of Alternanthera philoxeroides

BT RAM R R, BB M Cd X E R T
ENHPEE-M

B2, B 5% 7R ZE SOD i M i SOD %
PR, 0 B O T A i R, BEE 4
fift Cd X & B T P A a5 .
232 HMEMERRMFICESE Cd X =5 2% 75 GPX
kAl

W AL B, BB E TR A GPX & &
CKIM T 9.72%, VLM & BEF A ZZML T2
F| Cd W38 E (K 2B); W, A6 H R, i 9 GPX & &
BCK N T 18.83%, i 3 % 5 (P> 0.05); W5 &b
BN, M A GPX & &R CK k> 1 20.37%, &
E R (P<0.05), B W, BT 27.43%. XK
B, X 5 BT RN i R, BeEZ i Cd X & 5
R R

W AE R, R EFRZN GPX & 2 B
&, B CK D> T 41.69%; W, &b # T, 2£#8 GPX
SEB CKIAD T 3946%, HHFEELFHEZR (P<
0.05); Wy AbFE ', 25358 GPX 85 CK 90 T 17.50%,

2 W b3 W, AEIE I T 41.49%. IXERW, X =
5% T R i B R R, BE P 2B MR Cd W B R TR
EEE.

M2, EHEEE CdMMET, 85 %E 75
GPX & B KT M Jy GPX & &, %W

FE PR LM Cd X5 R FHREEE.
2.3.3 ASMEERFICESJE Cd X = 23% 75 POD
RN

W, BN, =B E 7 R 5 PODIE 1 2 3%
Fh &, B CK 3N 7 98.02%, ¥t B & 5 3% 1 Hi /%
FHE TR BT Cd e E (B 20); Wy &b FE R, iy
o POD & M CK N 17 40.29%, H 1778 & 3% 2
Ft (P <0.05); W; &b # T, i v POD 3% 1442 CK 1
T 96.67%, {H Wy kb BEEE W, &b 2k 2D T 0.68%.
X R, 0 SR T AN i R R, fE 8 k> Cd Xt
HREE RN FMEE.

W, A FE R, B R R ZEE POD EME R E A A,
BCCK 3G 1 97.85%, i W] & 5% 1 R AEZ KA T
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41 %

ZH T CARaE; Wy B R, 23 POD iF 1
CK M4 n 7 40.16%, HAF{E 23 % 7 (P <0.05); W,
AbEE R, 25 POD W& R CK 30N 1 96.49%, 171
% E R (P<0.05), H Wy A5 W, A H )R> T
0.68%. 1XFK T, Xf 5 535 HL A0 it I 2 R, Re i —
TEREE /D> Cd X & B R IEE .

M2, EEE)E CdMEE T, iy POD &M
5525380 POD V& PEAH Z2 A K, AN i A1 it il 20 e % 5 5
TR — E R M Cd X E R E TR A E.
234 SMNEZERRFRESE Cd X & 2% 75 CAT
it 25 5 1Y) R

W, E R, BEEFREMN Fd CAT & B #
ThE, B CK BN T 116.85%, i3 B 5 53 1 ¥ AE %
M TFZE T CAdRyiEF (B 2D); W, BT, iy
B CAT B CK N T 40.16%, &% %% (P>
0.05); Wy &b 2R, if i CAT & &4 CK i 1
98.18%, H. 17 7F & # 2 57 (P < 0.05), {H W, &b H# #¢
W, A E WD T 8.72%. XK B, X E R E T HAb i
MR, REe 2R Cd X 8 53 7 5k e s,

W E N, EREEFREZERCAT S 2R E T+
i, B CK 3N T 108.84%, 1t B & 4 1 W 7R % 4%
PETRZE T Cd i E; W, B, 2558 CAT & &
BCCK AN T 38.39%, i3 % 5 (P> 0.05); W5 &b
HR, 223 CAT 2% CK ¥ 1 T 91.70%, {H W, 4b
FREG W, AEBRIR /D T 8.21%. IXF W, X = ByE 75
At =R, BEfE 2 M Cd X =2 B 7 R RE E

M2, fEEEE CAhia T, i CAT M &
52K CAT B & &= AH 2 A Ko A it il 2 B8 5 =
BRI HREWA —ERE LM CdXERiE
THEMIEF,

3 Wi

31 SNEEEEREFEREERE CANER
YIE RS2

I 220 R A2 HE W AR N B R K I MR B TR, AT B
S 0 240 B v VR R U R, B AR UK R, 4 R A 1
[ & o FEFEY) 52 3 — Le A FEY) BT (1995 & e i, 78
40 B P R R R R A 2 R w2 1L #S #
I i 1) 200 B 5 R o IR 2 TR 0T R A A B 4 iR W T
R4 KL A BBk 8 2 B STk ™" Okuma 25
W FE R I, SIS R I8CER £ B 18 2% 44 TR MR (Nicotiana

