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Effects of exogenous citric acid on growth and physiological characteristics
of watercress under aluminum stress

ZHENG Kai-min', XIAO Jia-chang', MA Jun-ying', HE Mao-lin', GE Sang’, ZHENG Yang-xia'
(1. College of Horticulture, Sichuan Agricultural University, Chengdu 611130, China; 2.Shannan Agricultural Technology Extension Center, Tibet, Shan-
nan 856000, China)

Abstract: In order to study the alleviating effect of exogenous citric acid on watercress under aluminum stress. The
effects of different mass concentrations of citric acid (0 mg/L, 2 mg/L, 10 mg/L, 25 mg/L, 50 mg/L and 150 mg/L.) on the
growth and physiological characteristics of watercress under 1 mmol/L aluminum stress were studied. The results showed that
aluminum stress inhibited the growth of watercress from Hubei (HB) and Beijing (BJ), decreased plant height (44.44%,
39.09%) , stem diameter (34.49%, 5.63%) and root length (44.61%, 40.66%) , intensified leaf membrane lipid peroxida-
tion, accumulated a large amount of osmoregulatory substances, increased antioxidant enzyme activity, promoted the absorp-
tion of aluminum in plants and inhibited the accumulation of N, P, K, Ca, Mg, Fe, Zn and Cu in watercress leaves. From
the perspective of growth index, the toxic effect of aluminum on HB was greater than that on BJ. After exogenous citric acid,
the growth conditions of HB and BJ were improved, the content of malondialdehyde decreased, the activity of antioxidant en-
zymes maintained at a high level, the content of aluminum decreased, and the application of citric acid promoted the absorp-

tion of nutrients by watercress. The detoxification effect of HB was the best under the treatment of 2—25 mg/L citric acid, and

the remission effect was inhibited or even disappeared under

e B #3:2021-07-06 the treatment of 150 mg/L citric acid. BJ had the best

E£mA . WA RHTE ST H (2019ZHFP0268)
EE R I H(1997-) , L, PR BN L 0F o0 A, BN
S S TG BFSE. (Femail ) 3289767501@ qq ric acid. Therefore, the appropriate concentration of exoge-

detoxification effect under the treatment of 10~50 mg/L cit-

com nous citric acid can effectively alleviate the physiological

BIFUEE R FHE , (E-mail ) 754924349@ q.com damage of watercress under aluminum stress.
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BT T 255007, B e B R - B e bR 2=

2 HEREH

2.1 SMBEIFEREEXSENE TEREEKMNEME
F2 1 AL, AL G AL N AL B AR K Bk

T ZEHL M TR R T R AL N AL B

Iy 9 BEAK 44.61% . 44. 44% . 34.49% . 54.89%

19.37% , AL st G AL N ACFR AR K bk 250,

b3 B MR T T AL N, 2 B A

40. 66% .39.09% . 5. 63% . 34.99% . 14.52% , 7] i,

%EHJJ‘L?W%UTE%I@%E’\J?L&,E‘iﬁ)ﬁt_@[@f% tedb st
MR Z BN AR B ™8, ALN, ~ AL N, 4b 3,

WAL RSN S A B A9 B i, H 2
AR A —E R 25, 5 AL N ARFEAH H, 1k
SRR R AR M BT BT AL N, AR B
KAEL, AR FNZE ML 43 B FE AL N, Al N A PR IR
B RAE ; AL TSR AL N A 32O bk R T
Jof A b T A B A R, ARG AL N oAb #
REIRARME, AL N o b BB b SO AL 5 GOl
BT KASPREIET AL N, . VLI WIAC S S e Ay
TERR o MR 5 2~ 25 mg/ LA 48 B 3 28 it U R 35
U, AU SRS AE AT G R o F VR 225 ~ 50 mg/ LI
GBS, S R BT VR B2 150 mg/ LT,
THRREMRBRNGME L EAMEN G,

R 1 SMNEFFRERIEMME T EMRERKNHN

Table 1 Effects of exogenous citric acid on the growth of watercress under aluminum stress

e b B EYl MK Mo bR PR WA B LEES TP

(cm) (mm) (em) (g) (g) [ng/(g-h)]

