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Effects of increased nitrogen fertilizer on lead accumulation of Suaeda salsa
in heavy metal-contaminated saline land

HOU Xiaolan"?, LI Xiaogang], FENG Xiaohui’
(1. College of Forestry, Agricultural University of Hebei, Baoding 071000, Hebei, China;
2. Center for Agricultural Resources Research, Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences, Shijiazhuang 050022, Hebei, China)

Abstract: Halophytes are the most commonly used plants for bioremediation of heavy metal pollution in saline lands. To

assess the effects of nitrogen fertilizer on the growth and lead (Pb)-accumulating capacity of Suaeda salsa in heavy metal-

contaminated saline land, we conducted a pot experiment to analyze the growth, Pb accumulation, and osmotic regulation

characteristics of S. salsa at three soil salt levels. The results revealed that nitrogen fertilization can promote significant

increases in the aboveground biomass of plants, and that in this regard, the effects of base fertilization were more pronounced

than those attributable to topdressing (P < 0.05). In response to the application of base fertilizer under high salt conditions,

the highest Pb content in the aboveground parts was 34.53 mg'kgfl, and the highest Pb enrichment was 350.77 mg. In

addition, under moderate- and high-salt conditions, the dry weight and Pb content of plants were higher than those in plants

without fertilizer treatment. Nitrogen fertilization was also found to have an effect on osmotic regulatory substances. Proline

was the main osmotic regulator detected in plants receiving base fertilizer, whereas soluble sugars were the main osmotic
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regulators in plants receiving no fertilizer or a topdressing. Furthermore, base fertilization promoted a significant increase in

Ca’" accumulation. These findings reveal that by promoting increases in aboveground biomass, the application of nitrogen

fertilizer in Pb-polluted saline soil can contribute to enhancing the biological remediation effects of halophytes.

Keywords: Suaeda salsa; saline land; nitrogen fertilizer; soil Pb pollution; bioremediation; osmoregulation; plant ions

Corresponding author: LI Xiaogang E-mail: xiaogang1217@126.com

By (Pb) & LG R MMM ESB TR
—, BAmEMN. EFER. TR mER A
Pb 7 1 358 F sk 5 B 58 2 100 ) b W R RT R R A K
FHA RAEAEARAR N AR S, SHE R A K KT &
AR 7 IR R A R AR B b A R R
T X TP AR T R, 8 Vi S i g )
SESECEM, R EIEPE R COE
F A 22 T 06 25 R B BRI R 2 — P s R
W E I YN EE RO LB E SR E
LB AR N, K3 AT B A AL B, f S R
AR Sy ] s ) KU 1) 22 AR ZS Y, B 5 St A
R S, EESR S ek B E Bz R Ay,
HFE B AR S R A KEEE. EE N
FAR A% 7 T A 1) FE DY, 7 SR P A B A B e ok
AT EC L SRV E L

R AR AE A R IR T 5 A RN A RN SR S ol
TBIREE, HE s 3 20 55 B A B I i 521 . g2
e Q) A T e R N [ S e T i B Y
N e Bl A NG N i S e R L g
BT X AR S, RN SAEYN ESEE —
TEFISAER - Rk, ShAEME 2 Sh it IR E & R
Sy sE BT B E (Suaeda salsa)
P E A, KT T S R
b RIS IR R DA R R 1 i R AL A, LA AR 5 T
i £ VL, BEAEAE 3% B E B A R A K, I H T DL
ZRRAE L, R R, pra ke, B
iy 55 3% % 4 B AR (Cu)s £F (Zn)s &Y (Pb). 4 (Cd) 1Y
W i 2 B 5 BE Ik B 314 101, 344 62 mg-(kg-d) ' "7,
HAMRBR A HAE A FK LR ESE Cd 1y
N Ek, s EE R SRS e L IEBE
R BRI o (H A AR BB A T 1 R
OO HL B T B A e B AR T AR T R .

FEOR 1L S Sl g VAR VA7 N R = e/ R e o
R 7 A B R B A E S, B it
BB ST Eh U S R VT Y AR E B RO B R
Wi o it B AN AN L 2 5 A 0 5 B 4 R R SC, ite on

FALIE 2= 518 TR E 2L, SR & )R8 T 1K
figh 1 A0 AT 5B HL AT VA R L < U R R AR
PEM. AT, AR X B A R A T
FRAEAS R 25 (0 U8, T A A [t I D5 =K T X £
A EWIE B RBER B TR o SR T R X
R h b B % L P TS QB B AR, At
TER I F AR I8 7 3%, 70 B AN R OIS T 5 O A
[ £5 19 38 2% A5 B A AR P B SRR AR 1 5
Wi, PR R AN A £ 23 2% AR T BIE It FH 7 2G0T 2 3t il i
Pb & S I RZ W RN, DL O # B3t Pb 75 L (A W)
B2 R ER U

1 MRS 5%

1.1 RIGEIT

WIS AE T B R R R 5 KB AV AT AR
My B PRI 7T A IR E AT . SR R R E T
T b 4 M 4 BV 2 Bl (1179327~ 117°58" E,
38°19'~38°29' N). ik - R4 TilF M BiRlE R
FE b 0—20 cm (3R 2 L3, LR ATA RS
BN 159 gkg ', Pb & & N 320 mgkg » AT &
9 0.630 mgrg . AL % B £ % Pb & B N 20
mg-kg ' K E B S R #Y [((CH;COOH),Pb] ¥4 Wi 17
S A R BN R IRAEYA, A
B A% 14 cm. 15 18 cm B TR B REIAE B, B 2528 K
T 2kgo LIS E 3AKT, UAILs S
B0t B (Sg), 7E BB Al _E 4y 4 A NaCl 5 gkg |
(Sy) Rl 10 g-kg ' (Sy) ¥ ¥, TiE i NaCl ¥ ¥ 29 Ui E
A HAx R oy & 2 UBLRCAS [\ 369 & &2 1 2h i 1,
Xof HE Ak R 35 VB R TR A R BRI K o 1R 3 Rt I Ak 3
o B A 7 =X 23 o 4 RS e A (Np)s IR AE (N)) FHiE
A (No)o B TRSe R T & i ft e, Rrgh k=
4~5cem i, EHIUAE KR, KB BN HBERE
aE, BERAEY 3, RY e 7d
Jei FF 46 04T it A RN 6 foly 30 AR B . i B 4k EE T it AT
IR E, W& N 150 kg-hm s i IR AL FE (N)) 7E4)
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B R AR BT IR R 5 NaCliR & BN A rF, 18 e
AR (N,) SR B £ F2 4% 15 d J5 B IR RGN
. APk E gy RN IR A (R, 8 B RO A
b FEAE VS R R S R R ORI 7 A
AR N 15~25 °C, NPTk 3 £ 1L, K
IO N 13 h/11 h O JE/2E 1), 58 4b 3 60 d
J R 5 b B % BE AT RAE 22 % TUHE A 1 E
1.2 MEMBSR*®
1.2, A KERAE K A9 &0

