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Functional Analysis of Soybean GmALMT33 Gene
in Response to Cadmium Stress

ZHALI Jiayue,NING Yi, LIU Liyuan, WANG Quanwei
(College of Life Science and Technology , Harbin Normal University /Key Laboratory of Molecular Cytogenetics and

Genetic Breeding of Heilongjiang Province , Harbin 150025)

Abstract: Due to industrial development and increasing pollution from domestic wastes, heavy metal
concentrations in crops are exceeding standards, posing a serious threat to human health. Aluminum-activated
malate transporters (ALMT) encode a class of anion channel proteins that play important roles in the
transmembrane transport of plant organic acids. In order to investigate the function of GmALMT33 gene in
response to Cd stress in soybean, the GmALMT33 gene was cloned from soybean using RT-PCR in this study.
The CDS region of the gene is 1622 bp in lengh, encodes 553 amino acids, and contains the ALMT structural
domain. qRT-PCR results showed that the expression level of GmALMT33 was the highest in the roots of
soybeans, and the expression of this gene showed a tendency of first increasing and then decreasing after
cadmium stress. We constructed the plant expression vector pCPB-GmALMT33 and genetically transformed
tobacco and soybean hairy roots. Phenotypic analysis of the transgenic plants showed that under cadmium stress
(66 umol/L CdCl,) , the leaf blades of the transgenic tobacco were yellowed and greenish, and the degree of
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browning at the edges was significantly lower than that of wild-type tobacco. The transgenic soybean hairy root

complex plants showed significantly weaker degree of reddish-brown toxicity symptoms in stalks and leaf veins

than the trans-space vector plants, which indicated that the GmALMT33 gene improved the toxicity symptoms of

transgenic soybean hairy root complex.After 7 d of cadmium stress treatment, the SOD, APX activity and soluble

sugar content of transgenic tobacco leaves were higher than those of the wild-type control, and the MDA content
was lower than that of the control. After 0 d, 1 d and 3 d of cadmium stress treatment, the SOD, APX activity and

soluble sugar content of roots and leaves of transgenic soybean hairy root complex were higher than those of the

trans-space vector control, and the MDA content was lower than that of the control. GmALMT33 gene improved

the cadmium tolerance ability of plants. This study provides a basis for further exploring the mechanism of action

of GmALMT33 gene and provides a new gene for soybean stress tolerance breeding.
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K5 (Glycine max) &= 5 AL 58 1 5T Fih
g 0 B R, TE A RERT Tl A Z T
SRIMAE K G AR KRl R, 2318 I P85 Hh 45 b A 4
A=A P BRER . AR, kA0 i TR AR
BB 7= i, 7 FH () A 7= ol R v AR BB R A 24 1)
Mk % |, S8R E AR E SR 15 @
frEN, BRI R A KL TN FEA
RINZE ., AMREREN ERZEESBITYT,
B(C 5 Y S E A, FAE S R P W A AR
B OHEY AR rREAEEEWE K, SR
R R A R T R 22— R A KA
AR EICER , A BBk 2 R B MERE i 55
R B A S B Y A R A, 1R
A= BRI 37 BHL, 52 R 0 A K R AR W 1 7
JET N UL R R A Y EE AR E 2
RS B PR R, TR ARG K SR AL, %
BT R T 0 A o ot SRR B A B B

3 R 32 7B 11 (ALMT, Aluminum-activated
malate transporter ) SEAH Y FTHEAT H 12 AEAE R —2K
HEE R, J& T P B8 Tl & 1, b)) i Sasaki
RN R R HE IR RS SRR,
Al DLZ B B A LA ML ER RN S
APEES, RIS 40 KT 200 RE | 248 B A At 240 i
BT E , NI s SR Pt . ALMT 2
FIE 2 SRR n R0 5 Z AR A a1
FEREYSALTF R A B E SR A A A B Rt &
FEREAER" . AR, ALMT RN ZE A Z A
il S, AN R B A it SRR DR 4 b 43 i)
A 15 A 12 AN 25 ATALMT FE R L EOAR
ALMT R Z A A H 1A B i
WFoEad . BUREIFH 19 3 4 ALMT B8 5% (AtALMTG |

