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Effects of sulfur on activities of key sulfur—assimilating enzymes and lead enrichment in Arabis alpina L. var.
parviflora Franch

LIU Yixuan, LIU Caixin, ZU Yanqun, WANG Lei, LI Zuran, WANG Jixiu"

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

Abstract: The effects of sulfur nutrients on the activities of key enzymes involved in sulfur assimilation and lead enrichment in Arabis
alpina L. var. parviflora Franch were studied from a physiological perspective. Pot experiments with different concentrations of sulfur (0, 25,
50, 100, 200, 400 mg -+ kg™) under lead (Ph* 1 000 mg-kg™) stress were conducted to determine the contents of lead, sulfur, and sulfur
synthetic substances in plants, as well as the activity of key enzymes involved in sulfur assimilation. The effects of sulfur application on the
growth of A. alpina var. parviflora, the activities of key sulfur-assimilating enzymes, and the content and accumulation of lead in A. alpina
var. parviflora were analyzed. Compared with those in the control, the aboveground and underground biomasses of A. alpina var. parviflora,
with the 400 mg + kg™ sulfur treatment, were significantly increased by 125.80% and 71.50%, respectively. There was no significant

difference in aboveground and underground biomass at a sulfur concentration of 50 mg -« kg™, but the total root projected area, total root
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surface area, and total root volume increased significantly by 1.2, 1.4 times and 4.5 times, respectively. When the concentration of sulfur
was 50 mg- kg™, the activities of ATP sulfurylase (ATPS), y—glutamylcysteine synthetase (y—ECS), OAS-TL, and sulfite reductase (SUR)
in the aboveground parts of A. alpina var. parviflora were increased by 21.66%, 29.80%, 15.08%, and 48.95%, respectively. Cysteine(Cys)
content in underground and aboveground parts increased by 18.10% and 11.93%, respectively. When the concentration of sulfur was 100
mg - kg™, the activities of O—acetylserine (OASS), phytochelatin synthase (PCSase ), and adenosine—5" —phosphosulfate reductase (APSR)
in the aboveground part of A. alpina var. parviflora were significantly increased by 24.27%, 19.29%, and 36.71%, respectively; and the Cys
content in the underground part increased by 7.96%. When the sulfur concentration was 50 mg « kg™ and 100 mg - kg™, the enrichment
coefficient of lead was greater than 1. There was also a significant positive correlation between lead content in A. alpina var. parviflora and
OAS-TL, SUR, and y-ECS. Further, there was a significant positive correlation between lead content in the underground part of A. alpina
var. parviflora and y—ECS and APSR, and a significant negative correlation between lead content in the underground part of A. alpina var.
parviflora and OAS-TL, Cys, and PCSase. This study revealed that proper sulfur application (50~100 mg-kg™") could promote the growth of
A. alpina var. parviflora, change the root morphology, and increase the activity of key sulfur-assimilating enzymes and the content of sulfur
compounds, thus promoting the enrichment of and tolerance to lead in Arabidopsis florescens.

Keywords: lead; sulfur; Arabis alpina L.var. parviflora Franch; sulfur assimilation; enzyme activity
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7 e g N S e S € <7 L DA Y )
(R [ AL o A v [ A O B IS 3 28 G T 2 A
P AEL F AR [ A O B A o 381 42 /NAE B T 1A
BRLAL A5 0 85 TS LS B B it 52 AL ) v A P

AW RE I = w2 A AR X ) 0 A )
/NAERI TR T, 38 5 AN A [R) W B2 A AR, BFSE
BiLE IR Gt I xt /INAE B T A 14 3 4 0t )
PR SEBEEN , 15 1E48 75 B 7] A SC B0 /N AE R T
TR P30 IR 2 AL

| HREE

1.1 iR D& 1

HEAE Y /NE RS ST (Arabis alpina L.var. parviflora
Franch)J& T T FAER M It @AY . /INMERI ST R TR
H = SRR IR 5 i H R A sl
KGRI . S0 5 R = B Al K245 LR
F L b, 329 991 1 IR O 20 °CL REK i 1031
mm , FIXF R R 74% , SRR E N 390, R £
FEATRA T LR 1.
1.2 gt

AR T 2021 4E = m AL K 2= A 2= Kl
AT RIS R A 10 A SRR 3, AR
KT JE I 2 mm 0, 554025 4 kg T3 S (LI
JT e A% FH b 5T e XU 4 45 AR o) (GB 15678—
2018) H A FH b - BT T Y U A8 I, % B A A
W 1 000 mg- kg™ (LA4E Pb*it) , LA Pb(CH,CO0 ),
W IEAS L iR G35 P 7 d; 1S

