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ERA, HEE, MNE, X+ &, N, GEE ARE, 25
(Z R KR I S FRBE e, B 650201)

B E RS AR NER T (Arabis alpina L. var. parviflora Franch) & £ Pb BHLFR , SR MGG INAS [R5 4k JE 0047 738
ARG AL A SR P R A IV I i S R 4R S s AR INIE R ST R I S B A P Ph BRREAE A S
SEIFMW] B BE S 50 mg - kg ALFLR L /ANERI ST ML S MR R AR W43 1) B 2 K T 85.0% 1 46.2% ; vk B O 150,200 mg - kg
SIRTT, 3 A S Ph 1k 43 A B G0 3.6% 1 4.1% , /NE R T HL T &8 Ph i 43 ) B E G N 23.1% F1 32.8%; ik JE R 50,
100 mg- kg™ AL FAL 3E T /NAEFE ST X Ph A SRR, 5 48 R B0 1) S 1  64.29% T 107.8% 5 b ¥ I 2 4R 5 T/ NMERT TR N & i ik
A RS P 5/ NE R TR Ph & S F A4S 2R (Glutamine , Glu) & 1 54 35 IEAHC, S5 3B y- 7 2 k2K B 4 R
Aﬁﬁ@(’y—glutamylcy%té'ine synthetase , y—GCS ) FI4 B H LA JE i ( Glutathione reductase , GR) 3 4 12 52 35 1E A5G 5 /NAE R I b T 30
15 R ER A DG R (Cysteine, Cys) % 5 S AR W 35 IEAH DG, 5 10 %8 y—GCS . GR F 4 e H Ik S—%% % i (Glutathione S—
transferase , GST) 1 PE 52 B 2 IE A5G . WF5Y & B, o it A AE A2 E/INAE B TF IR N B AL 5 0 19 B, 12 v D B TS 2 G P 1) 6
LERE ) AR TR Phis Y IR .
KEIFE E  Phy BB REG S AL A& s BRG T
hESES X173 XEREG:A XEHES1672-2043(2021)09-1851-09  doi:10.11654/jaes.2021-0345

Effects of sulfur on the characteristics of sulfur—containing compounds and Pb accumulation in Arabis alpina

L. var. parviflora Franch

MOU Fengli, YANG Jingmin, LIU Cui, LIU Caixin, LIU Mei, CHEN Jianjun, ZU Yanqun, WANG Jixiu”

(College of Resources and Environment, Yunnan Agricultural University, Kunming 650201, China)

Abstract: To explore the mechanism by which sulfur—containing compounds promote the accumulation of Pb in Arabis alpina L. var.
parviflora Franch, a pot experiment was carried out with different sulfur concentrations added by exogenous sources to determine the
content of cysteine, glutathione, and glutamine, and enzyme activity. The results showed that under the 50 mg-kg™ S treatment, the shoot
and root biomass of A. alpina significantly increased by 85.0% and 46.2%, respectively. Under the 150 and 200 mg- kg™ S treatments, the
available Pb content in the soil significantly increased by 3.6% and 4.1%, respectively, and the Pb content in the roots of A. alpina
significantly increased by 23.1% and 32.8%, respectively. 50 and 100 mg-kg™ S treatments promoted the accumulation of Pb in A. alpina,
and the bioconcentration factor significantly increased by 64.2% and 107.8%, respectively. Sulfur treatment significantly increased the
content of sulfur—containing compounds and enzyme activity in A. alpina. The content of Pb in the roots of A. alpina was extremely
significantly positively correlated with the content of glutamate (Glu) in the shoot, and was positively correlated with the shoot y—
glutamylcysteine synthase (y—GCS) and glutathione reductase (GR) activities. The content of Ph in the root of A. alpina was extremely

significantly positively correlated with the content of cysteine (Cys) in the root, and significantly positively correlated with the activities of
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shoot y—GCS, GR, and glutathione S—transferase (GST). Studies have found that an appropriate amount of applied sulfur promote the

synthesis of sulfur—containing compounds in A. alpina, improve the activity of key enzymes, and improve the ability to enrich Pb, which is

beneficial for the restoration of Pb—contaminated soil.