AtALMTY T AtALMTI2) FIRZZ W 19 1A~ ALMT 15, 5%
30 Aok 1 B R v A A S AT ML T LR 2 7, AR
PN AES S A VvALMTO [ AT DLz S R
FRA, i 0] LIAL 2 A R ™ . Liang 2 IEH K&
GmALMT1 & —Ff i S R R AN 4 ia 4, fE K W
T G PE R SR ] . 2RV oE 48 B S O
JE S L ER B8 SR A8 MsALMT 323k
A AR LRk 8 1 = (R T3 R A B 1 S AR
SR AIEMSC. AR LI, K GmALMT %
PRI G 1 B 03 % 8 (P LR S AN TR, GmALMT /)3
ISR WA R K IER, GmALMTS 7Y 38 3 $2 = K
- 1 /b AT T R D R R R S AR
B NS R K G B AR AR H GmALMTS (131 4
ML A7 RS SRR 3 WA 1 3 AT B, GmALMTS J2& 47
FHERBMAR PR FEEEA . YD R
PRG3R SN IR B, 3 %38 GmALMTS W% 5
PR4DL e I 1) A Rl o A S g 2, R
Oy R B AR Y a2 —  nT B E A
TR BFRR I, FE R T TR R AT ME RS S
Yy AE Clid A R /R B0E A 1F CL 1) Y P e
B IKFE OsALMT1 253 1030 F3 335 iy ae 11
0 SR MAALMT 1430 33 {1 953 TR () FL 2 4R
A ER B S L AtALMTO =B A AR T 40 i
FEIE %Ik PR Gt A 11 5 - 30 2 TR, 42 o]
SALBKTF , BF9E R BN, alme9 578 R 2 90 4 WA S5 (9 4¢
RS R T R aa T R RRAE Y AT LLA T R R
WHVALAG, D7 1ERZE . almed ZRASVRXT I 5 FR )
e Jo; ] LS 350z Bl DI almed 2828 (40
PR ET i, RPN T R U R R

EN SN R R SE NG R Y
2 5 Beh i e 15 2 i GmALMT33 2219, 37 %)
qRT-PCR 4% AR 43 B HoAE K & AN R 41 21 % 4 3 Ak



1016 Mo ow fE

O ¥ iR 25 4

RS A FRIR KT Gl AR a8 T A BE DR AR AR 1) e B
S5 AT FIAE 5 A BRAE BRI A B AR 5% W 18 )0 225
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Table 1 Primers used in the study

PR T RGN R R TR,

122 EBEREREEXSH ERKBL B KT
% 2 1/2 Hoagland B2 H 1555 — 8, Z )5 78
1/2 Hoagland 572 I A 66 pmol/L CACL #1114
WG, 43 AE0 h .2 h.6 h. 12 h 124 h HUbE K
SR . RZ CACLANFRAY R EAR (25 kg 42!
TR, BAFESL PR, R AR RS T-80°C
UKAAARAE 45 T . I RNA $2BUR 7] £ (OMEGA)
PEHUR AL HL Y R T A B RNA IS 5 B cDNA,
FIFH K & GmALMT33 3K w5 (WL 1) 1T
qQRT-PCR ¥4 , NS I [H K GmActinll . AR
2xSYBR Green qPCR Master Mix 10 pl; 10 umol/L
GmALMT33-F1 (GmActinll-F) 0.5 pl; 10 pmol/L
GmALMT33-R1 (GmActinlI-R) 0.5 pl; cDNA 1 ul;
ddH,0 8 ulo JZ W 25 £ : 95°C 10 min; 95°C 30 s,
59.9°C 10 s, 72°C 4 min, 40 MGG L5 H N o B
B3WEY R, s 20N A B g T4y
BT A0 SE TR A AR O ik

E47S 51975 (5'-3") i
Primer name Primer sequence(5'-3") Application
GmALMT33-F1 CGCTCTCTGATCGTGTCGTT gRT-PCR
GmALMT33-R1 AGGGTAGCACCTATGCTGAA

GmActinll-F CGGTGGTTCTATCTTGGCATC NS
GmActinll-R GTCTTTCGCTTCAATAACCCTA

GmALMT33-F2 GATCTAGAAATGGCCGCGAGAGTGGGGT FEDH i b
GmALMT33-R2 CTCCCGGGCCTAGCTACTTGAGCAAAGGTTG

bar-F AGTCGACCGTGTACGTCTCC ST YSE
bar-R GAAGTCCAGCTGCCAGAAAC

HUNRIZN Xba TN UTRERIAL L, SR RIZE Ny Sma TR TIRER SIS

The single underlined portion is the Xba I endonuclease recognition site, the double underlined portion is the Sma I endonuclease recognition site