S8 JTIN 52 5 Hh 5 MR iy, S 2 R B b
B, R b EREEE, SR B T 105 °C R 30 min,
T 75°C Mt EMEE, e+ E, I EEEEKE.
1.2.2  Pb & &M 51 5

W M b RE SO BRI S S5, B 0.10 g FE 5 I 6 mL
AR, IR 5 TRCE ARV MR A R AR 2 by B S0 0.5
mL & AR T TH A& 2 h BRI GE B RN
W, WEE A E S0 mL. F A ECH & 45 & Tk
JF AL (ICP-MS, Thermo SCIENTIFIC, USA) & 1 &
Wik POY I EE .« Na's Ky Ca® Rl Mg™ ] ) J5L - 1% Uit
6 HEAL (WY X—420C, JASCO Corporation, Japan) il & .
1.2.3 BRIV E

SR FH 2 T ot TR v 0 mT Y M B 5 &, PR 0.10 g
FES NN 5~10 mL Z& 187K, 783 K H $2 L 30 min,
WX 0.5 mL $2 B0 Tl A, AR 1.5 mL 2518
Ky 1 mL ) 9% Ky W, #5105, TN 5 mL k6
F% e A 4 6 6 BE 1 H I 5 485 nm R 1R OB AE
Il HEbR A i 22T S IA RS S . SR A B =R L
20 7 T A =R =, REX 0.10 g FE A N 5 mL
3% (11t 5 /K 47 B, W 7K i B X 15 min 75 21 &
PR 1) 32 BT, W B 2 mL 42 BV . 2 mL UK B R K&
2 mL R 1 B = FR AR5, 96 2K i P i #A 30 min, ¥ %]
ZJa, AN 4mL WK, #R% 30s, JUE — B IA], X
FJEWE 10 mL B9 B0 A, BL3 000 rmin | 50
5 min, FFH 53606 BT E 520 nm T IWOGAE, IF
AR et 2T I E RS .

1.3 HiESH

Fil SPSS 26.0 %At (IBM Corp., Armonk, NY, USA)
X AT G vE o B o R B AT R R O 2 Ay
Mr SR & 77 2 4> 1« Duncan £ 5 H % FT Pearson AH
KM, P<0.05 HZERF W, P<0.01 NZE 7K
3% o FH Origin A EAT o4l 22 B, B3R 308

NP IME £ bR %
2 HR50M

2.1 EhibEEEM FER A K AEE

W 2 T 25y M a5 R R (B 1), £ F1 AR
51 30 2 5 W) 5 Hb B R R B RR B K E (P < 0.05),
Eh 7 A1 ENE B AR X AR RR S K 2R AR B (P <
0.01). 5 S, Mtk, S, #h o AKCF F ok s 3 B &4 1k,
EYREWMT NN, LB THEASKE, 53
) 2% i IE AL FE A EE, Sp S, #243 7KF F Now Njw N,
it AR Ak B RE AR S K B AR M BEAR T 0.79% A1 B AT
8.09%- 3.57% F1 1.59%. 12.31%- 6.16%; 5 N, #H Lt,
N, AP 2 BRI 7 bk, IF HAE S, 34 K R B
ERAK, Ni N, A H B ZE N T S, S, #h 43 K-FE T
T PR &K &, HOBE A5 35 W38 00 m il 3G 0E ROk 5
No B4 383 KA B, Ny BB R S Siv S, R 40K
P EIRE A R BT 13.91%,s 22.09%. 34.75%, 1M
TR S K ED ) LT T 0.10%- 9.06%- 10.66%, 7£ NS,
b BN R AR, MRS K E SRR Ny B R,
Sor Siv S ER KPR Em I LR EER, BN &
B A A (A it A Ak B S, #h 43 7K P R AR K R Y
W& (3.27%) BT Siv Sy #h 73 7K -~F Ky 3G i (7.81% A
7.93%), H N, &FF S+ S, th 7 /KPR & /K &
38 e 5 v T N, AR B, (HRR R AR T N, bR
W& 2 Fror, 78 No N, 203, BE 25 3520 1 88 fin bk
EARL AN, (HAE N, LB R, S, Bh o R
B T BR &1, Np Ny AR BT 6 b sl 32 1) 2F KR Bl st
U, 5 Ny &b BEAH LA 55 2 A, HoO AL A4 K EE
s, WA I N AP F AR AR B ARG ZE IR .