Keywords: sulfur; Pb; bioconcentration factor; sulfur—containing compounds; enzyme activity

T AR AR R RS Tk A 7 i o)
FLJA 4 A= 458 Ph & i 8 2ok WE VIR, Sk BRI 1
15 e (4 [ 38 E YR B A A i) B, Ph s G
ST RBAR IS B 1.5%, & 7™ 5 P 1) 30 [ Bk b 2 422
Ph 23 52 B 40 169 5 G 1 P IR 1 T 4 AR,
5 AR A= BRI REZE L , I RRARARAVE Y ik B
ALY 2 Bk - d v A B 4 e — b e A R
2,20 5% B B X AR AR A /N P T
R Ph &A1 963.2 mg-kg !, HoE 4 REA iz
RERF 1, alE il s YA BB E Phis e
ot

F 4R N & SRR YT R R B A
PRANAC I 1 R & A 2K ALY, e — R R 0 T
FRICE  TEPET R A K R B R A FRAR i o e v 2 4
AR HARE R AR Y /9 A K RN A B
P R RE O B 42 8 1) BBRRAE D28 T 4 B XA W)
AR EN, 2 A ARG R I MR AL U T R 2R
FURE ) 45 P e K6 Cd i 532 5 BB 3 T AR 5=
REEY R . ZHANG SR 5% 2 W | it 5% e ek />
JKFEH Cd ARTR R b bR A iz | FEARK R AT b
Cd R . £ 7 75 G AFFE 22 B0, it A7t A2 32F 7 /)N
FERAITXT Ph 1 SR, $i 5 T RERR XS Ph 1 & 48 R B

-3 B LA SO TE Xl Ml MR ML, AR 4 1
20— R AR R A B 2R (Cys)™ . HEY)
DL Cys A HT ARG B £ Bl & 614k & 90, 4n 4% e T Bk
(GSH) FH ¥ 44 & (PCs) M 42 &8 B 26 1 (MTs)19,
TS YRe S E A B E G TY MO0 B N 1B
HW, AR E 48 (B PES . R AR i R R
T B 5 AR A 40 110 S il 7 1R T 4 i 3 e
A Z S HERMERY, it R 0 2 0T LS 7 ol i
Pk T 4 J@ 2 XA A 7 A A AR (0 E A NE

A ST AN 55 Bk B 0 AT % A% S R Ph W38 1 AL
L AS W

A 5T e B 2= T 2 R YRR JE 10 Ph Y5 e - e R
T & SEAE ) /INAE R T, 3 3k IS IS ] v
F 78 Hoxt - 364 204 Ph /INERI ST & 45 P /INMERIIT
TR S B A B RN P X Ph 2R S, B AR IR
FEAMIE TR NG T 2 450 N /MER ST IR N I & B fb &
Y AT 520 Ph & 42 AOALEE

1 MREFE

1.1 R Ie#r#t

IINERTT (Arabis alpina L. var. Parviflora Franch) ;
TR BT IR AR ROIR AR Y . NMER ST
Tl FS0 Lok A = B SRR IX R 5, 1
55 A AR A BT UL 3R 1, R AR XA T 103°03 " ~
103°55'E,25°48" ~26°28 ' N, 4k 2 263~2 516 m.,
1.2 RiET

Ptk /N2 R i/ NME RS TR T fE o
RO K2 IR A TR Bl R K ) 34
AMTBAR . HRA—SLH N5
B4 (22 emx17 em) %% 4 kg T3, B3k 7 HRAE Y . R
FH NaaSO. (43 #r 48) Fic i ¥ B2 24 0.59.1.18 .1.78 ,2.37
mg-mL™ R (LA SO 1) , ) - 3E R it S00 mL, f#
2% 4b 3 A A i 43 5 o 0(CK) L 50 (S50) | 100
(S100) .150(S150) .200(S200) mg-kg™'. KT J5 FRIX
RS ER Ffbad #2 , B 20 o B A 3R B 3
AEE MG 158 AR 60 d AR, 4y |
B b ER AR R/ INMER ST AR PR 135, B AR
Ta 2k i
1.3 $EHRMZE
1.3.1 056 = FEAC b P ol