B[R 15 AlyN, 18.30+2.74a 5.74+0.24a 32.13+2.97a 1.81+0.04a 0.31+0.05a 36.54+5.76a
Al N, 10.17+0.64c 3.76+0.11bc 17.80£1.56bc 0.82+0.01cd 0.25+0.05b 22.40+1.00b

AN, 13.73+0.84b 3.81+0.51bc 21.15+1.48b 1.07+0.13b 0.28+0.02ab 36.51+2.05a

Al N, 11.70+1.37be 3.86+0.31bc 19.95+0.78b 1.03+0.01b 0.31+0.01a 33.76+3.04a

Al Ny 11.15+1.91bc 4.09+0.54b 19.10+1.13be 1.06+0.14b 0.29+0.04ab 31.55+3.81a

Al Ny, 10.10£1.16¢ 3.91+0.18bc 20.93+1.99b 0.96+0.02bc 0.31+0.03ab 22.59+3.49b

Al N\ 5o 10.04+1.49¢ 3.22+0.26¢ 15.57+0.61¢ 0.68+0.11d 0.20+0.02¢ 22.43+2.46b

b G AlyN, 20.63+2.14a 4.18+0.40a 33.45+5.07a 1.42+0.09a 0.27+0.02ab 31.68+1.02b
AL N, 12.57£1.17b 3.94+0.03a 19.85+0.21bc 0.92+0.06d 0.23+0.01b 18.42+2.17d

AL N, 12.68+1.53b 3.95+0.29a 22.85+1.48b 1.02+0.07bed 0.24+0.03ab 25.66+3.38¢

Al Ny 12.70+1.84b 4.07+0.04a 22.6+2.137b 1.10+0.14bc 0.28+0.03a 25.62+2.45¢
Al Ny 12.70+0.53b 4.09+0.29a 23.37£1.97b 0.97£0.05¢d 0.23+0.01b 29.91+4.88bc

Al Ny, 13.30+1.84b 4.17+0.52a 20.60+2.43bc 1.16+0.03b 0.29+0.03a 38.83+3.48a

Al N5 11.75+1.34b 2.96+0.31b 15.22+1.73¢ 0.64+0.08e 0.19+0.01c 31.67+2.85b

AlyNy :0 mmol/L AP +0 mg/L*?*%ﬁfi;Al] Np:1 mmol/L AP +0 mg/L’F?*ilﬁfi ;ALN, : 1 mmol/L AP 42 mg/Lﬁ’l‘%‘?M ;ALN

10: 1 mmol/L AP +10

mg/LFFREIR ; Al Nps : 1 mmol/ L AI3* +25 mg/TAP 5 ; Al Ny : 1 mmol/L AI** +50 mg/LIFHEMR ; Al, N 50 : 1 mmol/L AI¥* +150 mg/LAF KR, M)
AR ) /NE 5 R Ak B 22 5 35 (P<0. 05)

H 1 IR Al 1, AL N ARBE T 506 532 F b o
TS RIS B AL N, b B 5B E R
38.70% 41.85% . TEHi AT IERR AL FE b 1A &2 ¢
SR ZR 1 7 Bt A A IR JOT it VAR 3 ) 15 fm T BRI, AE
ALN, ALN,, Al N, AMBE R 2 5T AL N, ; b5
TSR ZR 0 I TE A A A6 o £ vk B A 3N 34 I 3
F AL N, H B 07 e B 0 3 e Ak 22 3 e 7t
1o e BRI A
2.2 SMEFTARER S S8 BB
SENHIT

& 1 A%, AL N ARBRR 2 A5

TEWRSER_E (MDA)