22 EhihmEEM EISEYIE

MUK 2R 75 22 o A 3 W (181 3), #h70 < i JE AT =
HAE SR R 3 R S M E G T E MR (P <
0.01). 5 Sy AHLL, Sy #h i 35 2 35 19 b 1 &k M fsi %
()T FE A FE (P < 0.05), S, £k Wil N 78 A [H] e AE 4b
PR AN A P AR, AH B8 25 25 19038 1% 0 fal = 25 A0 i 2
(GRS N B 5 S & M IE AL B AR B, S #h
18T Nov Ny« Ny it AE Ab B - 25 A0 51 4 551 2 25 19 I
26.10% 34.63%- 41.84% £l 22.88%. 89.38%. 65.64%,
S, 32 W38 F Nov Ny N, it IE Ab 2 £6 Hb 5 5% (1) +
oA AEE 43 5l R 35 N 31.29%. —32.43%. 39.91%
H139.79%- 19.12%- 77.26%; 5 Ny AHEL, NjW N, &b 2
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100 443 salt P<0.05 100 1wy saip<0.01
JfI Fertilizer P < 0.01 E JfIll Fertilizer P < 0.01
30 hy x i Salt x fertilizer P < 0.05 8 95 b #H4r < i Salt x fertilizer P < 0.01
B =1
Aa )
Aa A o
\g Aa a { Aa Aa E) 90 | Aa Ba
) 60 | Ba Ba pp § Ab Aa
5 = 85
=1
jan = A Ab
g 40 [ iy Ca
® 0w 80 | Ba Ac
%
20 1 75 |
£
0 = 70
N, N, N, N, N, N,

AL EE Fertilizer treatment

JEALEE Fertilizer treatment

B 1 MERAEXS LB T i Ak S A S K E BRI
Figure 1 Effects of nitrogen fertilizer application on the plant height and water content of Suaeda salsa under salt stress
Nov Niv N, 2 BUR R AMEIE . MR AEATMEIB AL Sov Siv S, M BIF R 0. 51 10 gkg ' SNl NaCl #h43 KF- o A F/N'S 5253 3% 7% M [ i
REK PR AN R 43 b 30 2 St 3 (P < 0.05), AN JA) R 5 = BF 2 /s A 7] #h 43 7K S 7E A () it A Ak 28 22 5 86t 3% (P < 0.05), RIS
Ny, N;, and N, indicate no fertilization, base fertilization, and topdressing, respectively. S, S;, and S, indicate 0, 5 and 10 g'kgﬂ NaCl salt levels,
respectively. Different lowercase letters for the same fertilization level indicate significant differences among salt treatments at the 0.05 level, and different

uppercase letters for the same salt level indicate significant differences among different fertilization treatments at the 0.05 level.

S, S, S,
50 cm

B2 FeRARXE A IE T 2 R A0 A KR

Figure 2 Effects of nitrogen fertilizer application on the

growth of Suaeda salsa under different salt stress

P8 N T R ikt F T AR R,
HI RN RN N, >N, >Ny, Ny b BT S5 65
T I 2 RN i B o R e 1 o R L 3G i R B, T
7E N, kb B R 8 R0 5 JE 5 3L b e 1 in B 3L 3
M T i He, 5Ny & oK FMELE, N, &
PR Sov Siv Sy #h 3 K P Y - ORI E 43 0
11 285.94%- 289.68%- 92.97% F1292.00%- 504.20%-.
234.12%, - H A6 8 AN B & AR NS, & R IA F
B K5 Ny &b BN & 36 70 7K P 1) 3R 5 ) 1)
11 149.94%. 180.46%- 165.87% F1 181.00%. 280.00%-
257.00%, H 5 N b3 AH N, 4b 2% £R 53 K F T~ F

R 5 IR 2 G (165.42% F1 239.33%) #5170 T
N, &b #E (285.53% F1 343.44%).

2.3 R IERE SRR AE

R 2R 7 22 73 i 2R W1 (] 4), 38 40 o0F B 3 5 32
Pb & &1 Pb & & W i) 2 (P < 0.01), {H2 i
FI B X P & 8 G % 3 52 (P> 0.05), Ik & 3%
Hhn T Pb E S, 2R R AR Y EAE R
Pb & & Al Pb & £ & (P < 0.05). BE % 254 (18 o £
HBGEM PO S EAM PO EERWAEM. 5S,
FHEE, Siv Sy 22 73 7K " F N N, &b 3 (1) £ Hb ik 2%
Pb SEWA LB ERALZE, S, /K- EE
A T N, A2 T #h b 5% Po & &, H 78 A8 R it iE
WELR, S, #har KSFE R Pb Y T H A 4 &b
B, £ NS, b T Pb 7 RIAH A Siv S, 2harK-F
T Nj N, Jifi JIE 4 2 1) Pb & 45 858 N b B3 2 3%
B . AN ) e AR Ab FE R £ M BGE P & m AR A BT
ANFL H AR B T Pb R . 5 Ny L,
Ny A EEBEAK T Spv Sy 2R /KF R Pb & &, (H £
SR N, B R Pb & & 7E S S, Bh KR
HEREESR, HS, BB EFEMKT Pb & &,
NN, /B B EWIN T Pb & . 5 N, 1% £
43 KA B, Ny AR BE G Sps Syv S, 243 KPR Pb
EEDH T 28.0%. 21.7% AN T 22.7%, N;.
N, 4t ¥ N Pb & HE & Sov Sv Sy #20 /KF F 4 5l
BT 178.9%. 222.4%. 188.5% 1 121.4%. 208.2%-
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25 b gy < Al Salt x fertilizer P < 0.01 hor x I Salt x fem]lzer P<0.01
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20 | & |_I_-C‘Jl =
0 1
N,
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B3 EmiBxipE ThibREETEMHENTIT

Effects of nitrogen fertilizer application on the dry and fresh weights of Suaeda salsa under salt stress

s, Os, ms,

0
MHEL% Fertlhzer treatment
Figure 3
50 - Hi/F Salt P<0.01
JitiJI Fertilizer P> 0.05
~ Ehor < it Salt x fertilizer P < 0.05
\
2 40
éﬁ Aa
% 30 N Ba
- Aa a
§ Aa Ab Aa
o 20 f Ab
=
i
41 10
=
0 1 1
N N N

JENEALEE Fertilizer treatment

254> Salt P<0.01
500 il Fertilizer P <0.01
h9> x it e Salt x fertilizer P < 0.05

400

Aa Aa
300 | Aa
Ab
200 t Ab
Ba
Bb
N N

JAEALEE Fertilizer treatment

Y’ #E Pb accumulation/(mg)

S

B4 FEREXNRMETRMEERSEMBERENTZM

Figure 4 Effects of nitrogen fertilizer application on lead content and accumulation in Suaeda salsa under salt stress