B i A R e e R A R

F1 REATEARELER

Table 1 Basic physical and chemical properties of test soil

Ph 4 B 7 A A s il WA T A AL
Ph tg " Sulfur Available Total Total Total Available Available Available Organic -
cot cﬁn content/ sulfur/ nitrogen/  phosphorus/  potassium/ nitrogen/ phosphorus/  potassium/ matter/ P
(mg-kg™")
me-
88 (mg-kg")  (mg-kg™) (g-kg™) (g-kg™) (g-kg™) (mg-kg™) (mg-kg™) (mg-kg™) (g-kg™)
27543 431.62 102.53 1.23 0.82 2.17 130.2 5.9 535 30.82 6.14

1% WHART]
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T ERCER A AL pH I e 2 BE A R Ak 4y
Brprel,
1.3.2 A=y

R AR ARARE S A SRR S B ok, I FH R 81
K= 10 min, LABR 25 FE AR AR T I B (4 P, 5 i
FAZ B Pk vk, K400 T2 40K 5 o Kbk
RN LR T 105 CHLAR A 30 min, R
75 CHET 2 H i i, FRECT i TR A
1.3.3 3R Ph & I E

38 Ph & BREGE 0.149 mm FLAR % 9 KT+
0.5 g #7100 mL = ffiff b, /b 28 /K IR i A
HnFEIK (Vivos: Vie=1:3)5 mL, B 115 8, 78 47 58 H #1
H2 (DB-2EFS) IR #4 2 1k (140~160 °C) , F7 45
CRAD AR E G TR, WEEITA S mL
o R, ARSI R AR A R ORK IR BUR A
WAL B VWG E R 50 mL 2B, £ B 1ok
ZUPRUE S, e B K ES . FKIGIRT
Wz 43566 BE 1 (Thermo ICE3000 SERIES ) 5E .

T Ph & 18 FRE 0.1 g M) THE T i i b,
A3 mLASER G 17, 45 2 d A 2 mL 30% i %A AL &,
Bt i 455 T A BE A 140 CHEAE (DHG-9145A) i 4
Wl 4 hJE BRI EER . 2 UEF] 50 mL 25 5
R R EFKER . FIAEE TR e T
M7E .

B RS Ph i ARG 2 mm FLAR B (9 KT
15 g BT 50 mL .08 H, il A 25 mL DTPA-TEA-
CaCL(pH 7.3)1R G IUK , 76 (25£2) CIE R~ & T
180 r-min™ IR IR FE PR (TS-100C) FHR 2 h, .00
W8I, A RT3 6 BE T ™

&R BCE AR 3R P 5 & (mg kg™ BR LA
+3EPb i (mg-kg™) o

Mim ZBCE TR B8 P & & (mg - kg ) BRLL
FEAR I T 3 Pb 5 & (mg-kg ™) o
1.3.4 FEPIVR N oAb G O 1 R )

FEAS T 2 FRIBCHE | 5l R 3 0.1 g AT 2
mL B0 I AR IBOR , B VK VKV 30 min, £
o 1 20 SV B 2% (SCIENTZ-48) BFEE I 513K . SR
BT EEAEE.ONL(HC-3018R) P B0, B E
TR VK LRI

HR AT S U B S (W B IR NS B AE D R A
BN W) 48 1 0T DL 20 66 BE 3 (UV-5800) 5
BEMR (Glu) : 78 340 nm SHUR AR . P22 (Cys) :
TE 710 nm BEHOK G . 8 )5 B2 B HBK (Reduced

glutathione , GSH) : 7£ 412 nm SRR OGE . A LRI
JBE B (Oxidized glutathione, GSSG) : 7£ 412 nm Ho {3,
0SB O 5 min 5 WOGIE . y—48 2 BEF B2
M2 (y=GCS) : £ 700 nm 3 HUR G o 45 BE H L Jit
B3 (GR) : 7E 412 nm F (4, 357 30 s A1 10 min WEAH o
2 e H K AL 90 1 (Glutathione peroxidase , GPX) :
TE 412 nm BEHOROEAE . A8 BEH Ik S-HE A2 M (GST) -
1E 340 nm o3, 10 5657 BP0 10 min TOG1E .
1.4 HRS T