HEE AP MDA

TR EET ALNACER, AT IR SRR A4
PR G ﬁ@ﬁﬁﬁ%ﬁﬁ}é,ﬂmz ~ Al N AbBH 2
ANGIREE A A MDA &2 4MKT AL N ARH 1t
TR MDA 55 it B TAGER o e vk FE T T
FERfAFRA [B] (38K TRRA, Jb o BRI i MDA &
S D AR I B A R i AR e o T ALK, e Ak BB s
] FRAE R AN, 565 21 d, AL N, ~ Al N AbFRI b Sk
SERIL R GIREE - MDA 5 AL N AbBELEAT &
TS AL N AP SRR MDA & Bk R AR, 328
AL N A B [F5AIG 42.29% , Al Ny, Zb B b 70 5 e A
MDA kB mAR, 5 Al N AL FFAK 49.06%, 7] UL
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Fig.1 Effects of exogenous citric acid on malondialdehyde ( MDA ) content of watercress under aluminum stress
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Fig.2 Effects of exogenous citric acid on soluble protein content, proline content and soluble sugar content of watercress leaves under alu-

minum stress
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Fig.3 Effects of exogenous citric acid on superoxide dismutase (SOD) activity of watercress leaves under aluminum stress

F 1A 4 AR BR BN A N T 2 A SR A
Fpi st ALY (POD) T . I AAT IR 5 W
SHERMAL S FISE B POD 3% Fif Ak A 7] 1)
FER R RIS THE R RS, 5 AL N AL
R HE , WL SRR B POD 5 P B R 5 1k
JE R BE TN R B R S T i JE BRI, 2628 7 d 14 d 21
d, Al N, Ab BRI AL SIS I - POD 16 PR3 B 35 5
T AL N, Ab B B8 4> 5 R 23.72% | 46.38% .

1200 iy o

= 00}
2
= 80
o
o 0
§ 6
40
o
B 20
=
0 N
14 21
iffE] (d)

A5 AL N AL BREE TN 40. 26% (11. 05% , Al N, Ab BRI
A SOD {55 AL N ACFETC B 48 L, 1A SRR Ay
BEHR TR W FE A 150 mg/ L, WAL s A ot o
RN P A A B 32 2R R FE B B

207 Jpmeemse
200

150
100

50

BRI AREEE (Ulg)

HfEl (d)
N, BAIN,; OAIN,; OALN

17710

12.94% , B % Fr 5 R kb B8 A 8] (9 2E K, AL N, ~
AL N AL FRAL 5 GRS e POD T 1 34 W 3% i T
ALNACBE 25 7 d AL N, AbBRIL 5 SR B POD
TR B KM, 8¢ AL N, AL R 33. 68% , 4 14
d.21 d, Al N A FEI - POD 53K B 5 KR AE, 43931
B AL N AL BRI N 45. 12% ,32. 22% , Al N, Zb FE L
TR B POD TEYES AL N ANHLUG i AR 1k

120 F 4y o o

100 g .
%0 100 - b ﬁ abb
3 D, skl
= N e
N N
= N N
S N G
P N Nz
b N NS
gad Ny ma
14 21
i (d)

OAIN;; BALN; OAIN,; BAIN,: ®ALN,; BAIN,; OAIN

B WL 1 1, MFEB IR E/NG PR A B 24 53 18 3 (P<0.05) .
B4 SMEFFEBERITSRNE TEHSEMN 5 POD &R NE

Fig.4 Effects of exogenous citric acid on peroxidase (POD) activity of watercress leaves under aluminum stress
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Fig.5 Effects of exogenous citric acid on catalase (CAT) activity of watercress leaves under aluminum stress
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Table 2 Effects of exogenous citric acid on aluminum content in root, stem and leaf of watercress under aluminum stress