148.6%, H.7E NS, 4bFE F ik 3 & K.
24 HMBEERBEFESE

it JE of 3 b 5% b 36 Ca” Mg™ Na's KAl
K'/Na'35 B A5 W 52 35 50 (P < 0.01), #h 43 1 it JIE B
YEXT Na's Cl & 8 % K'/Na ™ #2523 501 (P < 0.01),
R E AR K B R B W, (H e AR R
Mg\ Ca & B LR EFM (P> 0.05 (K 5). 58,
M, S Sy 2R 4 K EBEME T Now N, 403 F Mg™ &
B, HHEZHIN T Na &8, 5SS, &t LMt
S, F1'S, E M T Nov Ny« N, Jiti JE b 3 K25 51 5 [
48.52% 2.97%- 10.24% F1 38.24%. —71.14%- 3.35%,
Na' B 7 & 584> 5 5% 3 8 50 40.07%. 98.62%. 47.63%
H166.45%- 108.00%- 74.36%, K '/Na 435I F B 63.18%.
52.39%- 38.97% Fl1 62.77%- 20.60%- 40.25%; 5 N,
EE, Ny AL BE 253580 1 AN [\ 35 23 7K SF TF 26 b i
BB Ca¥ e i, FLIE A Eh 20 0 A 58 0 1 g
K N, &b 2% CoGRBITLRERMW, K, 5

No HI& 823 7K FAHEL, Ny A FE T Sov Sv Sy 0430 7K
) Ca” B B BN T 35.06%. 39.54%. 50.77%,
H Ca” & B E NS, AL F ik e Ko Nju N, AP 3%
BEAK T K+/‘ BRI K /Na', BE®INT S,. S, th4r %
75 Na's ClU& & Ny AT, Sp 3 2 AKF i KR
o hgd i (73.60%) B+ S, A S, #h 4y K1 T B
E (50.25% 1 26.86%), K'/Na' F [&1E /% (69.30%) ¥
=T Sis Sy R KT BRIE BE (60.30% F1 34.53%),

Sy 2 20 KF R 9 Na ) 3 18 (96.57%) ik T S, £k 43
7J<$T f) 386 W8 (108.00%); N, 4bFE R, S, # 43 /K P
) KR BRI (51.84%) Y& T S, F1S, #h 4 7K P
(1 T B& IR FE (16.03% F1 24.64%), K'/Na' T [ IE
(55.66%) ¥ T S+ S, #h 4 K11 7R BRI E (26.50%
1 28.85%), Sy £ 43 7K F N ) Na i) 1% (47.63%) %
TS, KT R HIHIE (61.76%).

2.5 EihmEEM FESERATYR

MUR 2T 22 50 W a5 R W (K 6), #h ) it JE AN
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Figure 5 Effects of nitrogen fertilizer application on the ion content of Suaeda salsa under salt stress
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Figure 6 Effects of nitrogen fertilizer application on the soluble sugar and proline contents of Suaeda salsa under salt stress
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Table 1 Correlation analysis of between different indices of Suaeda salsa under salt stress and
increases in applied nitrogen fertilizer
1H4F Index PH B Phe Pba ss Pro  Ca’  Mg" o Na© K
Pki= Height (PH) 1.000
4= )& Biomass (B) -0.304" 1.000
14 & Pb content (Pbc) -0.217 -0.269 1.000
L E 4 Pb accumulation (Pba)  —0.481  0.620° 0463 1.000
AT RS Soluble sugar (SS) 0364 —0.601"  —0.134 -0.575  1.000
i Proline (Pro) -0.747" 04457 0216 0630  -0.536 1.000
Ca "% Ca”" content (Ca’") 0020 04727 0044 -03817 0373 0120  1.000
Mg & & Mg” content Mg™) 0072 03927 0157 0224 0012 0015 0456 1000
Na Z& Na' content (Na ) -0.256 0.304° 0.329° 05817  -0.317 0.296" —-0.218  0.201 1.000
K% K content (K) 0248 03500  —0034 —0348  —0351" 0161 -0.10 0364 0198 1.000

*, P <0.05; **, P<0.01.

(P <0.05) Bi#) 2 2 (P < 0.01) fikl % A& 5
R GEWEFELML, S EH NS G EEFE
FIE, 5 Mg™\ Ca” I A] I P B 2 B W2 16 35 48 %,
ks B E MR, Na 5l iEthm & & E%ﬁ*ﬁ
%, SHEAR SR EE LM K 5 E k&
w%ﬁW%mfﬁﬂmﬁ%a%E%EW%éﬁﬂ
EBNEMENEE A Mg SRS EmE
WEENAR, 5 CaHBREZE LM, WaR
5 TV T R 3 A OGS

3 g
31 AT G Tk M K B
FELPD THIOS Joly 3 B 2 0 0oL 4028 B T A A R oK

3 0 3 PO RS T . AR TR BN, TR R 3
ﬁTﬂﬂM@m%m%ﬂf&ﬂﬂm¥Tﬂﬂw
PR 2 — 20 R B, A8 RE AL AN Tt A Ak B GE 5 Hb
Tk 28 1k v 9 T 53 IR . X 5 F SRR R
(IR I8 45 A TS ], 29 9 22 B it P 40 240 P S5 02
BT R K . X2 R T AR %R I T EE
e N # SR I — R AR 7 2, 3 AW R E SR
SR, T AT 90 A A7 18 M AR 7 2R i 22 R E 4
J& Pb (540 . L Ah, R AT BE AL B £k b B )
I A K45 S A 3 EL M S T A%, (HL B 2640 11
R MBS 1 R B W /D, 9F R RR A R B R 2 1
T . D 40 T 3 B 6 B 1 bk S AR R
25 UM, U 6 A6 IR 48 A 2k e %