T 500 SR FH Excel X HAEHE 5 b3 SR SPSS
22.0 B EA T BRI 2 5 2253 BT (One—way ANOVA) Fl
2 5 i F YEK K (Duncan, P<0.05) & AH 5 ¥ 7 #r
(Pearson) , 2K Jf] Origin 2018 22K, & F 8l 1 34~
SV I E R T I 22 20 o

2 HERE5SMH

2.1 AEAWIREFNEETFEDENF N

AN BN /NIRRT AR P i AR Ak an 181 1
TR /NEREITH R T R A A e B B U
PR3 TS o i ek 2 1 #, HLIAHE S50 AbBETE 35 )
I KAE . 50T BEAH EE /N B T b 3 A P 3k £ S50
H1S100 &b BER 43 B34 1 T 85.0% F119.4% . /NER
TF R A R AE S50 Zb TR R 55t BEAH HLAEAE
225 (P<0.05, T [F]) , AEW 38 hin 1 46.2%, 1 S100 4k
P55 BEAH b TG 0 25 25 57, LB BV E (R 35, b
A Py AR, S150 F1S200 AbFRA , 23 51 AR

201 A [ #b_E35 Shoot
—I— O #F 3 Root
%0 151
é B
Z 1o} ¢ E3 ¢ c
= | 2 =
| b 1 b
H osH  He = ks -
0 CK S50 S100 S150 S200
Kb Treatment

ARG FRE IR H b RAL BRI i 35 22 5 (P<0.05) , AR/ NG FhER
AR H T AR AR F ) 25 22 5 (P<0.05) . Rl
Different uppercase letters indicate significant differences among
treatments in shoot(P<0.05) , different lowercase letters indicate

significant differences among treatments in root (P<0.05). The same below

B 1 REmKEX/NEETEMEN R
Figure 1 Effects of different sulfur concentrations on

the biomass of A. alpina
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23.1% F128.9% . Fh AT LAFS H AN [R] G e B X/ Ak
BT Hb 3 AR A A S e R T S, BRI/ INE R T
iy b A 2R IR AURR , FLIRAR A B /N R O AR K
APEHER
22 AEMKEXN TEBRE P SEHF M

AN TR v P A BT - 3 AT RIS Ph B i AR AE
A (E 2), S50 FIS100 4B R, + 3 ih A %04 Ph
BB BBFEAR T 7.3% H15.5%; S150 F1 S200 Ak FE
T, A RS P S R R B R T 3.6% Al
41%. SRR KA AL BT A5 + A RS Ph & iR
/D, B A BT A A ARG Ph S E G, k]
RESZI/INAE R T4 Ph IR 2R

800

H

600 -

400 [

200 -

LA RES Ph i
Available Pb content in soil/(mg-kg™)

(=)

CK S50 S100 S150 S200
Kb F Treatment

AN PR A B ) 25 5 2.3 (P<0.05)

Different letters indicate significant differences among treatments (P<0.05)
B2 FARMmKEN T EFREPh RENHIT
Figure 2 Effects of different sulfur concentrations on the content

of available Pb in the soil

2.3 AEFHREI/NEFTT Pb & =M

P P& 3 AT, S () BE v B2 F /NAE T A b 13 b
THEBPh A B E R . /NER ST L S P
5% BEAH 23 A T 33.0% .12.5% .8.1% F19.4% .,
b 2 Ry S50 F1S100 B, /NAE RS T 1T 7 Pb 3 1 45
X BEFRA 8.1% F18.9% . HAbH R S150 1 S200 i, 1
R Ph A R At BE S AN 23.1% 1 32.8% . /NMER ST
H RS Ph A S A RS P & A —
FEMIRFR . BBRRUL, AME S INB AN ] T /INIE e I H
BT Ph A WA 5 AR AR AL BN T /NAE RS T H R R
XF Ph MW, e B A B T/ NAE RS ST LR FERT Ph
PRI .
2.4 AEEREXH/NERETT Pb RFRFERN I

MAFE 2 AT, AN )t v B X /N AR R T Ph SRR R
TERE AT . SRR FE A S50 A1 S100 B, /NERG IF
& RBERR T 1, 5060 B L 3G i 0.6 £5% F1 1.1 4%,