F1 KB ATEREUMER

Table 1 Basic physical and chemical properties of the test soil

4% Total N/ 41 Total P/ 4240 Total K/

Tk Available N/ LW Available P/ 3 #H Available K/ 4 HLJ Organic

(g-kg™) (g-kg™) (g-kg™") (mg-kg™") (mg-kg™) (mg-kg™") matter/(g-kg™") pH
1.56 0.75 5.60 152.2 1.87 421 40.62 6.1
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(DRRIEA R I (STD1600 Ep-
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WinRhizo(Version 4.0B) X1 H RIS LT 047 -

(2) AP WK AR AR A 56 R K S A2 ke
Jo FH 22 B /K12 010 min, 55 25 8 Ak o
FAM K AR T 240K 40 o KR AR b 1 3 A0 b T 38
T 105 CHEFE 227 30 min, 2R )5 75 CHET 246 &
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1.3.3 /NERG I M b 5B ANt T 4 o it

(DFREL0.1 g M9 THE TS MR EE D, A 3 mLAil§
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AR WL R U8 U8R £ 50 mL
i, 28 TR 2T B R e &
BT KEZF] 50 mL, M E A A

(2) & 4 R =Pk 3R & i (mg- kg™ )/ 4%
Byt (mg-kg™)

(3) 5512 Z B =RIVE L T 3RAT &  (mg - kg™ )RR
MR FRET S i (mg kg ™)
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k™) <A P b S A A a (k) +AF AR bR A 5 i
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1.3.4 /NIERI TR I 5 i

W BT 0 /N R I B 250 AR 23 B AR, 25 R I
0.1 g, B AW ZREF A 2 mLAYER , i3, A 2 mL
o AR S VR K T A ECAMEAE L 140 CHn#i 4 b,
AT 4 h)E  BUR T ARE R R B
RIS WA 6, VR A B 31 50 mL 25 s b, 2%
BT K 2R TE A WERE | e A B T K E R F
50 mL, W2 B 75 1
1.3.5 /BRI IR & Ak & 5 1 2 i 1

D7 2= 2R (Cys) L LR 22 24 1R (AS) 1 &5 i Al
TR AL (ATPS) | £ Tt 22 24 FR /K fift i (OASS) ~F: bk
AR B (OAS-TL) \y 43 24 W F- e 2 1R 5 I (y—
ECS) Z 4 KA BB (PCSase) | i T Pk B B2 18 D il
(APSR) WV i BR k34 J5U i (SUR) 16 1

W 7 v« FRECHE b 5l R 35 0.1 g BEAE T 2
mL ZL0E T ISR , & VKAE VKA 30 min, F55E
HAH LT %S (SCIENTZ-48) rh PR 400 . B T
HA YR ELOHL(HC-3018R) P& A O, B IS B
UK AR AR AR G Ul B ORI AS SR A E R
AR, FHEEAMAT WL A3 6 EETH(UV-5800) W .
L4 HIBESH

IR I 8 FH Excel F1 SPSS 26 #F HEA T kb PR F1 58
114387, F Duncan’ s 1 5& W 22 3 047 22 5 8. 35 R A
5 (Duncan, P<0.05) } Pearson # 54 43 #71 , FH Origin
2018214,

2 HRESW

2.1 AEWREIHEIME T/MMEEFERKOFMm

HY P 1R, S TR B v B b B /N4 g v e |
TS AN MR S ) AR B . $25.850,8100.,S200
S400 bR, b F S04 A 1y s R LT REZH 23 53] 38
T 20.33%.29.74% .68.66% .94.61% .125.80% ; 1 T &
(49 A 4 1 AH B X BECZH 43 S 3G 0 T 7.31% . 54.48%
88.61%.90.67% .71.50%. AT, &1 5 7 a7 3
T /NERIIT R R
2.2 AEFIREXTSEIME T/NMEETTR R SH T

1 22 2 AT, 5 0 BERH LL L 7R A [R) B ok 3 A
INEREIT IR RICAS KA B 2 e As . e R A BRI B oy
50 mg kg B, EAR TR TR L AR TR AR A2 B
TR0 MR AR A3 ) % R Y 2.2 . 2.4 1.8 51 5.5 4% .
SRR, AR N A . R T NIRRT AR R IE
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0.6f Di’@T“BRoot B
&0 0.4
Enll ﬂ
3l .
ﬂgo.zz ¢ be ab a L;_l a
H 0.4f
0.6
0.8

CK S25 S50 S100 S200 S400
A P Sulfur treatment

ANFERE FRER R 1 FRAL B8] 25 22 55 (P<0.05) , N[/ NE T RER
R AR FHA] 3 22 57 (P<0.05) . T Al
Different capital letters indicate significant differences among
aboveground treatments(P<0.05) ,and different small letters indicate
significant differences among underground treatments (P<0.05).