BEE(my/g)
e b3 His 7
I it Hby -
WAL G AlgN, 0.653+0.019¢ 0.603+0.023¢ 0.425+0.021b 1.028+0.017d 1.576
AL N, 1.545+0.023ab 0.666+0.015¢ 0.534£0.079a 1.201£0.094be 0.777
ALN, 1.444£0.065b 0.615£0.012de 0.484£0.022ab 1.099£0.012¢d 0.763
ALN,, 1.440+0.012b 0.626+0.006de 0.490£0.007ab 1.116£0.003cd 0.775
Al Ny 1.513+0.003ab 0.643+0.021cd 0.517£0.006ab 1.160+0.023¢ 0.767
Al N, 1.585+0.259ab 0.781£0.015h 0.542+0.096a 1.287£0.012ab 0.828
Al N 5 1.718+0.154a 0.812+0.019a 0.442:£0.006ab 1.354£0.112a 0.789
Jemt Gk Aly N, 0.674+0.028h 0.597+0.021¢ 0.442+0.015d 1.040+0.035¢ 1.543
ALN, 2.217+0.032a 0.770£0.055b 0.490£0.023ab 1.260+0.038b 0.568
AN, 2.189+0.043a 0.668+0.070¢ 0.461£0.009bed  1.13020.070c 0.516
AN, 2.198+0.058a 0.657+0.029¢ 0.462+0.009bcd  1.119+0.033cd 0.510
Al Ny 2.139+0.068a 0.654+0.019¢ 0.480+0.014abc  1.13420.025¢ 0.530
Al Ny, 2.120+0.050a 0.603:+0.006¢ 0.453+0.027cd 1.056+0.029de 0.498
AL N 2.229+0.270a 0.864+0.019a 0.498+0.018a 1.361£0.010a 0.617

FARBRLA 1 AR M AR R NE R R A B E] 22 5 B3 (P<0.05)
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2.6 SMEFIRERITERRME TEMEMFREET
EEENHIT

HH 2% 3 AL FEAR b aE R AL SR A dk i S
M= 7 X N P K Ca Mg JCE 1WA 31 B 0 40
H MEIFBERRS , 5 AL N AR L, 50 O s
iR N P K .Ca Mg JCER & i 7E BT B IR ol 1t
W (AL N, ~ AL Ny ) Ju I A A BT in, b o e

x3 SMNEFEBRMNEMETERXEMHFPEETESENHN

M NP K Ca Mg JCE & i 75388 9 #7168 R o o
VREE (AL N, ~ AL Ny ) JE R I35, AL N 5, 4035, 180
JeEMEsEr b NP K Ca Mg JTR & 15 ALN,
SbFEAR LIS A T ARG, Jb s SRS b P Mg It
EGEET AN AL N K. Ca tESENE
Al N Ab3ETEH B 284k

Table 3 Effects of exogenous citric acid on contents of major elements in leaves of watercress under aluminum stress

o e NICER &= PR EH KItE &= Ca LR Mg LE &
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

WAL G AlyN, 73.374+1.593a 11.724+0.372a 62.005+0.060a 52.913+7.813a 13.500=0.500b
ALLN, 39.825+1.688¢ 2.361£0.023d 46.240+1.915de 40.825+1.100bc 11.650+0.200¢
Al N, 40.547+0.955¢ 2.407£0.070d 46.743£2.783d 50.538+1.013a 14.538+0.363a
AN, 48.565+0.303b 3.220+0.186¢ 52.055+0.180c 42.713+0.413b 14.563+0.563a
Al Nys 46.514+2.388b 3.987+0.163b 54.888+0.563b 49.513+2.113a 15.188+1.038a
Al Ny, 40.573+4.078¢ 2.361+0.023d 47.570+0.050d 49.425+1.200a 11.775+0.375¢
AL N5 37.498+1.178¢ 2.035+0.349d 44.283+0.488e 36.100+1.350¢ 10.638+0.988¢

dbmt GRER AlyN, 72.700£0.398a 11.283+0.163a 55.830£0.290a 49.288+0.488a 10.938+0.088a
Al N, 46.800=0.459¢ 2.337+0.047f 46.248+0.843¢ 45.300+0.250¢ 9.250+0.100d
ALN, 46.211+2.241¢ 2.872+0.395¢ 45.575+0.845¢ 46.450+1.375hc 9.450+0.075¢d
AlLNy, 48.937+3.911¢ 3.824+0.465d 46.345+0.485¢ 46.013+0.288bc 10.175+0.075b
Al Ny 48.020+2.267¢ 5.009+0.256¢ 54.878+2.608ab 46.288+0.363bc 10.288+0.038h
Al Ns, 55.921+0.597h 6.125+0.163b 53.120+0.520b 46.963+0.088h 11.075+0.175a
Al N s 45.176+2.106¢ 3.220+0.279¢ 46.390+0.815¢ 45.863+0.413bc 9.700+0.475¢