123 KEGmALMTEEARESEWMEEFES
M AR T TR A R G A 2% S R B
BE 1 GmALMT33 3 R Bt , 78 NCBI £ 4
(http//www.ncbi.nlm.nih.hov/) H ] 5 K5 28 3L [K] 4>
51, Fl Premier 5.0 5315149 (2 1), LLRE M F
cDNA MM EF 7 PCRY 4, [ Wi iA Z& : 10xBuffer
2.5 uL;10 mmol/L dNTP 2 pL; 10 pmol/L GmALMT33-
F2 1 pL;10 ymol/L GmALMT33-R2 1 pL;cDNA 1 puL;
¥Taq 2.5 pL; ddH,0 17.25 uL, 4§ 8L 5 K . 94°C
5 min; 94°C 30 s,59.9°C 30 s,72°C 1.5 min, 32 ™

372°C 10 min, PCR =42l nl ek Ak Kb i
S22 )k Ok i BAPE se b vl bRl TR
Yy TR RS W 58 BT

{5 FI NCBI # ORF finder 7% +% it [58] 152 HE - 17F
17 e 5 #1% . fENCBI I il CDD (http: //www.ncbi.
nlmnih.gov/cdd/) 73 #r GmALMT33 & [ il {4 5T 2544
. FIF PSORT T H X% GmALMT33 & [ 7740
M 5E 43T o ¥ GmALMT33 45 |4 ¥ 41 7E NCBI I
PEAT BLAST EUXF, BEHRIVEPE 4 i i 4 SR Y
51, K FH MEGAT7.0 84 B BEAL B
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T4 1/2 Hoagland & TR 12 W0 A8 4K L, G5 5%
48 h JG Bk B g £ v, 7~8 RENAT K BARAR .
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i 20°C TR E R TR 3 AL
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123, ¥ IFEFE R :94°C 3 miny94°C 30's,55%C 30's,
72°C 15 5,30 MG ; 72°C 5 min, = ATRRE R EE
JE LUK ARSI . ) T RNA $2 BGR 57 5 (OMEGA ) 4
BUR GBI RNA, S 53145 cDNA, #F17 qRT-
PCR %7, WK R N A5FR 1.2.2,
1.2.6 ¥ GmALMT33 BEEEHRMNINESHT #
GmALMT33 % B #4822 547 & HU3 PRE
KR 75 4 — S0 S A TR 3R DR B B R L
%7 mm AT FLERFTHL, 53 5 & F % 4 66 pmol/L
CdCl, 1 MS [E & RE #2358 |, F25°C, 16 h(JERE)/
Sh(BREE) MM T, ria 4b ¥ 7 d, W Fr iy A8
b, ISR, B3 WA EE M A E
i HEE3 R TR — AR KRS B R s

ARG EBRRE G HMRE I, BB E 12
Hoagland & #2185 7% — Al , SR J5 H & 66 pmol/L
CdCl, 1 1/2 Hoagland ¥ F5 W £ 1 788 Wi o e Ab
BT d, 1 I S AR R A, R 3 IR AR A
REH .

3 GmALMT33 L B MLtk & 2 45 47 m 2 L
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PO d.1d.3 die LR R i 28 R K G B ARAR
S HE PR B AN e, AT AR FRAR AR AR I . %
Az K — SO e B DRRD Y A DA RE 4 1 B AR B
B =10 R R, HEAT AR e A0 3R
b B ZH B E 100 pmol/L CACL, , X B8 2H ¢ il 25 &
K, AL 7 do RHALFE 7 d B B A R R RS SR D9 A
A3 BRAE W) v AT A Ak W) B AK T (SOD,
superoxide dismutase ) 1% 1k . BT A 1 R 12 44 A6 ) 1k
( APX, aseorbateperoxidase ) { ?4: . N . [ (MDA,
malondialdehyde ) 7 i S5 W % , Az FHHE A5 I 1
Rl E A 3 UK, FH SPSS X B dE E AT 4 o

