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BWE HBANERETIEE LNERE R —. NERSMNEA PR X458 T % % (Helianthus tuberosus) 4 BRHE KX AR
ZDNAF G IS, DL h A4 1 35 A0 EE BURR 5 R % B35 3 9 M), 20, 3501700 pmol-L™ 440 EE,  [RII 43 51 it i
0. 30. 60F190 umol-L™" & & A WLER, HFIMEAHUBR T ERMMA T &0 (7. 145021 K )44 4= 4 B )57 FIDNAS 73 ) 5 1 .
ZERFE, A MEEEARM KSR AT ), MEBREGFEIOLEIEESIEAN RS, MAESERENRN, DNAKERR
Ji£ TH 5, DNASEAFINR o 1060 52 & 5 WLIER B A5 A0 AR A W 36 B R4 0% - 60 pmol-L ™" HLIER W] 14 sy SE AL RS 1, 4
IR R AR IR AR ST HLER 26, L by 198 43 A 2 43 3 Lb o HE R 2685 (R N 38 355 ) . 0. 755 (BE BB ), IRARER S
R, MR S0, FRH % 0T PH 25 4 DNA R FE 5 s a8 b F 2H RB%51.53%F135.10%, il 3 22 fiF DNAHE BB %,
BORFLEEE T DNAKIZL . %5 1, A0 45 3 3 45 o 7 B ELRCEZE AR, 60 pmol-L™" A HLER RS SR AR AR Wl T 44 52k
PR R, PEMKDNASZIRAFRRE, R4 F P, HIEEBURRSM R EPRMBCREL . EH AR R TINEEEH L

PRI BRI A0 R 4 AR B N AR SRR AR, RO S B AR A i O BRAD B IX R R ke 5 2R R R IR

KSR WG, SAAHIR, 4, LB, DNAS;

BHE, FEB, Prok, INEIE, KEE, REE, A0, E, H48 BH, 1%, REIFR, X (2023). MNEE
HLER SR BE T 25 3 A B B R GRS RN, HEY2E4R 58, 573-5809.

fi(aluminum, A)EHF S ERAEENEE
Jt% (Alasfar and Isaifan, 2021), 7£+3%EpH<5.08f L
W B ASAPTE RATAE, (MR R 0 B A 2 TR 2
BEEMEH, M™ERNEJE(Yang et al., 2018). FK[EH+
HEWR Ak ™ T Hpg 77 203 b X R A I OGN R (L=
PR SER, 2019), TR 3 h fE7E A K RAP 2
BHEEM R EEA AR, RIBEFAEYKR
R 1) 3 25 K (Pattanayak and Pfukrei, 2013).
AP LU shiz i 7 SRk AR 4R L (Park et al.,
2020), A2 HR AR gH M BE A Ay FE A IR R T
(Rahman and Upadhyaya, 2021), FHLAGHE % IE 5 i
K(JE/MES, 2021) IRARILOAP 1) gt e 4%
T EERALN, B RmE NS s, — 7
% S5 % (reactive oxygen species, ROS)f;=
A, EMMTE, BOAME NS CRESE, 2021); 7

Woke H #9: 2023-01-15; #2252 H #1: 2023-03-08

—J7TH, AR R R R A R
SR AEARAR, T R R AR A (R Bk (R SR AR LR
2 (Guo et al., 2018).

3§ (Helianthus tuberosus) % £} (Composi-
tae)[n] H %% J& (Helianthus) £ 4F A4E B Y, &Y
AR, NGRS RRIR T, 2.
BRSO T, 2R EEENETHEY, BfA
I RN TS (Luo et al., 2016). 45T, HTREM
PR SHHEA Y, FRIE LIRS IR B 5
(ZETF A4, 2022), Wik + 3 b B AR ™ 5 50 44 4 (1
PR MEHET . B AT A B s AR SRR AT
FRA TR, HARE k5 Gt KU (Diarra et al., 2022),
PRI 1 3+ 4K 70 B A0 2 b 0 5 110 D7V O 2 T 4% 52 R TE
(1 4 ] R

IR E AR, MR R S M HLRS
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ARSI (B E SR, 2022), FEAFEITER
(citric acid, CA). *.[i¢(ethanedioic acid, EA)F13% 4
12 (malic acid, MA). A HURAML AT LLS AR % & T
BEY, iR BT, SR Y P (Fh 55,
2002), i HAE4EBN ] 2 58 8 st . R &g
#(Raiz et al., 2018). M LILEAMEWR, LR R
A G G3d [ PT AW B A PO BRI S5 R R,
B FH TR AR T . B S5 (2018) R I AR e T 4%
TV R WAVLERIE 2 . FIT 5 (2022) 42 H i
TNANIEFT 5 8 1T 3 5 S (Nasturtium officinale) ()
iy &5 P, 15 2457k W2 A A L (compound organic
acid, OA)ZZ Al e P EE B S A8 33 ) AL 1) 40
I, AR ST Ik BTN 5 ot P A 1 5 = 0 B0 0% b %
BH 26 FAE A RE, B B AU B AR AL B AN &G L
B2, BEFLPS T ARG E R . PUEAEE R S R
ZA SO, B TR AR A VLR X R B 1 2%
FEALIR o AF FT 45 SR e 7 R I R R R S AR s
BRI 7=l R e S AR HE T B AR = SORTR.
P AE, [RS8 2 A it A LR e ) e R RS 5208 1 21
BRIt T — o R AR .