http://cykx.lzu.edu.cn


http://cykx.lzu.edu.cn

302 AN

oS

S AL A KRR A ER R, I B
A A T S Hb B 3% 23 8 I B R PR R 0EAR B 5 R
71, R T B R TR S IR B ANIK 3 [
B R A T R R (1 T 2 R e R
E it B Ab 3R R 3 6 G N, 7E R o A S AR BLAE R
32 2 38, (H7E v £ Wl R it I A EE A R AR A6 A
7)o AL T, 5 Hh k% b b4 A ) = Bh o £R
Iy AR A L Se N 5 T R AR S, £ ER
FUTEVMEMRRER K, XEVEEKH D2
SAEEMERK DA DMK —, FHEE AN
O fiff 390 855 o L A i SR i 0 2 1T, L v A R 4 TR
FI T 2k M AR K
HEEPb2EMAEKKN—MELF LR, I&
(1) Pb 1 N N 228 5 55, MR A Po i
BN, 2 IR R gk, SEUE Y
bR A B R R AR SRk b 45 SR R U M B
EAEVESPPEEEEMEE EMXKR, UWH
7 5 Bl 38 T 3G it 22008 S Hh oz S B B AR
BRI P B E L. FERE X E K
(Zea mays) LEAS R it Z KV N R WOR & 52 H &8 Cd.
Pb [ 78 H K 30, Tt K 2 BE S IR ik oK AR K, JfRE
i T K o A R R U S R I . it i 4
i T 7 RIS e A [R) KCST ( Z0RE RE e 2 2 0
INFZ (Triticum aestivum) X 54 J@ WU & 45 . 1X
55 AR 5T 45 B — B 1 B RS TR R I8 E X 25 Hb % 1
AKAREEM, BN 7 5E X Pb & £
H. HYESRES R EERNAL R EE, ERH
T YR 4 & 15 Gy b AT 12 5 B0 ot At b3S
AR R . T RUER A 2R B PR A AR K
BDR E, 1Y it 0N R 8 2 JF A mR B 4 R AR 8
B FE R RS Z R R R Y AR A
YR
32 MEREXEE TEMEESSE £
AW TR I, R AL BRI 2 5N T £ b
Pb & &, JF 0 2 1 £h b mel oz b AR
2, x5 s o AR, EEERE A
BIF 5 o R b Bl s e sk b e AR AR, 1A A Y
hoxt 5 4 8 B 2 ok IS B E S BB E B, LigEdh
(1) H 4 J& B A7 AE T2 A0 B 42 52 W FE A ) B 8 R
W5 BRI I it AT £ B 0 1 3% pHL
MY AR A A ARG R N E S8 S T ARt

REUTVE « 2% & 5 4 J& 1) Jk [ AT 52 i A 40 %) B 4
s iz P, 4% i i A P A A U B N B 4 AR
T R pH, HF HLBEE 3 RN,
) 5 B30 T, AT B89 - 4 b 4 R BV R T
5 Sy ML, Sy #h 73 KT X 2 Hh B % Pb &L B
ERM, Sy Eh 43 KT B 2 R AR A EE R R Hh B %
Pb & & I I8 f KAE, B AR 4b FE 1) % 343 KPR,
ShHb B % Pb B A W E £ 7. Pb EIA K. KW
AR B ESS s AN EEEEREE 757
AL T B R, JE AR 5 1 438 78 75 VR A o0 33 44 Jo 5
B, s8N T R A S P &, MY Pb
75 5 1 M B O

ZN T I ) S E N 0wl L R (=57
FXIN T A M E M E AR P E AR R, HLBEE
o3 R 19 0 Ph B AR B ARG, 2 S S, 23K
PRI EP EREERFARE, WHIES
et (e it Eh A E X E A 8 Pb I E 4 X — 451
HREWE R R 8. HMAEN, 50.1%
NaCl #H tt, 1% NaCl AR Br vl B 4 Pb ()3 B 42 =
35% o450 A i I R A B TR T
T A5 8 4 8 MR S BE 77, Sk 38 AT DL A A A 1A
P )35 35 FH X T 2 40 38 T A AN 2% i R 4 b 3
Xof A 4 3 B R A% ARG Al v GE Ra S I RS s Ry
(1 388 a0 T 338 0 Sk b B S ML ES IO, PR RS
BT 55 R i F
33 FERAEXTEE TR B ESEA R0

AT W &5 1 3 s 25 385 TE ML S 1 RSP i 1R Y
BB FREW, KBRS A NEE R
T JT, e R I KCRT AR v R (TR R, T R
AR5 E T YR B Na A CL; Hod, B
HLIZ BT LA Na's K, A& B A K/Na' B2,
AT TR I, Eh e . e AR A BE R #h AR B Y B3
e ER H R L B Na 'L CL & 8. 5 A i iE b B
(1) 4% 5 23 KA B, Sy S, 14 7K 7 T JES AR LB A
b B IR0 T h MU L B Na'L CI & &, BRI
TKEBMK/Na', HIE S, #1541 T Ny b3 5
N, MHECHSEMKEREERHFALRE. CITHE
16 S, £h55 K i i B Ak 2 0K B KB, 1E S, £h 437K
I, 38 AR AL B R ik R KR . X 5 B B AT g g
R FEAHFER KPR, BEEE RN, Shith
Bl 3 b 3R Na & B S 3 G, JF FL7E s g b B R

http://cykx.lzu.edu.cn


http://cykx.lzu.edu.cn

52 /=

S5 BR bt 1 e N o B < SR ¥ G Eh M B Y e AR R O

o

&

L] 303

ARG 0 WY AT T, I AL BE A % )
ACE R SR L b3 Ca” B S . KR
TR Ca™ & — R {5 5 A G40 B0 4 30 40 o o L
A 5B A R A2 B BRI R, Na fE ik i K
R, WML E 7745 2w R h g, 405
JRE b Ca” sk £ 0 Na'BUAR, 45 & Ca™ HO g At 2%
R FAE Tk, T 3 SO 5 B I ) B A s 5 2
) 45 ¥y 52 B RCIR, 7 R A 0 A KR B
Ut B JER JIE Ak BT B & o0 9 1 0 EE 4 B 2 3
Ca’'\ CI #5415 40 i J5 ) B A 45 4 R 88 7P
R R AN R A B A HLEE R T
i, HE B AR IE T TR I E R .
TE Sov Sy Fh 70 4% T JE 2 255 PR AR 1 S M Bl i b
FRAT VA VERE S A, Sy #h 0 2k TR AL X W VA VERE
B IO WL LR 2 N T e b
i = R 5 R, B A M 2P I 2R A R IR 4
e KRB TER YA —E Ve W, bR
T, H 5% T TR A R S = AT e, H
e W I E R S T R (0 BT 4 B,
AL RN A AR AT Y, X S AT A R
—EL RSB LA BT, Skt hGE b b R
B BAE Spn Sy Hi K N R TR RIEALE TR
IR R B T, TaB IR AL B S JE e Ab B e
WE R MORTE M 45 R R Y, i mRE b A