2 FERESH

21 KEERASEMZHELEESH

Pl 19 & 2 258 2 I WIUA ) o 4 i W3 1) —
FEAHERR . AR E CACL X BBk 48 Fh 7k 2% 2
FeAE—E I IVE R, bR CACL ¥R B T, 1
FHRA AR . Y Cd*VRIE Y 6 mg/L i}, X JR Ak 48 Flr
T 0 K IR REAE A, CA* MR 1551 10 mg/L .
20 mg/L .30 mg/L .50 mg/L i}, X§ Fh 1 & £ 0 B
FRAHRIVER (R2) . SRR ZF3 di, e k2
e, NIAS A 25 R AT LU Y, FRAR 48 11 e 27 3
Bl Cd> ab PRk B i i i BRI (3R 2) o Jd il
FEBA A Fh T IERAMNE N IR ZERME 28 575
LAY BT 37 55 90 4% B R A 48 SR i X4 it 52
AL
22 KEARARMBIET GmALMT33 EEH)

RixERX 7

qRT-PCR 45 '} /8 , GmALMT33 K R 16 K &
2R MR AR HERAEAG R EER
GmALMT33 FE [ 3Rk i e AR o iy, FEZE A
L F K. KRS MR Z 66 pmol/L CACL AL 3 )5 ,
GmALMT33 ({235 0t i 2 FH s, b il 6 hif 3R
KA, X (0 h) 82 fi5 (Bl 2), &
GmALMT33 B[R 8 K .0 [y 7 4 J& 4 W38 b vl g
REFHEAEH.
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Table 2 The germination rate and germination potential of Heinong 48

QPR JE (mg/L)
s XJHE Treatment concentration
Target Control
6 10 20 30 50
K2 # (%) Germination rate 92.70+0.01%° 94.67+0.01%° 78.00+0.02° 64.67+0.01° 46.00+0.02° 26.67+0.02°
K 2#(%) Germination force  96.67+0.01° 75.33+0.03° 54.67+0.02° 46.67+0.02° 35.33+0.03° 21.33+0.03°

HRE /NG T a RRTT B H 25, b AREF 3 (P<0.05)

The lowercase letter a after the data represents no significant difference, while b represents significant difference (P<0.05)

2.0
1.5

1.0

0.5

X REE
Relative expression level

I
N

FirHR
Expressive organization
*FIRIR B KT (P<0.01)
*FIRIKRF K- (P<0.05) 5 T[]
*#* denotes highly significant level (P<0.01);
* denotes significant level (P<0.05); The same as below
El1 GmALMT33 EREEARRARFHRIEEN
Fig. 1 The expression patterns of GmALMT33
gene in tissue

T%IO ok
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Stress time

2 GmALMT33 BEEERAME TRIRIAEK
Fig.2 The expression patterns of GmALMT33 gene under
different time of CdCl, stress

23 GmALMT33WREREMERZENT

FIFH GmALMT33 % 55519 WK 5 i cDNA
FR RIS 1770 bp U DNA H B (K 3A) , 4 5534
AR, A (15315 4 137 kDa, % HL 5 (P1)
4.99, MRV o 7 4H A A7 0 25 2 2 W (&1

3B), GmALMT33 & [ 3= 2 o7 TP 5 M, 156 B
IZE AV RES 5 240 M o i FE BRI R 2 1 A M T
5. GmALMT33 % [A7E 67~538 (i A IE MR 2 7] & A
17~ ALMT Z5 38k (81 3C) . RS btk i & 3,
GmALMT33 HE T 5 ZRHEYI S RS B G M
B UL e o R R A A B b TR —
Oy 3%, B EARIME K 80% LA | . Hid GmALMT33
5 AR RSO Rl (B13D) , 2 FAHA
P4 87.25%., GmALMT33 & [ [a] 42 4h 2 2200
& 1P R o Rk b R R R R A [ — ik Ak 4y
XL RUPEG KRR
2.4 pCPB-GmALMT33 ¥ RIZHFEHWEREE

EERAIIRE

18 B Xba 1F1 Sma 1 N Y ERHF GmALMT33 554
Yy 335 K pCPB 3% # , 8 41 5Tk AL V) I 15 3
1770 bp 1) B 3R 2545 (K 4A) , B 3 41 21K
pCPB-GmALMT33 ¥ HE R

RAF R YR E 0 5, L1397 gl 4!
M-S ZEMAE AEAR RS RABHRA LT,
AT A MR (K1 4B) . KGR F &g
AR R RARARATF ARG 5 5, dh 2 g
A RIS R BRI A AR, e Ja FE TR
IKEEAG B BRI A R R AR (R 4C) o RIS
DRI BE R KW B RAR &2 A B AR, R bar ZE R 5
Yy k47 % 5 (F 4D 4E) , 45 F R B 345 T BH 1
FlRE