1 MEERZE

1.1 #ilern
2561202043 H 22 20214F9 H 1E W T LIHE K249
el IR 40 T8 35 A 2 S 06 = 3047 AT A AR IR A 4k ¢
BN BB St XL I, B RS
8RB X 11145 7 (Helianthus tuberosus Linn)#E4T
ZEEWTTL . AW S HARAE(2015) MR sk
95, Uik H WS A Bl AR 2N 26 9 (H. tuberosus cv.
‘Xuzhou’, XZ)FNEEHUE & A 7% BH % % (H. tuberosus
cv. ‘Ziyang’, ZY)WENSZK A KL

1.2 W

e EUAH [F) 15 9% 261 T i BV 1 B 25 4 S s 5 b R,
FH B 2 7K e 5 VR /N — B0 22 R 4 3N A
FLYRMR R RE 7%, RE IR S5 40+ 55 o ik A e
(2:1, VIVYIRA TR, BT R 50% 1) s I ks 77
M, B2, EP31°C. 180 ymol:m™2s™
e HR AL EE 12 /N i F122°CRE AL BR 12/, A2 B G A
10K JE BRI KA A KRG R IF %1 7 28 9 k)

ZAK(10 ecm x 15 cm x 20 cm)H, &R B B34k, B
TR SR B — B B IR 1 LA R R
A, FRELEE IR 2 = AT R e B A E LR
(OA) 4 ¥ . F 1/2Hongland 58 4 & 7% W (7K = 2%,
2021)H 78 A [F) 94 B AIC 75 7 VR A e o 1 3,
FEBR2RBEHEN IR . ¥ OA LI fE M F IE ) I, ¢
OARL HH 2H Wi it 55 & 28 1K, BEARWEIES mL, HERE2
RIGE 1 IX o

FETsLIGah B, ALK W B3 MK ERLAE: 0
(Alg)~ 350 (Al3s0)F1700 (Alzge) pmol-L™"; 4 OAJK i
0 (OAo). 30 (OAs). 60 (OAg)FI190 (OAgo) pmol-L ™",
FEIF124 M0 (R ). TR B K R E 3P AT R IR A,
3641, EOHHEREMA. CAFEA: & A Filse i
5 Wk B2 (300, 70011 000 pmol-L™") R & 41 ik
(1:1:1, viviv), CA. MAFIEAL N4 HT 4. AICIH T -
1/2Hongland5e 4 77 1 - OAVA TR (I pHIE )i 4.5,
SR IE TR S IR RS EWAL, XL T
Mo S3AMAEERT 1421 RMET AN RS AL
BSH M G R TS EEE R bR, B2 KM Mk
MK R B AR R W), FHIEOlive BH %5
DNA# TR, &48PrI w3 NEE.

1.3 SLWFE

1.3.1 HER. ERAMBKERKSHEITHKER
ME

P28 7 /K e LA R 2 - R i -+ 0 DR 40K 3%
T 7K A3t o RS FE 0.1 e (¥ BRI &= 40 1Ak

w1 gkt
Table 1 Experimental design in this study

- Compound organic acid
Aluminium concen-

Group tration (umol-L™") (OA)(S;nOﬁ?PESatlon
1 0 0
2 0 30
3 0 60
4 0 90
5 350 0
6 350 30
7 350 60
8 350 90
9 700 0

10 700 30
11 700 60
12 700 90
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R K (R 25 35 350 1) T35 190 446 5o B 8 ik s R AR
B X 2R AR el DX K B AR ), 4% B A s S X,
] I Li-3000C - [y A2 A ) 5E # 1 AR (Yun et al.,
2016).

1.3.2 MHRSHFEZHREUEHFERKASENE

I BRI 56 2 1) S 3 i, R FHLi-640018 #5 20 &1
FH & 22 G2 5E iy 490t 6 1 % (net photosynthetic
rate, P,). 4Hfi[E]COL¥# % (intercellular CO, concen-
tration, C;). A fL 5% (stomatal conductance, G¢)F
7 5 1 K (transpiration rate, T,). [FIF BRI 5 3
3t BEALBEE30r 41, FHPAM-2100 483 %Ot
1% (Pattanayak and Pfukrei, 2013)Jl| & %5 = 1 A (4]
UH9¢ 6 (initial fluorescence, Fo). % K¢t (maximal
fluorescence, Fn,)« PSIIE KBt % & F 7= &= (maxim-
um photochemical quantum yield of PSII, F,/F). H
T1£i% %% (electron transport rate, ETR)LL A 3E)6
k229 K % $1(non-photochemical quenching, gN).