The same below.
B 1 AERRENNMNMEBETEDENZMm
Figure 1 Effects of different sulfur concentrations

on biomass of A. alpina

A AL T /MER TR RAK
2.3 AEAWREN/NMNEEFEEBHFMm
2.3.1 XP/NER T B A

P12 SRy AN [l v B /NAE 1 T b 358 R 5
Er Al . B GLIR B B3N, NE RS ST b B
TP E TR R AR A S50 Ab R 4%
kPR M, 4 350.33 mg-kg™, B0 IR S 2 14
41.45%, Ifii £ S400 &b BT, 4% & 1 B Ik &2 220.67
mg kg™, BN BB T 10.90% ; Bt 25 5 e B2 (R 48
INAERG T T SR S e S B R R L TR A 7R
S400 Ab BT A R B R, M 911.67 mg kg, B
Xof B W N T 40.54% , T 7E S50 4L BN B [
% 557.67 mg- kg™, AT R E BEAIL T 14.03% . &
(4 SR 106, AP B2 %) A 410 1) /DN 6 B 1 b 5 % 4 1 I
WA, e R B 2 /N T S IS X IR AL

kit

By
R
v

1000 [ [ #f -3 Shoot
= 800 O # F#B Root
< 600}
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2 ) u U U U
I 400 1
& 600F
¥ goof

1000 $25 S50  S100 szoo 8480

AL # Sulfur treatment
B2 REGKEX/NMNMEETFERESEM RN

Figure 2 Effects of different sulfur concentrations on lead content

in A. alpina

2.3.2 X/NMERG I B A REAE Y 52

FH 2% 3 T AT, AN [R) BT 6 52 XoF /INAE T W AL )
?Eﬁ AR R . $25.850.,S100, 200, S400 4k

T /NERIT I E AR REOY X IR A B X R
ZHIY 1.17.3.76 .4.17 . 1.52 . 1.384% s /INME RS ST 558 2
B4y S X B ZH 9 1.00, 1,66, 1.34 15 F1 87% . 63% .,
F£ S50 F1S100 403, /NERS ST B HE R BT 1,
Mia FRE AL TR R A T v B B S m A ] T
INTEFE IF X AL 055 55, S200 1 S400 AR R /NERE I
() 5% iz 22505 % B AH o B R BT 13.2% Fi
36.8%. HI LB, FMIE S DGR AL 2E /N g I X A Y
AR ARV B A LA /N R T X B i v B
F BRI /NAE FE TF XTI 3
2.4 AEFRIREXNMEEFTRELXEETENIMm
2.4.1 XF/NEFGIFAR I ATPS F1 OASS 15 P (49 5 i)

ATPS B9 36 PE U0 1] 3a Fr s, ANIE IS IR 38 i 1 7
TERETTH b TR RN T 3 ATPS B TE 1 o Ml b e A 42
Je IR PR, H AL PR ) f47E i % 2% 5 1
S50 4bFEF , ATPS i PR ik B e &, 0 549.51 U-L7, 8¢

R2 AEFREX/NEETTR RS0

Table 2 Effects of different sulfur concentrations on root morphology of A. alpina

RO SIS SRS T R SRR WP EE SRR
Sulfur teatment Total root length Total root projected area  Total root surface area  Average root diameter Total root volume

CK 191.94+19.60c¢ 6.45+0.73¢ 19.59+1.74d 0.34+0.03¢ 0.17+0.03d
S25 217.18+15.12be 8.68+0.94h¢ 28.12+1.71c 0.40+0.02¢ 0.31+0.04¢
S50 235.23+58.68be 14.30+2.05a 46.55+4.25a 0.61+0.16b 0.94+0.10a
S100 240.96+25.09be 10.68+0.70b 33.55+2.21b 0.76+0.07a 0.55+0.09b
5200 299.34+14.89b 8.49+2.09b¢ 30.01+0.84bc 0.32+0.03¢ 0.29+0.04cd
S400 404.98+82.31a 15.26+2.72a 34.38+2.02b 0.34+0.07¢ 0.30+0.08cd