XoF BH P 7 35 PR R 3G B R AR 5 e 4 AR B R AR
JEFF qQRT-PCR % 5%E (& 4F) |, 5 5 B AR AR 1Y
GmALMT33 FEPRUR X 23k 1 v % 25 28 AR B R AR
IR, A 2.5,
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M 0 1 2 B

2000bp k=9/23
55.6 %: endoplasmic reticulum
1000bp 22.2 %: plasma membrane
11.1 %: nuclear
11.1 %: mitochondrial
>> prediction for QUERY is end (k=9)
1 50 100 150 200 250 300 350 400 450 S00 553
Query seq,
Specific hits AT
Superfanilies ALMT superfamily

XP 007142895.1 Phaseolus vulgaris %i

99
75 XP 017412687.1 Vigna angularis 7 =

68| L [XP040869163.1 Glycine max] K.

RDX61751.1 Mucunapruriens H@U%QE

99

XP 020213601.1 Cajanus cajan 5.

XP 027364797.1 Abrus precatorius NG EEER

KAE9618761.1 Lupinus albus 11F) )53 5.

PNY11066.1 Trifoliun pratense 21255l

99 XP 004497108.1 Cicer arietinum W 5.
SD KEH44248.1 Medicago truncatula LACETE

XP 018858450.1 Juglans regia {ZHkH

0.050

A:GmALMT33 5N PCRY™ 445 5 ;M : DL 2000 DNA #5150 %5 FIX A5 1~2: GmALMT33 3E[H B : GmALMT33 2 [ 307 2 i o7 T 5
C:GmALMT33 H L5 B ;D : GmALMT33 4 [ R G
A: PCR amplification results of GmALMT33 gene; 0: Water control; 1-2: GmALMT33 gene; B: Prediction of GmALMT33 protein subcellular
localization; C: Prediction of GmALMT33 protein structural domains; D: Phylogenetic tree of GmALMT33 protein
3 REGmALMT33 EEMRESFIINH
Fig.3 Cloning and sequence analysis of soybean GmALMT33 gene

2.5 % GmALMT33 EEEREIIEEDHT
251 WIMETEHERE®RRESN 4#MaT
HARMEMARE A A CACL B A BEZE R .
(B 5A), S5IATRT(0 d) A, A 3 d iy A
FHE BB B fR iEfL B ; Bt 5 o
B[R] AE R, i e B Al R SR TN EE , &= WhE 7 d,
JITAT MR B (R A T 5B S AE , H Ao
I i AL IS o T Ik DR A 3 3 d B
o S5 a ET (0 d) A FIEAR AR, kA 5 d B A H B
RERRSE WAk, WA 7 dEFE AR IR (H 29— 2F
R R TE EATY R A — 2 iR e . AT LA L DR
M 5 B Ak ) B G B A 78 9 A R B LIS 1
A B GmALMT33 5L PR RS 4R o s Sk DR R ek
RN P A2

ampit FH AR K L ERBEE S REAREAR

o4 CACL JHria 25 R 8 7n (& 5B) , Wrid 7 d B,
s BRI SE R S B RAR B A R A R 5 a8
HI (O d)AH b33 M B B IR 4, 250 I 214
&, IF H AR R T 52T g ) |- &8 4 | {H 5% 25 38
AR AR A 1 2140 €0, 3T 5 48 28 - Jiik, 17 2 IR
FHRRI AR AL R B DL (. ULRH GmALMT33
FE DK BB A — 0 B8 B b 1 5 R PR X R A 7 T
Z

252 REMETHEEEKRERIERST 40
B TFAHARREARZIRARS>H K 6A T K, 7E
IEH RSN, B A RN 55 5 FE U s
SOD  APX i 4 \ MDA | 1 ¥ 1 B 5 o 35 G i 35 1
Z5 . a7 d 5, B A R A 5L R
FLREAR Y 4 Fh A BRAE AR Y Th e L rh R S DA R Y
APX . SOD {4 . Al M0 & S 4 B 2 & TP A=
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FE23 3% Empty vector GmALMT33
A:pCPB-GmALMT33 [ XLFH) %5 ; M : DL15000 43F- 5k , 1: pCPB-GmALMT33 S4B« MHEL (13 564k, 1~11: @520 41 1075
I3, L FRAERERRAEAR TV FRAEAERAE A C AR LD B RAR R L A AR s D - 55 GmALMT33 JH5E Y PCR %E3E s M: DL2000 73 i 5
025 IR B, 1 B R (R SORASEAR ), 2 2 BT B (P2 R RE ), 3~9 « BB AT AT s E - PCR SEE R LI BARAR,,
M:DL2000 43 F-HhRifl, 0: 38 P IR 1 B B (TR BORL AR ) L 2 55 28 4RI LB RAR L 3~8 - J SL DR B AR AR 5
F: B3N R E RN T GmALMT33 LR BN 22 ik b
A': Dual enzyme cleavage identification of pCPB-GmALMT33; 1: pCPB-GmALMT33 dual enzyme cleavage product, B: Genetic transformation of