1.3.3 EREHRGRNELRGEHEIFNE
WECKHARFE 0.1 g, BT WA KRS, N
1.6 mLBERZE pfR i BE R 2%, 4°C. 10 000 xg &0
207740, W EIEME N ARG . #8255 4 (2000) )
T 1%, PSR 2 VO 200 15 6 Ji v e i A A
1k (superoxide dismutase, SOD)¥5 1, F &6 A
Py 929 5 o S AL W i (peroxidase, POD)i&E ¥, A%
AN 5E 1 E Ak AU (catalase, CAT)iE . S
Tripathi%(2017) 8 77 ¥ € Hi4A ML (ascorbic acid,
AsA) % (532 nm) 54+t H ik (glutathione, GSH)&
(412 nm).

1.34 RREIBVE. MABHRBES WP ESENZE
BEALBYHUSE AR 2R, HET, FREN0.5 g, FH12 mLAHE-
AR5, VIV)IETE RS IMA0.5 mL 98%fMi iR I
4K ERES0 mL. KA K a2 (S5,
2010)M 52640 nmi KALODEARRIBRE S E. H
2,3,5- = 3 AU Y S0 JEEAG AR 235 1 (Liu et
al., 2018). #RHL0.5 g% FHRAEEFE, R A10 mL
0.4% 2,3,5-=# I 5 AL P &M Wi 710.067 mol-L™
TR 22 P VB (PH7 .8)VR & (1:1, viv)H, 37°CHRE{RE3
NI, AN mol-L™ 98% B2 1t [ i o 22 [ 4T

45 (2003) f) 13 IS VR IR AR R 4 b 4l Ak,
40°CJie % 26 R AR 46 J5, R B2l 112547 e N
AR ECA. MAFIEA & & .

1.3.5 1READNABRGN

BUEUK FE 2010 mm 2 ERS, TN .5%4F 4 % i
F0.5% KKk, IREHHFE2/NY, Zid g, 50 xgEsO
540%h, FF biE, BEE2-3AERARE, K E AR R &
BT H 20 2L A% (2 mol-L™" NaCl, 100 mmol-L™
Na,EDTA, 10 mmol-L™" Tris, pH10)H ZLfiR1 .5/,
B IR A B 100 V. 102 mA R HL k4043 Bl .
MYk 45 SR 2 J5, BB HE W 33 A FH Tris-HCI 2% i i
(PH7.5)iE ¥k, Y I b 5 LAk Y I (1:5, wiv)igi i as
43%f, fEAxio Scope A1% 6B T (540 nmEk
I, 200f588) M 5% . BENLE R S FEAR 10N R G R
PO £ B R O R R 2 R (3866, 2008).

14 BEAES GO

FIFISPSS 22.0%k - HE BLAH, BT A i P 241 +
FrRofEiR . I8 B 2 5 2 4 Ak F DuncaniZ it P
BE bRAER AT Z R B E M Hr. 6 Origin
202184 1E [, FICCD# - 2 2 K14 .

2 ZR5iTe

2.1 SABNERENE THFHEMRK %S
A

AT, R (Al R W R4 K, &
TR PEER (Alzoo) B A AR S AR K S5k 1038, HOG
TERHE A B EAE R TR NS, AN OART
SRR TR (E)o AlgsobBE R, AR 56 25 F1 5 BH 56 2=
R 28 AH G K 28 L xf 23 1) 1 i 24.69% H118.69%,
PR AR 2 TE B35 22 57 Alrgo b BT, W45 b
T R AR A 5 R i A G e 2243 1) S 0o R 14 33.99% A1
17.97%. BEHPRAILLERL, Al+OAJEANHE ZH (9441 2
FH R A — @ PRI, H 5%
RSV PR GRS T E 32 Y SRS 3 =)/ S I R 1
B3 ARG, oA 5 P 2 2 S IR FE B A OA
BB AN R IR P 18R 25 2 9F LA60 . umol-L ™" 1 FH 281
HetE, FARERZ1F N OAXT B BH 2 2 1 s /E AL T
ERNE
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22 SABENEXEINE THFAUFRGHF N
221 AEREESBNEBNBMETHFHRS
#FZHRESHNE