T R BEN VIR 22, [RIDIAN ) 7 R AN [ it b FHL ) 22 5 1 25 (P<0.05)

Note: Values in the table are Means=SD. Different letters in the same column indicate significant differences among different sulfur treatments (P<0.05).
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Table 3 Effects of sulfur mediated on Pb absorption 600 BC B 1 BC —(I:— C
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Wi CEEE:S Wid R A ) R = 2007
Sulfur Bioconcentration Translocation ~ Bioaccumulation/ \E, 0
teatment factor factor mg E 200k U U
CK 0.29 0.38 0.13 <
25 0.34 0.38 0.13 oop e b -
' ' ' 600
850 1.09 0.63 0.18 b —&Il— T ES
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3200 0.44 033 023 AL PR Sulfur treatment
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Figure 3 Effects of different sulfur concentrations on ATPS and
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OASS activities in A. alpina
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[T S S 445,20 UL s iy F 354 S25 b 18 = ool
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2.4.3 XF/NAEEEIT K PCSase . APSR HI SUR 1 Pk Y a00p L B _aIb_ _E_ b
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T Ab FE Sulfur treatment
25y RE1
PCSase E/J {% l‘i ﬂn [g S5a Fﬂ:lt/j_\‘ o Fﬁ%'ﬁ”b@r E/Jj: [0 # | #F Shoot [ 5 F #F Root

DI SR B b S & R S A Y = B B4 REFGREXINERETR R y-ECS T OAS-TLiE AT HM
TES100 AL BE R, i |3 PCSase (ﬁ’fﬁiﬁfXT e ) 2 5 m Figure 4 Effects of different sulfur concentrations on y=ECS and
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AE S T AN AT 2 AR T - S R B R o A
HEpH TR, 3T 4 m etk , dEmign 7 i E
& I8 0 WA BRI AR R T 4
W, S50 F1S100 Ab RN /NAE B T e is F B0 X BE 4]
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Table 4 Correlations between Pb content and sulfur compounds and enzyme activities in shoots of A. alpina

HE 41 Index Ph OAS-TL ATPS 0ASS y-ECS PCSase APSR SUR AS Cys
Pb 1
OAS-TL 0.574* 1
ATPS 0.102 -0.128 1
0ASS 0.346 0.215 -0.158 1
v-ECS 0.640%%  0.590%* 0.033 0.374
PCSase 0.094 0.042 0.269 -0.113 -0.121 1
APSR 0.223 0.285 0.170 0.184 -0.072 0.480% 1
SUR 0.521% 0.425 0.096 0.304 0.599% 0.329 0.319 1
AS -0.303 -0.361 -0.295 -0.232 -0.495% -0.290 0.023 -0.598 1
Cys -0.065 -0.132 0.214 -0.353 -0.464 0.639% 0.205 0.061 -0.098 1

PR BE R (P<0.05) , #*F Rl i A1 52 (P<0.01), R [H]

Note:* indicates significant correlation(P<0.05) ,** indicates extremely significant correlation (P<0.01). The same below.
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Table 5 Correlations between Pb content and sulfur compounds and enzyme activities in roots of A. alpina

F845 Index Pb OAS-TL ATPS OASS vy-ECS PCSase APSR SUR AS Cys
Pb 1
OAS-TL -0.583* 1
ATPS -0.119 -0.205 1
OASS 0.152 -0.057 -0.515% 1
v-ECS 0.523% -0.471% 0.437 -0.271
PCSase —0.699%* 0.311 0.636%** -0.393 —-0.045 1
APSR 0.709%* -0.260 -0.491%* 0.244 0.065 -0.822%* 1
SUR 0.147 -0.221 -0.198 0.207 -0.262 =0.177 0.138 1
AS 0.452 -0.550% 0.290 -0.123 0.318 -0.196 0.450 -0.051 1
Cys —0.605%* 0.537* 0.330 —-0.230 -0.262 0.402 -0.349 -0.277 -0.083 1

P E xRS 2 ST 4 R — 3 X
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32 HEHmMEmALEYE KN
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— 1326 —

JIKEE AL EE F R 8 GSH 54045 & 15558 =30, hi/b
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