1% WHART]

bedlllE7 % g Si=nd=ot i 25 40 558 O HA

1000 [ Hb_ 3 Shoot b _;_
o [ #1 T 7 Root T
fo 800 ¢ ' d
£ 1 ¢
= =
= 6001 ]
3
g
é 400 |

A
1 ¢ B B B
a
s ’_F
0
CK S50 S100 S150 S200
Kb Treatment

B3 AREEKEX/NEETT P & EHRIT
Figure 3 Effects of different sulfur concentrations on the content

of Pb in A. alpine

R2 ANEAFKEIMNEEFTPhEERMEHERHENFE
Table 2 Effects of different sulfur concentrations on the Pb

bioconcentration factor and translocation factor of A. alpine

b3 WAL USTES

Treatment Bioconcentration factor Translocation factor
CK 0.64 0.37
S50 1.05 0.27
S100 1.32 0.37
S150 0.19 0.28
S200 0.15 0.25

T 24 B Ak H 2 S150 11 S200 1], 55 4 Z 8505 % BEAH T
JLT T B 70% F177% 0 ARG IR ] T /NE R ST
X Ph B I8, 2 Ab FE R S200 B, /NAE FE ST 18 &
B/ XTI B T 32%,

25 AEMKRENMNEEBFENESHRUEDESEN
=AU

ANV e B X6/ INAE e T A PN 4 R (Glu) A i
R (Cys) ¥ (LA 3, T ) (9 5% i DL 1R 4
ME AT LU ORI GR T, /NER T L 3 Glu
ik B 75 B B T RGN, 78 S200 AbFE R ik f K
{8, M 104.05 pg- g™ 1o T HF Glu 5 1 bl & AR vk 1 in
eI R R, 7E S100 Zb BE T 35 f K AH L M 216.26
pgege /INMERIITHIL bR Cys & i Bl B U R 1 04
BN G R B, 7E S150 4 B R ik B KAE, 4 93.58 mg -
g s bR Cys 75 2t Bl 2 G VA B8 185 o i 38 o, € S200
SEPRR ik R AR, 9 114.04 mg-g™'

AN TRVBIL M B2 XoF /1N A6 B I A P 3 D 7R 45 b T ik
(GSH) A4 ALY 25 e H K (GSSG) 5 & B2 M DL 5 .
] LA R BAL R , /NER T B35 GSH
SRR EES MR GSH & 78 S50 A FE T ik i
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Figure 4 Effects of different sulfur concentrations on the contents of Glu and Cys in A. alpina

207 Hb_F 3 Shoot
R E /T\ A A
=l o A 4
3 N
EEost L
m3
2= 0
« 8 . .
Biosr 1 T | b b
T !
Mot I ab
a
15 b 3B Root
: CK S50 S100 S150 $200

AL FR Treatment

40T Hi % Shoot
301
20
10+
0
10
20

30 a b
20 T Root
CK S50 S100 S150 S200

AL FH Treatment

HH >

H o

HO
HO
HO

o

ST AR it

GSSG content/(nmol-g™")

BE5 AEEKENNEFTFENEREMEXESRE RSN

Figure 5 Effects of different sulfur concentrations on the contents of GSH and GSSG in A. alpine