B AL TR P S RIS G P ST XA B0 140 ) 4
H, TICASZ 5 m, SMEOARIRRILY % . W4 5
Fl AL B ) Gs P 5T AL I A, 45
WEBR G, Gl A o 94 P55 5 Folb A0 B[] P 264 i s B
5521 R Al7goOAo ZH 15 N 2 - F1 7% BH 2 ¥ G 4L AlgOA,
Y193 5 T [%86.25%4178.95% (KI2A, E), 15 /H%5 %
I BH 49 T2 519 /0 32.50%F165.14% (/&2B, F);
ETR, WMNEEHP. R N, H14R 521K EHE
FioF, B2 PH 5 1P, U B8 5 Ak PRI 8] (1) 18 K HF 2R R
B, B KPE267.74%. HMtOAJE, FbFiH —E
FREEMISEAR, H+LAOAgfE R RUR S t, (R ik Bz
T AR M NAIZL . Al+OAFL AL FE AT BEOAIR B 1) T

250 -

b 8 aba
225 4 1

200 2.8 aa

175 4

150 4

125

100

75

50

Relative elongation of root length and plant height (%)

25 -

0.
Aly Algso Alzoo

T BG4k 3 55 21 K AlzogOAgo 2H 1 i il T, 43 53l 72
Al700OAAL 111.93 15 F11.194%; LI 482 M1 55 2= A %% BH
5 PofEA P BT, 43 0 T 5 87.23% F1119.78%,
{EAE T 5T HRZL(EI2C, G). PiZE M HICH ik iR
FrA FRASIR], it in AL A=A 2 2 52 m (E12D, H),
HEMAIF AR S PRI COSRIMHDEAEIEH . 28 b,
o 3L 3 3 0 1) 2 S R RO A R 1 RO A O R R
M2, T RS A S 0 AR i i O A BT JE i 1 i 7%
R 55 L FEEMEEERMEIER, Bxt
TN 5 AE FH RO B

222 AFRKBEAENEMNEHETHFHER
RIHFIERIRN

I 2 32 90 R M AT e AV 42 Y A L g 1, 5 305 455
)55 % (Rao et al., 2021). fEERIMHE T, &IN5 3

aaabc 3ab

cbab

Aly Alzso Alzo

XZ

zY

Treatments

Root length mmOA, =30A;, E50As, E=0Ag

1 MRS EHPLER(OAY R A T 25 AR 5 Mk s I 2

Plant height mmOA, =R 0A;, EB0As, ZZ0Ay

Alo. AlssoFl1Alzoo A1 43 590 3501700 pmol-L™"; OAg. OAgo. OAeofllOAgo s 8 £ F1 HLIR VI FE 43 51 90 30, 607
90 pmol-L™s XZ: M ZY: B AF/NG FREROR [ — I 1A [ A FEL 401 7] 2% 5 2.3 (P<0.05).

Figure 1 The effect of exogenous compound organic acid (OA) on the root length and plant height of Helianthus tuberosus

under aluminum (Al) stress

Alp, Alsso, and Alzqo indicating concentrations of Al are 0, 350, and 700 pmoI-L‘1, respectively; OAo, OAsg, OAso, and OAgy indicat-
ing concentrations of OA are 0, 30, 60, and 90 pmol-L™", respectively. XZ: H. tuberosus cv. ‘Xuzhou’; ZY: H. tuberosus cv.
‘Ziyang'. Different lowercase letters indicate significant differences among treatment groups at the same period (P<0.05).
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A E
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2 061 f g ’5
§ 0.4- / g ’g
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B 0.0207 xz F 00207 2zv
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® 2 ®
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S = S
S 0.008- H £ 0.008-
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§ 0.004 s § 0.004-
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7d 14 d 21d
C 149 XZ | aa G 144 zY
S 12{g 12
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£~ 104 VE o T 10{ge b
oo g £ _ d a i
2 9 f =< ¥ NI :
£® 69 / 8y 6 = 1 s
s S N | s
3 44 ] &5 44 H B z
2 g T 2 / s ’ s
0 d d 0 % = l H
Aly Algso Almo Aly Alysp Alzgg Alg Alssy Alygg Al Alssop Alzgg  Alg Algsy Alzgg  Alp  Alssy Alzgo
7d 14 d 21d 7d 14 d 21d
D 457 xz H 45, 2y .
40 agaa ag,d a . 40 aal;b dag 782
—_ 2 3 b i WL
23S 35 e 492 .a 80 351 : o
%xc 30{MY q s VENTE B 7 %5 30 g = ’H
Sl 1 1 e Ll c: = 1A
sz 200 lEQN S0 IEDE N IE (H  SE 20 : v
€8 15 9 S0 EDE N IE fz =9 £ £
s¢e el MR E B LE H 8§ 197 : ’E
g8 1010 1ERY Ml e © o 2 15 1
5{ Q1 SR ER e 0 E E 5 g 4
0 g SR UERCE B gz o ULEEN VEIR 1 (El 1 2 £
AIO AI350 A|700 AIU A|350 AI700 AIO A|350 A|700 AIU AI350 AI700 AIO AI35D AI700 AID AI350 AI7OO
7d 14 d 21d 7d 14 d 21d
Treatments Treatments

EmOA, [0A;; [ZO0A, EO0Ay

B2 MRS SAPER(OA)XTEEIHE T4 =M AL S (Gs) (A, E). ZREEHE(T,) (B, F). 1#LE&#EE(P,) (C, G)MALIAICOK i
(C) (D, H)RI52m
Alp. Alzsos Alzgon OAps OAsps OAgoF1OAg 1. XZFZYRFIE 1. ANF/NG FEER IR F— I HAAS [F AL 2E 20 7] 22 57 i 3% (P<0.05).