AP 1, AR AR R/NE PR OR AR B A 22 57 B3 (P<0. 05)

2.7 SMNEFRERITSEME TEREN K FMET
EEENHI

H 3 4 AT BB E T 2 AN SR GORsE i
Fe Cu Zn JUR & 1 0 & BRI, 140 et forp
Fe,Cu, Zn JG E & & 5 Al, N, &b 2 43 51 B fi%
19.55% .15. 38% .35. 54% , It 50 G = 0 b Fe
Cu.Zn JGE &R H Al N AL F 43 5K 16. 04%
12. 82% 32.75% , Jt kiR 5 , W14t =2 fde
LU IRSEN o Fe (Cu Zn TG E o i A 12 1R i
TR RE B RG0S I A Se KGN FEAR A B, AL N
SEFRINAL TSN 7 Fe  Cu TR & A F K
B, AL N Ab3 Zn ST & wk B KME, ¥ 5 ALN,
AbRELA 5 3 2 55 AL N A 3L 5T SRS
Hi Fe (CuZn JTCR & IR BB, 5 AL N, b3
BAWEEER

3 17 8

MR AR 2R SRR SRR ) 208, B AR
XA I3 R T B e AR R R BT o AN
Kb ARPRE T SRR AR A A I,
JC RN At GRS ke AR A2 B
PRI R ) 3 TR X R B A
FEARARAT . 0 B R R R AT IR IR S, WAL
PR ML B G A BLGRAR R 35 175 2 A
(IR R A ey, LB AR 2 A0 5 0 98 T il 55 2 e
ROR . BEAMIFTE b A B, g o i e BE AT A R I in 1
MR 2 Mg S WA AR AR
U AT B SR v S vk B A LR AR T S RESRAR
PR pH {E, 358 1 AT PEER IO IE 1, 66 SRS R 5
EHE L IE
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x4 SMNEFERBEIEHE TEREM R PRETESENIIT

Table 4 Effects of exogenous citric acid on the contents of trace elements in leaves of watercress under aluminum stress

i Qb

Fe JGE F i (mg/kg)

Cu TLEF i (mg/kg)

Zn JLE T (mg/kg)

iB AR 1S AlpN,
ALN,
ALN,
All NIO
Al Ny
Al Ny,
AlINISO
Jb 5 G Al N,
ALN,

e

AL N,
AN,
AL Ny
AL Ny,

AlINISO

304.375+0.017a
244.875+5.875¢
256.000+11.000¢
278.375+19.875b
292.625+6.125ab
276.375+4.875b
228.250+0.500¢
244.750+8.500a
205.500+1.000cd
194.625+5.625d
199.750+2.750d
214.125+2.875¢
227.500+10.750b
195.000+3.000d

24.375+1.125a
20.625+0.375bc
21.500+0.750b
23.375+0.125a
24.000+1.000a
23.750+1.000a
19.750+0.500¢
28.250+0.500a
24.625+1.375¢
25.125+0.625¢
25.250+0.500¢
26.625+0.625b
27.750+0.001ab

23.875+0.875¢

51.000+3.000a
32.875+0.875¢
44.125+1.125b
50.250+1.500a
49.250+5.000a
43.625+2.875b
32.375£2.750b
50.375+2.875a
33.875+1.375d
33.500+2.250d
36.625+0.125¢
39.000+0.500¢
44.250+0.750b
33.000+1.000d

AP 1, AR AN E NS TR SR A BN 28 5 B 3 (P<0.05)

IRV GRS % R Ui I REaS e i P e /RN
HOESE-30 37Tt REE7/)0 W ¢ Brie: ¥ L ol N DR S 54 1)
(8 2 P, DA R 45 4 11 S B R0 AR R
T2 ARG Al s AR B i AR
B e A U 5 R, R Al g R R
TESRMRA TR 3 T A ORI HLE] fe et 7 K
(e W IEAE I Reas s - S DO TINEI REaS et 1Y L i
FIAPERRSS , 0L S S R b 3T o S AR AR o vk
JERPBIR T AT LA ik 3 s 2 R i R
T LAHESF K 03 MG 025 P07, 38 v AL 0 30 35 O HIR BT
T30 TR R R, S R B AR MK
MR Gk /\MIAER TEH 4R — 5, "TRBR Iy i
PEVERE A 20 ML B 1L RE &, 76300 555 B8 T A S RE VR
AR Y R ORI, S BOL & R F R