KAH , 7 0.75 pwmol - g™, FoAth 42b 355 X6F BR 22 [1] TC Wi 25

255 /NMERITT L EIE MR GSSG % AR KE A i

Y E R SE g S R R, 397E S100 2R R ik KAH,

43514 28.92 nmol - g F128.09 nmol - g™' .
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JEE 18T 3 0, £ S200 Ak HER 3 4R KAH L K 92.32
pwmol « h™'+ g5 MR F y—GCS T P4 Bl & A7 e i 14 hn o
BN S R B L AE S150 Ab BRI P AR L O 287.45
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Figure 6 Effects of different sulfur concentrations on the activities of y=GCS and GR in A. alpine
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Pl 7 Ry AN R i e 2 X /IS A T 2 4K P A e T e
A ALY (GPX) FI A e H K S—54 5 1 (GST) 1 P11
e, AT DL L, /NE R T L BB H R E8 GPX S M
AR A BV B I SIS R R, BIAE S50 Ab B R TR
Pk fe B, 20 9 A 1 545.52 nmol + min™ - g7 Fl 1 413.38
nmol ~min"+g™' o /NERIITHI FEHB GST 16 P b & it
JE 3 0 S B S R B, FE S150 Ab BN 1S MR, R
176.76 nmol - min ™" g s #bF F8 GST 76 : it 75 A7 1k Ji 344
JIVTTSG 0, 7€ S200 Ab BT 3 4 % &, 24 290.46 nmol -
min l-g’lo
2.7 XS

W3 PR, Ak B /NAE R T R &8 Pb % &
S 2 IE ARG (P<0.01, ), 4384 803 Ph &
5N ST R R Ph % i A IR ARG

W% 4 FoR , /NERS ST 38 Ph 5 8 5 b 3
GSSG 7 it 5L I 3% 7 A5G (P<0.05, TR , 54 |3
GPX i M S A 1 25 T AH DG 5 /INAE R T iR 35 Pb 75 &t
EjH 38 Glu 7 i AR R 3 IE ARG, 5 BB GSH 7%

A
1600 [ 4 |- ES
= 1200 [ Shoot B
> B T
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.é T I
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= E
% = 400 r
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2 x
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Ay F b
© 1600 | 5 F# Root 2
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R3NMEEFHRLE FHASPhEES P EEMHERME
Table 3 Correlation between sulfur treatments , available Pb

content and Pb content in A. alpine

£z o EFEPh E i MR P
Index Shoot Pb content  Root Pb content
AL PR Sulfur treatment 0.075 0.7927#:

B RUES Pb & & Available Pb content 0.660%* 0.851%*

T 7 R A OE (P<0.05) , " F R M I 5 AH 56 (P<0.01) ¢
ENGE

Note: “*” indicates significant correlation at P<0.05 level, “#*”
indicates extremely significant correlation at P<0.01 level. The same
below.

R DG, S 1 GSSG 5 i GPX i PE 2
W S 3 R G, 55 3 y—GCS M GR i P 52 I 3 11
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W s P, /NER ST 3R P 7 i 5 R B
Glu 7 52 B A C , 5338 CPX G M 24 B 3
FUARDE s /NERGITHL T30 Ph 5 i 53 R 38 Cys 052
el 25 E A, SRR GSH & B F A, 5
Hi R y—GCS \GR H1 GST i Pk 5 i 2 TEAH G

280 T Hly B Shoot
T 2107 A /; ;
= 140p B B
_-’—Hi 70
n <
S 2 100f
2 d
T 2001 £ .
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#3001 b b a
400 Hi R Root
CK S50 S100 S150 S200
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B7 AREFREIT/NEFITERN GPX 1 GST iFE 1A 22

Figure 7 Effects of different sulfur concentrations on the activities of GPX and GST in A. alpine
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Table 4 Correlation between Pb content in A. alpine and shoot sulfur—containing compounds and enzyme activities

F5 5 Index Glu Cys GSH GSSG v-GCS GR GPX GST
H1 13 Ph 7 i Shoot Pb content 0.236 0.086 -0.097 -0.577* -0.151 0.062 -0.790% -0.380
Hi R Ph %+ Root Pb content 0.874%% -0.453 -0.564* ~0.803%* 0.625* 0.549% -0.773%%* -0.401

R5 NEEFEAPEESHTAHIMU SY REEENEXKE

Table 5 Correlation between Pb content in A. alpine and root sulfur—containing compounds and enzyme activities

FEHF Index Glu Cys GSH GSSG v-GCS GR GPX GST
Hi_F-3 P41k Shoot Ph content =063 1% 0.042 -0.510 0.042 0.233 -0.207 -0.920%* -0.227
R 3 Ph & it Root Pb content -0.461 0.770%* -0.593* 0.258 0.530% 0.578% -0.443 0.588*
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i, S R AN B4 R L, (45 3 P )
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Cys 73 B2 A, 76 Ph rid T, it 7 1
T /NAER AN Glu F1 Cys (9555, HL3 T 35 Pb I
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