tobacco, I-II: Healing tissue induction and differentiation, III: Rooting of regenerated plants, IV: Transplantation of regenerated plants; C:
Cultivation process of soybean composite plants transgenic for hairy roots; D: PCR identification of trans-GmALMT33 tobacco; 0: Blank control;
1: Positive control (recombinant plasmid as a template), 2: Negative control(wild type tobacco), 3-9: Transgenic tobacco; E: PCR identification
of transgenic hairy root, 0: Blank control, 1: Positive control (recombinant plasmid as template), 2: Soybean hairy roots transformed into empty

carriers, 3-8:Transgenic hairy root; F:Relative expression of GmALMT33 gene in hairy roots of soybean
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Fig.4 Construction of plant expression vectors and acquisition and characterization of transgenic GmALMT33 plants
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A:66 pmol/L CdCl, stress-treated tobacco leaf phenotype; B: 66 pmol/L CdCl, stress-treated transgenic soybean hairy root complex phenotype,
1-2: Trans-empty vector soybean hairy root complex plants stressed for 0 d and 7 d, respectively, 3 : Trans-empty vector soybean hairy root complex

plants stressed for 7 d,4-5: Transgenic soybean hairy root complex plants stressed for 0 d and 7 d respectively, 6: Transgenic soybean hairy root

complex plants stressed for 7 d in leaves
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Fig. 5 Phenotypic of transgenic GmALMT33 plants
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Fig. 6 Physiological indexes of transgenic GmALMT33 plants

s A LT 4 . TEARZAEYI T, ALMT 3

3 g A RAE A I \%ﬁﬁﬁiﬂ/l\i%fﬁ%qﬂﬁiﬁﬁj

JZIRA BT (B RS PR R

OSSR IR IS IR RN ) AR TR R EREEARAEY) R i AL A 2
RN TER A DLIR S S ia vpil A R ORI WIRITERHEY T ALMT RN R DI fE

YEM . HBX ALMT SR ZER B R IIRERT S K A 3 6 Jm B8 Il 38 1 19 3R s B 50, A 0k 52 LU

FCHG SR A YN 4 SR MA AT 2P AR GmALMT33 BRS04, % HAE R 38 Hh i 2



6 M BAEDLEE . KT GmALMT33 FERAEFRH M0 2 TP Y ThRE BT 1023

REMEA T T8V

T 25 R B AR A b i 6 S L RE R
BRIE . BRI ALMT VR — 25 AR ST 1
B, EHREZHEABGEABESA - Z A4
PF11744 25435 , — g 2544 Wi 25 St R B R 24K
ALMT 85 176 N i 5 A3 5~7 /> B 7K 5 RS 45 1) 3k, 7
Ci o A RAKIX Y AR va b T GmALMT33
B AW B R W % AL R g 1 & s
TR CEARVERR T, ToA5 5 K, S e 457 Tt 25
I~ ALMT33 = BE 0 F P9 i Aok iR v, &
A ALMT Z5#0 350, 776 ALMT IR S5 I FHIE . 78
HoAth 7 P b, 8 AL BF 5T 45 R . Bl T
AtALMTO JE 7 TR AR, 2 5 4 i o8 32 1 g - i
AR5 /NEE TaAALMTL 54 6 4 B8 IRA5 #h 3k,
LT AN, 2 53R ER 0 SN HE LSS InAE $ 5R i 2
PEOS S SEIE MAALMT3 &4 5 N5 45 ke ek, 22
7 T4 s Tt SIALMTS S 4 TP 3t o 7
1M 75 it SIALMTO 5 {37 T, SIALMTS 5 F
THRERIR &R 5, SIALMTO BA SRS R
5 AR R 45 2 19 W DI RE™ . GmALMT33 JE[H
i A PN 6 T s SR HGE A S S
2 H N S SRR 1 A HE R 2 5 R AR e 1 DA K —
FREE I B T RR R

FE IR (10 B 25 20 A4 S Mt 5 2 R 19 T BB 42
MK AT ALMT LR Z7EH R s b
SRR . AR RAT I GmALMT33 FF7E K
TR ZE M R HERRREAERES T
ZEHM . FRINA ST GmALMT33 & [H ) 36 35 /K 3F- ik
F E x5 G T8 MsALMTI 1R 52 58 138 5 i 2
PR L, MsALMT1 £ 52 240 W38 B 35 R 3R 3K o
B FVE . HEM GmALMT33 35 R AR K & HEAE 55
B R EEE.