Figure 2 The effect of exogenous compound organic acid (OA) on the stomatal conductance (Gs) (A, E), transpiration rate (T;)
(B, F), net photosynthetic rate (P,) (C, G), and intercellular CO, concentration (C;) (D, H) of Helianthus tuberosus leaves under
aluminum (Al) stress

Alg, Alzso, Alzgo, OAg, OAzg, OAso, and OAgp are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).
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Aly AI Al Alg Alisg Alzgg  Alg Alssg Alzgg
7d 14 d 21d
F 307 2y
3
§ 2.5 4 aaga ab a
?_. 20- 3 e g
[0] % h H H
'655 H cRH ’E H
2o 151 £ 9=Elig 5
E2S 10 RIERIE El [ g ob3
.8 BENE 8 BiE )
£ el HsTE DERESE B iE
5 osRENENE bl L I
I VERCE NUERCEN G R EE ,
AIO AI350 AI700 AIO AI350 AI700 AIO A|350 AI700
7d 14 d 21d

Treatments

mmOA, CI0A;, Z0A;,, E=0Ay,

B3 SMNEEAEHLER(OA)TER MG T 25 3 Fr 9146 7¢ 6 (Fo) (A, D). AEXeL 208 K R E(gN) (B, E)FE K% (Fm) (C, F)HISEMA
Alp. Alzsos Alzgon OAps OAsps OAgoF1OAgF 1. XZFZYRIE 1. ANFR/NG F B3R IR F— i HAAS [ AL 2E 20 7] 22 57 2 3% (P<0.05).

Figure 3 The effect of exogenous compound organic acid (OA) on the initial fluorescence (Fo) (A, D), non-photochemical
quenching (gN) (B, E) and maximal fluorescence (Fn) (C, F) of Helianthus tuberosus leaves under aluminum (Al) stress
Alo, Alsso, Al7go, OAo, OAs0, OAso, and OAg are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).

BT BH 2 “F [ Fo AT QN 2 25 7+ 151 (P<0.05), il F % 7
B FRERMANEE R, AR 58 2R BH A A Al o b FE
Fo i KTk I8 43 51 7] 4 20.00% #150.00%, jiti il OAJ&
LR PR b B AL Fo ¥ B K B R 43 ) R 17.65% F
20.00%, HH 4R M % FE1EAlzsg 5 Alzg I, T IIOAL
o, FHE14M21REAE AT (EIBA, D). AlLLEE T
AN 5 Fo kA AR L, (HgNAS L5 W 3d i 1) 8 ¢,

AUt INOA, 48112 4 15 5% BH 2 4 N ¥ 1) B A7 76 22 57
(EI3B, E), i OAXT 41 5§ = Jo sz mi, 1 307160
umol-L™" OARI{Z#E ¥ FH % N ETF. IR MIA e
WL AR A BT Pyt K B 16 09 57.26%, BEFH %0 N
69.27%, 1 OA) 4% ff/E FH AE 5 i Fh b A i A [
(K3C, F), &M% Alzgo)OAso 2l # Al7goOA 4L Fr Tt
1 39.00%, ¥ BH %45 %F N 12.50%; 4 OAK % 590
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umol-L I, 441 3 2 Fr TH 1 44.00% 1T %5 B4 3
55.22%. FHULTT I, £5ME T B AR SR KN
JAIl, 33T AR ek 2 e %, ELP A FH B i 94
JEE 1A 386 0 55 4 FH B TR] B4 S T D0 58, 3@ H K JE OA
(3060 pmol-L™") Il iy 5 3 A 4 £ A

B A R L 5 e i R 38 i, ETR 5 FU/F, 3
2 RS, HnsNEOATE — & ML F s %
F(E4). I, Alaso Al Al b R 130 44 3
ETRZ 5 K [447.31%#153.51%, % BH% % 76.95%
F176.26%; Fu/Fmic KPR N45.45%F158.44% . H0l
OAAb I, T & Bl 28 £ M ETR G W & A8 1k, (H X
FUFn B —E e EEE R - AIFOAJLALHE T, fIR4R 4L

>
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Figure 4 The effect of exogenous compound organic acid (OA) on the electron transport rate (ETR) (A, C) and maximum
photochemical quantum vyield of PSII (F./Fn) (B, D) of Helianthus tuberosus leaves under aluminum (Al) stress