-

£ E T @k References:

P G 0 R AT RT I PR S B AR R O OGO R . X
A RE S T R AL W] DAAT R Dy £ b el i B2 4
RUR, IF A B TR R HEAT 5 15 T 3 R 1 1 a8 Y 34
855, AN L B B MRS AE T AR RUIE SR, 12 Bk
DR IEBREE R WA, BRI R R AT
BB Cal G E R A B R G R, XA
A& TN Ca ZKP B4R e AT LU I 5 2 R A
il T FR) B 3 ok 169 T i IR 1 AR B R A% ) AL )
20 PR 95 3 R TR D, RAKE A S ) A AR AR i
m[37—38]0

4 it

Jit P RUIE fie 2E 5 M B2 (¥ P = 4R, RE I R AE =
b, HIRAERCR K TIE M, R fe it &
SR R S Sy 1 B O =i S/ = O i T
Pb w A& . AT, B AL T SRS & R
i 2 R 0 B R B Mt R R 0 Ca i B, O
25 7BERY . Kk, TR R i IS ) 7 e
2 B b Bl AR G, DA Ry B MR S X £ B Pb 75
BB R AR . AW IS ROVR ] A it
A7 SR - R T e AE B R T
EABEFT E ZAR DT T 3 s b A E &) Pb &
e IR A, it A X 6 1 B 52 AR AR A R e K HL k) B
< R 5 B — B IR AR

(1] SCWERH, GRel, &M, BAEAe, POO70H, B3, HER, B, FREUTAL. B A [R5 R R MR s a i, 38 e SR R s
I FR AR RLEE, 2022, 54(9): 106-112.
WEN X Y, RAO W, LI C P, QIN D H, GUO F Y, WANG H, DONG K L, YANG R H, CHEN M C. Effects of lead stress on lead
uptake, transport and accumulation in different genotypes of tobacco. Journal of Shandong Agricultural Sciences, 2022, 54(9): 106-112.

021 RS it G i f el e < AR 3R UG S B 0 A R R B TRl 22 SR 3, 2018.
ZHENG Y. Risk and traceability analysis of heavy metal accumulation in supratide wetlands of the West coast of Bohai Sea. Master
Thesis. Tianjin: Tianjin University of Technology, 2018.

(31 #hFRAF, PR, B0, Ll G 15 R rkIE 2aa BL7 2. op B RS2 IR, 2022, 38(6): 75-79.
SUN C Y, YIN Z L, GE J P. Sources and treatment methods of heavy metal pollutants in soil. Chinese Agricultural Science
Bulletin, 2022, 38(6): 75-79.

[4] #LZ¥, U, X, LRE &8T5 e Z At . ek, 2023, 25(2): 177-181.
DU Y T, KANG H, LIU Y. Research progress on remediation of soil heavy metal pollution. Green Science and Technology, 2023,
25(2): 177-181.

(51 ShEk, T5, SCUIBR, 7 2gnm. 30 E & A Y E L IR G815 P8 5 o 0 R PP L7 E R, 2022, 50(4): 17-23.
HAN CL, YU X, MO X Q, LU X Q. Review on application of halophytes in remediation of soil heavy metal pollution in China.
Jiangsu Agricultural Sciences, 2022, 50(4): 17-23.

Lo  BUBRE, BRIFIK, 155 2%, S Ze. S mta e AR AR S AR 5 s A 1. SABERE 2441, 2007(6): 881-893.

http://cykx.lzu.edu.cn


https://doi.org/10.11924/j.issn.1000-6850.casb2021-0303
https://doi.org/10.11924/j.issn.1000-6850.casb2021-0303
https://doi.org/10.11924/j.issn.1000-6850.casb2021-0303
http://cykx.lzu.edu.cn

304

ok B RV e

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

LIAO X Y, CHEN T B, YAN X L, NIE C J. Technical approaches and strengthening measures to improve the efficiency of
phytoremediation. Journal of Environmental Sciences, 2007(6): 881-893.

RUTER, X4V, K, R, ERE, T BRHEYREEES RS RS LI R, AV ERER, 2016, 35(7):
1233-1241.

LIANG L C, LIU W T, ZHANG X, CHEN C, HUO X H, LI S. Research progress on extraction and remediation of heavy metal
contaminated saline soils by plants. Journal of Agro-Environmental Science, 2016, 35(7): 1233-1241.

AMARI T, GHNAYA T, ABDELLY C. Nickel, cadmium and lead phytotoxicity and potential of halophytic plants in heavy metal
extraction. South African Journal of Botany, 2017, 36(111): 99-110.

MANOUSAKI E, KALOGERAKIS N. Halophytes present new opportunities in phytoremediation of heavy metals and saline soils.
Industrial & Engineering Chemistry Research, 2011, 50(2): 656-660.

BRIAT J F, LEBRUN M. Plant responses to metal toxicity. Comptes Rendus Del’ Académie des Sciences, 1999, 322(1): 43-54.
AEEHE, pen, SRR T, HOAR. ER MBS S O AL A A ST . AL, 2024(6): 94-97.

ZHU Z T, HONG X S, ZHANG X N, SHEN Q. Research progress on salt-alkali tolerance response mechanism of salt-alkali salt-
alkali ponderum. Modern Agricultural Science and Technology, 2024(6): 94-97.

oy, iR, EBEIR, P AL, JA —Jt. SR B S Jm AT 7T, 8 ARTT: 2011 SFrh EPA B R A 2 R 2, 2011,

HE J, GAO Y T, WANG X Q, HE Y Y, ZHOU Y B. Study on the absorption of heavy metals by Suaeda alba. Urumgqi: 2011
Annual Conference of the Chinese Society of Environmental Sciences, 2011.