Taoufik % "R R FA SO CIE S AR 1T
FOERGE 1L, BHARCEAE IR Ak 2 v Fnig Ak s
I, B PRS- A . GmALMT33 3 [R5 AL M 55 )
K BRRFA S R, S TR S5 , B
A TN S DR B A2 4 8 3 AR ek AL AT
MG, BLBER G REIE BUTH2R R A B 3Z B, (H A 5
JHFL I 7 A A RS2 B , 177 B A 2 A B A A
AR 5 RIFE R, S e AL BRI | 55 25 2R A RIS e PR K
A AR R ZE AT R k2 S 214 (B i
iR, E 2 R DR R ke kA 1 48 AR TR AT R A 7Y
— [ I JDK 8 I | 52 4R T PR 55 T s 2 AR R

WALEAV 25 R IE ] GmALMT33 SL R REWS A —E
PRI FAR e HERR IR RS, FRARAR R R B2 47
PR R R P 2

EESRINA N ALY O 2% R &R AL
] R ok 2 AR AR 0L TR P R ) A T AR A BRI, A0
AL AT PR i R AR AR P A A A
TitE 028 6 H R S , DA R AR 0 T B i e Ak 50,
PURIMAER A D6 TR 2R % D R E R i
KPS GmALMT33 S5 PR AL A8 404 W 18 17 225 Hh 1 A
FRHLA , ABF I K B AR A AR R A AR AR
R AT T SOD \APX P K n] i MM . MDA 5 =211
or i , H 4 P e 2 S SO P AR LR R IS PR AR
5 RE 1 48 AT 77 42 MDA, R I MDA &5 5 4 251G
FE— TR EE AR B ik A AL AR B TR A )
PR S R B A A D 25 T8 R T P L el R T 4 S o A
VI EVER™ . SOD | APX & 15 BR At M A P i 1
SAU I B A, A A T A BRI 1
BBy o AT BIFSEUE I %5 MAALMTI3 B30 A bk 22
R BB AL B S AR o SOD  POD V& M1 B 8 1w THF 4
Y AT AT o 4 v e GeC T e T 1 4 v A T R
Mt B o AR TE Y, 2 Ah T A0 B e T DR 0
MR B K2 B AR A AR A AT 9 SOD
APX G P T X0 R R W] GmALMT33 R 4k
R R AABRTE  , R AR AR AR 1 L B 3
B3 AT I AR SR AR A P HC A — Sl A
EMEET . TSRS 5BER, 1L E
SRR R A LR BT T 20 2R K AT BE 1 0N X
W U RE ) s . AWESE & B GmALMT33 &
PR AT DA R AR T S R R R R DR AR
TR BRI BB BT , 3K S R AR AR ) R I A7
PR E A

GmALMT33 JERAE R & N X i ia v R ¥ T
FERPAZEAE , REAE—E RE I 3 AR 1 T
FERE S AR HAR AR LA A I it — 4
WFIE,

4 #ig

TR IRTE GmALMT33 JE K, % 5L TE R TR
25 M SRR AHAEAR T RA A S TR
S B AR A 5 T 2 DRIk E T R
DRI 0 2 e R DR R W B AR B AR R 3R 7 S A=
PR BT 45 SRk — UL GmALMT33 528 A] LA 7
AT I 52 1



(2]

[3]

(4]

[5]

[6]

[7]

[8]

MR /INFERTERBICAL o  S LR Qe I S . v
25E R ,2020,36(6) :37-41

FuY C, Zhu X L, Yuan C, Xie X L, Li P X, Zhu W, Li H
L, Liu D H. Cadmium absorption and enrichment in wheat and
its cadmiun pollution prediction: Research progress. Chinese
Agricultural Science Bulletin,2020,36(6):37-41