Alg, Alsso, Alzgg, OAg, OAso, OAgo, and OAgp are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).
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48 7121.75%H118.75%; (HAE ik BEAR Ab 3 W
(1 SODify i 1 &2 % T B4 (P<0.05), P11k 28.55% Fl
23.20%. Al+OAJLALFERS, SODMFIE I 50AIKE 2
TEAOR, B2 R AR 2 - A1 5% [H %6 3 1 AlssoOAgo 4
5 AlssoOA, 2H SOD Bl 3 14 73 il 3 & 19.04% Fi
40.47%; Al7000AgoZH 55 Al7geOAGLH 5 1l 15142.96% Fl
48.51% (IXI5A, D). Py infili45 -1 PODREE A CATREE M
o1 SR VA B (3G I if R R, AU D OAJE I B
TH(EIBB, E), 5521 KARMIZG A 55 BH 45 CATHGS £
53 BB Alz00OAGLH T H131.43%H154.17% (KI5C, F).

g5 b, BN ERIE A E G R AR 0, U
FRBE I, AMIROAIE I R 45 54 P A A B T Rk
B HE HAEB 21 REMAIE R K, JEX 5%
FAE R 4F . g4k, Bl iInOAXT SODE . POD
fify ANC AT it 35 4 34 72 5 2 B

232 ARKRESASABYERMNEME TRFRFNL
BSAMEKS ERRE

AsATEHEY) 1A N HE R AEBEIT AL A, GSHZ 4
JL A B AR JEPE YR, HE S AsA-GSHE
BTG RIAN Z RIIROS. R E T &R 36 2= 1)
AsAZ 2 it Ak PR IR 8] B SE K S 8 )5 B i N OA G
Alzso5 Alzgo b B2 R 17 M 28 I AsABS L7, 5521
K, 5 $A|3500A60éﬂg@AbsOOAoéﬂASA/E\%ﬂ‘ =
34.48%, % PH2E - AlssgOAso LI [ 27.85% (IEI6A,
C)o Algsob BT 45 M 2 4 GSH & B 4 2 LR FF AL =i 7K
S, BERH A 7R 5 BRI H AR FFEBARKSE, Alzoo
A PR P it R 2 T GSH S B 1Y B 18 I 1] R A
BWR . AROAZL AL FE R, 21 RAR I % F
Al3500Ag02H 5 Al700OAe A GSH 7 5 4 & 43 il I i
12.14%F112.72%, %% FH%6F GSH G # & 2 7 (K16B,
D), RUIAFE AT EERE I AR . H AT,
TEANFR e 5AE T, P S A2 T AsA S
GSHE EMA L 2 R W& . Mhoh, IR ant,
Jit INOAT] 75 AsA-GSHIE I i 42 LU AR 75 5, Him
VA JEE 0 Tl AL L T A B AT P SRR A 5 0 TR A A

I 20 HoE DL I 7t i OAREAT 22 i«

24 BEABNEXEMETHFRRAESERR
R HEIR N

241 AEKREEASBNERIEMETHFRRE
SESRAENNEM

TEYIAR 2 B e B 2 AR A 5 S IR, A TR
FEYE R, YRS S EaE LA, TR R
W) 2 WAE i 46 B 1 (TR 8 45 4%, 2020). 15 H ik E 4R
AEFETR, FR N 56 0 B3 O 4 AR R i o ) A o R
)27 985 M127 .57 f; AI+OASLALIE TR, 45 M %5 A1
7 BH 2 2 AR 2R 1 45 1 = e K B 43 5l °R 26.74%
28.66% . M B ZHAM ] 5 AR R IE 7 HLRE
BB (KA 235 1 F %, 700 pmol-L~ 48 Ak HE T
A M 46 S R B BH 36 AR RIS 77 Bl R B 15.75% F
27.16%, Jiti INOAJEHR R 3% S A At [l 7F, 4R M1 56 % 5t
kI 9 18.03%, ¥ FH3 T 436.63% (EI7). %L,
BPHET, HFERRE S ERE B, FRfE e 2
PFEARAR RIE 70, HAP P T 5 52 48 4 %, OANILE
fEAE F A BE AT 28

242 AREKREESENEMNEMETHFERRS
piLy)ligb A

Als0-5 Al oo A0 FE 20 15 it Fft 5 4R R o3 W P A2 Ak K P
Fifshe 700 umol-L EMMHA T, #21 KM ER A
CAFIEA) & &4 ot R 1) 1.98 4% F11.534%, #ikH
AN N1.5915F1.2165 . HENOAJE, RN %
Al7000AgoZH CAFIEAT & & LL Al7ooOAGZH 73 73l T 1
200.00%f1166.22%, ¥ fH % F LT+ 572.50% 1
35.14%. ItAh, HFEMRAR WA IR S RE605
90 pmol-L™" OAfE FER%E %7, MASEAZO0A
DR (EI8). RS R, MM fE A AR
HUER 73, 15 3 FECAMEAR & B B E M, ¥
5 LAPICA N, PSS E IIMAS BE1 0 3
Ak M OATT 3 AR e AR R A HLER 1) 7 3
H 1700 pmol-L™'48 560 pmol-L™' OAILFEIEM F A
NUBR Sy b B fo s, LA AbBRAR N 46 25 HLIRR 20k R )
KF BB, UERAARIN G A BRI PUE 6 T .