KRR, SR E AR 2R 7 WA X A0 T 25 B Cd AR F RS DR : R R 2 - 22 A28 5, 2020.

LIU H. Effect of root exudates from Suaeda salsa on bacterial Cd removal. Master Thesis. Dalian: Dalian Ocean University, 2020.
ER b, Az, KRR, N, BORHEE, EEER. MEINEE. SAEX ISR IR . SRR, ARAEARL R AR, 2021,
49(10): 104-1009.

WANG S K, NIU X Y, DID L, SUN P, HUANG D Z, YAN H X. Effect of nitrogen fertilizer and sulfur fertilizer on extraction of
lead and cadmium from soil by willow. Journal of Northeast Forestry University, 2021, 49(10): 104-109.

FEFF, HAKE. A B BRAERT E5 4 i A K S o RS R AR RS T R MRRHEOR 2 4R (FARBHERR), 2010,
38(11): 201-208.

WANG J P, TIAN C Y. Effects of nitrogen and phosphate fertilizer application on the growth and mineral absorption and
accumulation characteristics of alkali-coated soil. Journal of Northwest A & F University (Natural Science Edition), 2010, 38(11):
201-208.

e, AR L, SRR = A WUV 6 700 b 3 M G R TR VDR 3 7 i 2. T M o [ AR BRI A 2 2012 SR AR,
2012.

CAI Y Z, CUI B S, DEBG J F. Response of the phenotypic traits of salt-soil alpinia in the Delta coastal salt marsh wetland to soil
salinity. Guangzhou: 2012 Academic Annual Meeting of the Chinese Society for Natural Resources, 2012.

GHNAYA T, GHORVEL M H, ABDELLY C. Cd-induced growth reduction in the halophyte Sesuvium portulacastrum is
significantly improved by NaCl. Jouranl Plant Research, 2007, 120(2): 309-311.

IO, AR, SR N R A KRB ISR, BT B 2, 2010(8): 221-224.

LIW Y, LI D M. Effects of salinity and heavy metals on plant growth and development. Northern Horticulture, 2010(8): 221-224.
ZEV, MBI, Fa R, BRE. AP EORRORN E £ E S8 Cd. Pb B2, /K LR EFHR, 2014, 28(6): 143-147, 166.
LIZ X, XIANG Y Y, LI H D, CHEN Z. Effects of nitrogen application levels on absorption and enrichment of heavy metals Cd and
Pb in maize. Journal of Soil and Water Conservation, 2014, 28(6): 143-147, 166.

T, X ZL, TRAERI, 755 57, T B it KT /N 22 4y IR SORT B T < SR AL VLR AL AR, 2017, 45(21): 63-65.
SHI X, LIU Y H, ZHANG D G, HE F F, WANG T T. Effects of nitrogen application levels on heavy metal uptake and enrichment
in wheat seedlings. Jiangsu Agricultural Sciences, 2017, 45(21): 63-65.

FAO, KNG, ik, G R G5 e T A R o P A ARG 0 A A B B SRR AIE. FL A, 2023, 40(8): 2028-2037.

WANG X W, LIU HY, HE J. Growth and enrichment characteristics of vetiver with different planting densities under heavy metal
combined pollution. Pratacultural Science, 2023, 40(8): 2028-2037.

EHLL, WA, FHE, W0, W FUIENTS GAR g e B R RN BB TS Y 5 A, 2008(7): 39-42, 46

WANG Y H, AIS Y, LI M J, YANG S H, YAO J B. Regulation effect of nitrogen fertilizer on lead in polluted farmland soil.
Environmental Pollution and Control, 2008(7): 39-42, 46.

B, BAVK, WS Pt TIRES RIS BE. HRALRHY, 2022, 43(6): 90-91, 95.

http://cykx.lzu.edu.cn


https://doi.org/10.11654/jaes.2016.07.002
https://doi.org/10.11654/jaes.2016.07.002
https://doi.org/10.11654/jaes.2016.07.002
https://doi.org/10.11654/jaes.2016.07.002
https://doi.org/10.3969/j.issn.1007-5739.2024.06.027
https://doi.org/10.3969/j.issn.1007-5739.2024.06.027
https://doi.org/10.3969/j.issn.1000-5382.2021.10.018
https://doi.org/10.3969/j.issn.1000-5382.2021.10.018
https://doi.org/10.1007/s10265-006-0042-3
https://doi.org/10.11829/j.issn.1001-0629.2022-0115
https://doi.org/10.11829/j.issn.1001-0629.2022-0115
https://doi.org/10.3969/j.issn.1001-3865.2008.07.011
https://doi.org/10.3969/j.issn.1001-3865.2008.07.011
https://doi.org/10.3969/j.issn.1007-273X.2022.06.027
http://cykx.lzu.edu.cn

%5 2 3] e/ E A5 R N it UL X R < R ¥ s B Y AR R 305

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

CUI'W W, WANG X F, WANG M R, YAO J J. Soil heavy metal pollution and remediation. Central South Agricultural Science and
Technology, 2022, 43(6): 90-91, 95.

TRUTE, XS, RIEE, 5Kk . A5 Gt s b B G Jm AT 2w BORIT 700t JiE . AR BEREE 224, 2006(S1): 328-333.

XU M G, LIU P, SONG Z G, ZHANG Q. Research progress on the effects of fertilization on the behavior of heavy metals in
contaminated soil. Journal of Agro-Environmental Science, 2006(S1): 328-333.

AEAL B AT S5 R 1) B 4 SR TR L. O IR RL 22 4R, 1993(5): 217-222.

XIONG L M. Fertilization and heavy metal absorption in plants. Journal of Agro-Environmental Sciences, 1993(5): 217-222.
GHORI N H, GHORI T, HAYAT M Q. Heavy metal stress and responses in plants. International Journal of Environmental Science
and Technology, 2019, 16(3): 1807-1828.

TR, BRAE, SR, AR E, XN, BRAR ELAE TR S e A AR K S AR EL B AL, T [ AR A Ok R (R 9 0), 2022,
30(7): 1186-1193.