MDA Sz 5 R sk S8 Al 1 e 287 W, JHG 5% 13 0 4
PSRRI W38 T A Y IR G4 5 1 R
FRIE T TS MDA & & B35 T, Ul B
NN ARG B A0 B IR . MAFTEIR)S, &
St - MDA & T K, S2ff T S 4 i
N2 BRI o PR B AE ) 1A PN 17 e T e 2
HEEE XA BRI VAR A FEAE R BER (A
240 A B M 5k A AR . AE W SR ( Brassica napus
L) 4 63% ( Medicago polymorpha 1) i 1
( Solanum melongena L)Y KA ( Oryza sativa

L.) PV AR ST o g B, 00 BT e R AR AR AT DA E i R
15 SOD ,POD (CAT T 11 R 16 £ 40 (ROS) , T
BRI XA R, ASIKES R
LT 8 7 A I 3 AR BRI N, SOD | POD |, CAT
GPUE AR 2R BT, B G OO b A AL il
TR BN A R R T b SR, U AL SRS
X ER BN 1 S 0y S IR, it AT A R AT A
W BE RIS R AR bE T WAL SRR AL at SRR
h SOD .POD CAT &V B A B s Ak T, HLg AL o
SEAE AR 0T 12 W I 22 A A FH 38 3 e K, XA A R
BRI HE b B GRS, X S ki A Y B e 4 R
ARRL, 305 B O VA A A T e AT A8 e e S T T
P, BN E Y 0,7 H,0,, ¥ 5@ AH Y P 4A
RIS RE T, ST IR 0T i Wk B ok e ), SR
i SOD .POD ,CAT 1 Y52 2 30 il , 7] BE 2 PR hy e o
TR AT IR R RIS T B SR AR K IABEY pH (A,
S SORH R TG PE R, ] BB 1 B VR B AT R
T T AR EEEAE A, AR S BRTE A B B
fEJ), FEOG AR,

R TR T A B I 1 R I S A A AR R 1 A
K, BHAFAR R XK A F Py BT 28 e, 5 30
I B R AER . N P K TR R
AR EE R EICR D AR, 48 a1 il
T 2 PSRN X N P K TR LR X ] 2
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B E AR A R BRI R T B E A e PR
Iz VAR R B, AR A HE T R A AR A AR
2.0 THEY X EFROTR R, AR
B FEE S, e T 2 M s i a &
AN, Ca Mg Fe ,Cu.Zn JCE & w5 0 3 FRAL, HEM
J PR AT RS R BH ZE T FH B -3l R e e v B A
T HBAMA LR 738 456 005, S EBAEY T
R OB R RN & % ol DA Al 3 LN
(0 N PR AR B ARG 45 T R A i B
YEFT, Cu Rl Zin 237 R S0 o 79 - S ) BB AL T 1)
FE NG, X LT AL EEE PR TR, T A AR X
MR ) AT 4 SRR W 3 B R R T A
W FEAL R I TOSE (2~ 25 mg/L) Fdb 5 S SE
(25~50 mg/L) M F % NP K .Ca Mg Fe Cu.Zn JG
RMBLR TR ER MW B H ] DA A
[(-EINYSTRuN R ERRI oS 5 - S Vikens i B/ =R Aol 3T
Rl ISR

4 25

ZF TR 3 R R R AR R BE S A AR R
i B POl 2T RS 1 A 3 R D B AN e it e
WA PR, madiE T A b IR R | vl
VPR BE RN T 5 B 1 5 B I o R T A A
S Pt T A SR el A T B3 AT A 407, DA 2 2 1
St AR EFRCR BRI 8 X RS AR
KA, 150 me/ LAy R Ak B 0] 25 in R k) w2 R
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