2.5 EE5BYIEMEINE THFIRADNAKGR
A

A2 R DNASUR BE 4544, 24 40 fu#% SUEEDNA

© 0000 Chinese Bulletin of Botany



B REE: SN LRG0 e 2% AL B B AR SRR 581

A
g 1804 xz
L 1601
‘ _ b 88 o
E 1;3_ bba bcea c° b bp| dc/ breb
i paaa i [} pada 'E paaa @ VH | U
© 1004 A yz| WE Hc| [
3 4 f ‘E ’E q % A
> 80 A o=l MeE| 04 A
S 60- el §ER R g I
S 404 A ’5 H
© T f= %
Q  20- Bl (B /
3 ENE BYERVER T (Bl 1
AIO A|350 A|700 AlO AI350 A|700 AIO A|350 A|700
7d 14 d 21d
B
E 1409 xz
- 1201
c a KEE
‘E 100 bg w22 T <52
- 3 1 H
o 801 T ] g ’E
2 - g / '’
z F / / g
2 404 ': ’:
: E g
o 20 g 4 g
g ol H N d 42
AIO A|350 A|700 AIO A|350 AI7OO AIO A|350 AI7OO
7d 14d 21d
C
S 1407 7
& 120
£
E 100 a
o 80 z g
2 = E
S 604 £ gz
Z 40 £ ’E
® - ‘H
20 = H
AIO A|350 A|700 AIO A|350 A|700 AIO A|350 A|700
7d 14d 21d
Treatments

D
< 1807 zy
o 160
£ 1401 ba | 2 "
5 120- aa / i;
© 1004 §*FR A (E A
2 solbE £ 1
> 80 = Ell [ U
el 1 el 1
el 1 Al /)
o 204 = = U
O != % H #
3 £ /] /el [
Aly Also Alrgo Al Alsso Alreo _ Alo Alaso Alzgo
7d 144 21d
E
g 1409 zy
= 120
= a
E 100§ y 38 pag .
T A =Mel= = =
o 801 gz '5 ': =
2 EHll 5 (E [Hel VE
z % 1 ol
2 0] é I i It
 20- gE| JoE el vE
8 R e DL
Alg Algsy Alrgg  Aly Alsso Alrgy — Aly Alssy Alzop
7d 144 21d
F
- 1204
£
: 122 Bideeee . BB o i oo
s ol il Uil i
= TRERVER/E BERIERE BERERE
s 20 {RENERIE BIERERE BB IER(E
5 el b L U Nl G B
AIO A|350 AI700 AIO AI350 A|700 AIO A|350 A|700
7d 144 21d
Treatments

EOA, CO0Ay [Z0A,, EO0Ay

BE5 SMNEEEHPLER(OARIE T %
RIS

Alp. Alsso. Alzgos OAgw OAgo. OAgoHIOAg[RIE1. XZFIZY R,

T A B EE(SOD) (A, D). i ALYIEE(POD) (B, E)IL &L E M (CAT) (C, F)

ANTE) /NG BRI [ — I SN [F) Ab BE A ) 72 7 {2 35 (P<0.05).

Figure 5 The effect of exogenous compound organic acid (OA) on the superoxide dismutase (SOD) (A, D), peroxidase (POD)
(B, E) and catalase (CAT) (C, F) activities of Helianthus tuberosus leaves under aluminum (Al) stress

Alo, Alzso, Alzgo, OAg, OA3z0, OAso, and OAgy are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).
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Figure 6 The effect of exogenous compound organic acid (OA) on the ascorbic acid (AsA) (A, C) and glutathione (GSH) (B, D)
contents of Helianthus tuberosus leaves under aluminum (Al) stress

Alp, Alsso, Alzgo, OAg, OAzg, OAsg, and OAgo are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).
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Figure 7 Effect of exogenous compound organic acid (OA) on the aluminum (Al) content of root tip and root activity of Helian-
thus tuberosus under aluminum stress

Alo, Alsso, Al7go, OAg, OAs0, OAgo, and OAg are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters and * indicate significant differences among different treatment groups at the same period (P<0.05).
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Figure 8 The effect of exogenous compound organic acid (OA) on the content of citric acid (CA) (A), malic acid (MA) (B) and
ethanedioic acid (EA) (C) in root exudates of Helianthus tuberosus under aluminum (Al) stress

Alg, Alzso, Al7go, OAg, OAzg, OAso, and OAgo are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1.
Different lowercase letters indicate significant differences among different treatment groups at the same period (P<0.05).
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Figure 9 The effect of exogenous compound organic acid (OA) on oliver tail moment (OTM) of root cells of Helianthus tube-

rosus under aluminum (Al) stress

Alo, Alsso, Alzoo, OAg, OAs0, OAso, and OAgp are the same as shown in Figure 1. XZ and ZY are the same as shown in Figure 1. *
indicate significant differences among different treatment groups at the same period (P<0.05).