WU Y J, FENG X H, ZHANG R, LI J, LIU X J. Comparative study on the growth and cadmium uptake of salt-to-cadmium
interaction. Chinese Journal of Eco-Agriculture, 2022, 30(7): 1186-1193.

HUSSAIN T, LI1J S, FENG X H, HINA A, BILQUEES G, LIU X J. Salinity induced alterations in photosynthetic and oxidative
regulation are ameliorated as a function of salt secretion. Journal of Plant Research, 2021, 134(4): 779-796.

X KR, NaCl 2 Sh i % Cd BEMENLHIB TE. P8 2e: BRIGRHEOR 2 422 A8 0, 2023.

LIU LY. Study on the mechanism of NaCl alleviating Cd toxicity of salt-ground soda. Master Thesis. Xi’an: Shaanxi University of
Science and Technology, 2023.

POROR. )\ 25 A 7 3 ol A 5% 922 T V5 R 1P A LA L. A FR: AR ARV R it 22 01 3, 2012,
HUANG H L. Comparison of osmotic regulation and ion balance mechanism of eight alkali-resistant halophytes adapted to saline-
alkali habitat. Master Thesis. Changchun: Northeast Normal University, 2012.

BAB R, XN, 20T, TR0, N 38 IR0 NaCl e N S & 4 i A K R I20E TR 1 B I e . B0k 224, 2005(1):
63-68.

DUAN DY, LIU X J, LI C Z, QIAO H L. Effects of N Nutrient on growth and osmoregulatory substances of Alpinia halophylla
seedlings under NaCl stress. Acta Prataculturae Sinica, 2005(1): 63-68.

RHERE, 7578, X0 B, PV 1, Wk B 0%, Mot eife 2R 1 X 4 A s R iR SR A0 26 0 B8 1 A R AR L. 123%,2017,49(4): 782-788.
LIUY H, WANG X P, LIUG M, SUNJ P, YAO Y T, YANG Y H. Accumulation characteristics of salt ions in four typical salt-
tolerant plants in coastal saline soils. Soils, 2017, 49(4): 782-788.

XA 85 B8 TR AR KR B BT FOMEL. BLACER AL T, 2021, 48(5): 137-138, 145.

LIU J. Overview of studies on calcium ions on plant growth and development. Modern Salt Chemical Industry, 2021, 48(5): 137-
138, 145.

BAJJI M, KINET J M, LUTTS S. Osmotic and ionic effects of NaCl on germination, early seedling growth, and ion content of
Atriplex halimus (Chenopodiaceae). Canadian Journal of Botany, 2002, 80(3): 297-304.

MRocs, AL, BHaN, Ef, R, MRk, ERMRE X MBEE R T iR R A NS E R TR RS, LR, 2018,
46(16): 65-67.

CHEN W H, CAI H J, ZHAO Y R, WANG W G, LIU Y, CHEN M. Effects of salt stress on seed germination and osmoregulatory
substances of Suaeda salsa seedlings. Journal of Anhui Agricultural Sciences, 2018, 46(16): 65-67.

TRF5HL, VB, IV, ZEIEAR, TEk R M HUBE AR K KB B T B0t SR BE i 7. A 5222k &, 2018, 37(7): 1997-2002
SUF L, SUN X, SUN Q, LI HF, WANG T L. Responses of growth and osmoregulatory substances to salinity of Suaeda salsa in
wetland. Chinese Journal of Ecology, 2018, 37(7): 1997-2002.

RERS, MR, VR, ALTTAL VR, Zn XHFESEH A GRS . BB R S A Ca” R B A A (RN KA A
#k, 2009, 33(4): 613-619.

XUQS,SHIG X, JIW D, DUK H, XU Y. Influence of Zn on the protective enzyme activity, permeability regulator content and
Ca’" location distribution in leaves of Limnan. Chinese Journal of Hydrobiology, 2009, 33(4): 613-619.

I, FRIRHE. YA RS 5 S 0T R . A AR B4R, 2015, 51(8): 1195-1203.

ZHENG Y, CHEN ZJ. Advances in calcium signaling in plant organelles. Chinese Journal of Plant Physiology, 2015, 51(8): 1195-1203.

(AL A )

http://cykx.lzu.edu.cn


https://doi.org/10.3969/j.issn.1007-273X.2022.06.027
https://doi.org/10.3969/j.issn.1007-273X.2022.06.027
https://doi.org/10.3321/j.issn:1672-2043.1993.05.008
https://doi.org/10.3321/j.issn:1672-2043.1993.05.008
https://doi.org/10.3321/j.issn:1672-2043.1993.05.008
https://doi.org/10.3321/j.issn:1672-2043.1993.05.008
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.12357/cjea.20210778
https://doi.org/10.1007/s10265-021-01285-5
https://doi.org/10.3321/j.issn:1004-5759.2005.01.012
https://doi.org/10.3321/j.issn:1004-5759.2005.01.012
https://doi.org/10.3969/j.issn.1005-880X.2021.05.062
https://doi.org/10.3969/j.issn.1005-880X.2021.05.062
https://doi.org/10.1139/b02-008
https://doi.org/10.3969/j.issn.0517-6611.2018.16.020
https://doi.org/10.3969/j.issn.0517-6611.2018.16.020
http://cykx.lzu.edu.cn

	1 材料与方法
	1.1 试验设计
	1.2 测定项目与方法
	1.2.1 生长特征及生物量测定
	1.2.2 Pb含量和盐离子测定
	1.2.3 渗透调节物质测定

	1.3 数据分析

	2 结果与分析
	2.1 盐地碱蓬地上部分生长特征
	2.2 盐地碱蓬地上部分生物量
	2.3 盐地碱蓬铅吸收特征
	2.4 盐地碱蓬盐离子含量
	2.5 盐地碱蓬地上部渗透调节物质
	2.6 施氮肥对盐胁迫下盐地碱蓬各指标之间的相关性分析

	3 讨论
	3.1 施氮肥对盐胁迫下盐地碱蓬生长的影响
	3.2 施氮肥对盐胁迫下盐地碱蓬铅富集的影响
	3.3 施氮肥对盐胁迫下盐地碱蓬生理的影响

	4 结论
	参考文献