ETEE

tabacum) FAEKANE], JLA 8 R E N, Jain 2557
T A 5% R A v A o R A T, T R T DA 4 A
h a5 W TE 2L (Arachis hypogaea) B LT [ . A
BEFE A, WS IR (W) 7T 3 ) = R E T AR
KM AEAK, T LE A1 it 2 R AL B R R R R =
B TR, 2 ALK, TEMNEE, {5 RE
T B A R B 0 A K . BT RE S T
AMRESHEMAENTEB CdEFMHEE, Wl Tk
B M) Cd-Pro &40, YD 1 Cd %A 1k ) HoAth 241
i3 3 B 25 MLV e A T 7 A U R R X
3% (Trapella sinensis) Hit Cd Wy 18 W 0 BF .15 1 AH
7

32 SNEBEREEFEREERE CAMNER
IR AR S

MDA & & m K AT AR MY 8 2 75 F W 9k
AIFE T 58 251 T 1 S BERE T, RS 4 Bl ) 2 S ik
HHEYIE R BB . A RAEEE CAH
WINT, 5% 7% MDA & =W A Fri n, 7£%
mncd o R, B 5 15 MDA & & 5 X A
AR EER, T E 5T 5AE Cd WK E BRI
B AE W EORECOK . 1X 5 7 /N EF 3 (Brassica rapa
var. oleifera) "' 17 1 (Celosia argentea) " I~ ¥1
AR —H . HIEFTREZHRN Cd, 35 5% FH%
FIEFHAEH, M9 8 B BRI R o A AR S
IR, 75 MDA & B0 .

Ui B i 2R 7 B AE TS NI 2 R A Cd (W) I
5, X 5B (Davidia involucrata) ™ %)) 1 F1 J il
W, (Amaranthus caudatus) U b mw g s R, W
fiefe Cd BIPER T, MY 6e 18 i 19 0 i 25 I 24 iR
R A e 300 T OR (0 45 T o AE A it I 2 R 1) A
T, W E R E TR FEFEM . 7T LUE A
PR ER T, B 5% 7R ae o i N
B Y B ORI T E S JE AR P A ok 1 B
EH

T AE 18 B4 T A BRI BT, 2 0l it
JS K 22 fifk AN RS2V, 2 v AL DA A TR 8 3 R T )
o, AT ZE A A A IR AR A iE B . AR AT
o, R W AR, RTVE PR R AT M B B A B AR
B, X5 Cd Wrl F &R (Cinnamomum camphora) 7
e BT R B, R E R E T ERE T
Cd 11 75 T A H I 1 e 82, Dy B A Gt 1 AS B 2R

ETEE
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i 35 Bl AR A S B HEAT

33 NEMREFERESE CAMNERETER
FUIERE M

HUENAE —BERANIUANL RS, BB H K
2% R AE W0 41 L P9 IR T 4. SOD i B — 1 By 28,
POD I CAT M /2 55 — 18 Bj £, R4 H,0, b
H,0 1 Oy, =35 [F I AE FH e 8 PR IR s 5/ . 1l
Y52 B AR S AF I, AR A 72 A KR EIEPEE B H
B, A 15 4E P 40 e B R O AR AL, PR R A E
Y01k M ) SOD. POD Al CAT %5 4 &AL il 75 1 4>
18 50 LY /> 5 R E E R A A A B L A Y R
. AWtsid, 5 5% F 5 SOD. POD. GPX
CAT WG PEAE TR I Cd WI1E F R Fh i, 72 48R il
T I B A, 3X 5 WU B (Mandevilla sanderi) ™ 1 1
WG R —3, WTRERAE Cd B/ EMRAT, HYiE
T i v P AR AT 1 I 1 A P R PR SR KT E
&JE Cd EEE

£ 2 Y #k References:

4 4

ARG REW, EIRMIMEREAR G, &5
HE TR R ZE BT A TR AR, T MR A
BIE W) O T S AR B R, F F| SOD. POD
CAT i 1 S LA AL I R 48 7 1 AR 4L, R I H
WEREIREE. B, HEESE CAREAH T, BHY
MR 22, AR B H], AR 22, o E R
R G, 72 ANt il R AL HE R, RS K i E R
TE WS B AR KT 88, NAEETER L
B, BRETEAZI CdWFHEEMEMT, £ MDA,
H,0,. AIEPEE (A AT PR AL I B vy o (R TE
R T E BB IE Y TR A i = R 1)
T OLR, G2 f# Cd W ia BT i 45 3, BEAIK Cd Xt
EEREETEFEMED. £ =, NTEAER K
E, EHEEE CAdMERMT, & 53% 7% SOD. POD.
GPX 1 CAT I35 PE T+ & o 1 il 0L T Ak BE 4% 4 v
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T B NANE I E R, et 22 M Cd W 5 5% 15
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