Helianthus tuberosus cv. ‘Xuzhou’

OA, OAq OAe OAg OA, OAq

B10 K E A A HUIR(OA) AR AL B R %5 M RDNAS
Alg. Alzsps Alzgos OAg. OAgzps OAB()*DOAQOEE'IO Bars=20 um

H. tuberosus cv. "Ziyang’

OAso OAg

Figure 10 DNA damage of Helianthus tuberosus root under different concentration of compound organic acid (OA) and alu-

minum (Al) treatments
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2i b, BPEPURAL RGN [ B e i
A HIAE . RIREEAATEN, 43l it m P ALy
W, M FASA-GSHYEIR, i i A E .
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EAM - W34 ;b Ak, AS[E) 5 oA HLER 23 Wl P 28 47
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MR T EIFAC, ARG IR, CANEAZ MR K
ME3E N, DNAYERFEFERAS, B0 A g, Hid s
W OAR R A S, 60 pmol-L™" OAfE I 2k SRk 5
B HHICATRD, — ik B VO I EE e R, OAXTDNA
e EA — e EH . SMEOANT (YA N =
FRAE IR AME OB, IR =R BRI (FVE5 45, 2002),
M4 T+ A VR A LR 5 8 I8 32 5 3 ) 338 v 43 id
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Regulatory Effects of Exogenous Organic Acids on the
Physiological Responses of Helianthus tuberosus
Under Aluminium Stress

Xuanwen Mao', Zhichao Wang', Xinyi Ruan', Jingfei Sun', Yating Zhang', Jinhao Lu'
Tiantian Shao', Xian Wang', Jiamin Xiao”, Li Xiao', Mengyao Ye', Yuhuan Wu? 3, Peng Liu’

'Botany Laboratory, Zhejiang Normal University, Jinhua 321004, China; 2College of Life and Environmental
Sciences, Hangzhou Normal University, Hangzhou 310036, China; *Institute of Applied
Ecology, Chinese Academy of Sciences, Shenyang 110016, China

Abstract Aluminum (Al) is one of the common metal contaminants in acidic soils. To reveal the effects of exogenous
organic acids on the physiological characteristics and root DNA damage of Helianthus tuberosus under Al stress, we used
Al resistant H. tuberosus cv. ‘Xuzhou’ and Al sensitive H. tuberosus cv. ‘Ziyang’' as materials. The effects of exogenous
organic acids on the physiological responses and DNA damage of H. tuberosus at various periods (7, 14, and 21 d) under
Al stress were investigated by setting 0, 350 and 700 pmoI-L’1 Al concentration treatments and applying 0, 30, 60 and 90
umoI-L’1 compound organic acids, respectively. The results showed that Al stress inhibits root elongation and root activity,
severely inhibited the photosynthetic and antioxidant systems of H. tuberosus, and the DNA damage in the root system
increased with the increase of Al concentration. In contrast, the application of compound organic acid effectively alleviated
Al stress. 60 pmoI-L‘1 compound organic acid improved the activity of the antioxidant system, maximum photochemical
efficiency and organic acid secretion in root tips, secretion of citric acid was 2 times (H. tuberosus cv. ‘Xuzhou’) and 0.75
times (H. tuberosus cv. ‘Ziyang’) higher than the control, reduced root tip Al content and improved root activity. Besides, H.
tuberosus cv. ‘Xuzhou' and H. tuberosus cv. ‘Ziyang’ oliver tail moment decreased by 51.53% and 35.10%, and compound
organic acid reduced the DNA trailing phenomenon and repaired DNA breaks to a greater extent. In conclusion, high
concentration of Al causes serious damage to H. tuberosus, which is difficult to mitigate. 60 pmol-L™' compound organic
acid could enhance the H. tuberosus physiological responses under low Al stress, reduce DNA damage and thus improve
the stress resistance. The alleviation effect was better in H. tuberosus cv. ‘Ziyang'. This study reveals the regulatory role of
exogenous organic acids on the physiological responses of H. tuberosus under Al stress, and provides a theoretical basis
for planting and production of H. tuberosus and production of other cash crops in the acid-aluminium areas of southern
China.
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