Wree, Mok, E9% , BiEe, BUK 2L, 2208 BRE 8 KR
FRIMA T ANGEER PS4 B A R A I I AR Al A
#%,2020,35(12):1321-1329

Chen H, Chen Y K, Wang T, Huang Y Y, Liao SL, LanJ,
Kang Y X. Effects of salicylic acid on growth and physiology
of non-heading Chinese cabbage seedlings under cadmium
stress. Fujian Journal of Agriculture Science, 2020, 35(12) :
1321-1329

EIRMG B4, TR SR VP 23R, i ae , 12
R RRSFFAE Y HXT T P 3 /N (SR AR SR T
Jigalk 24,2020, 36(4) : 1000-1006

Jiang XM, Xue DD, Yu XH, WuFZ, XuHY, LiYF, Qu
J J, Yan L. Effects of con-stalk biochar on the growth of
Chinese cabbage in cadmium contaminated soil. Jiangsu
Journal of Agriculture Science, 2020, 36(4):1000-1006
AT, TS, A, AR L W], 42 . /MK Ospeps
Xof AR A AR A4, 2024, 50(1) :67-75

LiMY, ZhangW T, LiY, Zhang BL, Yang L M, Wang J Y.
Effects of small peptide Ospep5 on cadmium tolerance in rice.
Acta Agronomica Sinica, 2024, 50(1): 67-75

AIGEFE , WESRL , SO, 24HE , XK . §HE HIPPs £ R 5
Y S A T BRI T AR, 2023,49(12) 1 3302-
3314

Zhao X X, Huang S Q, Tan W B, Xing W, Liu D L.
Identification and relative expression profile of HIPPs gene
family cadmium stress in sugar beet. Acta Agronomica Sinica,
2023, 49(12): 3302-3314

Length Y, Li Y, Wen Y, Zhao H, Wang Q, Li S W L.
Transcriptome analysis provides molecular evidences for
growth and adaptation of plant roots in cadimium-contaminated
environments. Ecotoxicology and Environmental Safety, 2020,
204: 111098-111098

ALER, E 05K, RIS F . RS Y AR R T
JE ARSI, 2020,15(05):82-91

Xu J H, Wang M, Zhang R, Wu L L. Toxicity of cadmium
pollution in soil to organisms: A review. Asian Journal of
Ecotoxicology, 2020,15(05):82-91

TRE R IRE o AR, R R, T %BBEEX,
Wi T JEL, XS, il 28 . 3 A B ALMIT JE PR S 1 1 2 5
Rk ARG, 2020,53(5):1-9

ZhangH, LiZF, XuGY, JinJJ, Wang C, Zhai N, JinLF,
Zheng Q X, Chen Q S, Liu P P, Zhou H N. Identification and
expression analysis of ALMT gene family in Nicotiana
tobacco. Tobacco Science& Technology, 2020, 53(5):1-9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

1024 LB/ S GO A S S 254
SR [9] Sasaki T, Yoko Y, Bunichi E, Maki, K, Sung J, Ahn S J,
(1] B, Rkmely, w5, ess 24, Ao di , Beer = XL Peter R R, Emmanuel D, Hideaki M. A wheat gene encoding

an aluminum-activated malate transporter. The Plant Journal:
For Cell and Molecular Biology, 2004, 37(5):645-53
Barbier-Brygoo H, Angeli D A, Filleur S. Anion Channels/
Transporters in plants: From molecular bases to regulatory
networks. Annual Review of Plant Biology, 2011, 62 (1) :
25-51

Palmer-Antongy J, Baker A, Muench-Stephen P. The varied
functions of aluminium-activated malate transporters-much
more than aluminium resistance. Biochemical Society
Transactions ,2016, 44(3):856-62

A, R T]  BAL AR I X R L R R s T
GmALMT Z & AR IR L/ AR 2, v FE A A= 47
g pEH ALy R E R A B A Ay T A
Wyt sx . 2013 2 T AE Y RSt SO AR A R
AN AE MBI S 2 B R SR %, R UR IR A
BEM R AW 0, 2013 : 176

LiJ J, Liang C Y, Liao H. Regulation of the expression of the
GmALMT family of malate transporters in soybean by low
phosphorus  stress//The Crop Science Society of China,
Chinese Society For Cell Biology, Genetics Society of China,
Chinese Society for Plant Biology, Botanical Society of China.
Proceedings of the 2013 National Congress of Plant Biology.
State Key Laboratory for Conservation and Utilization of
Subtropical Agro-bioresources, South China Agricultural
University, Root Biology Center,
Environment,2013:176

P PR PR % IS T I MAALMT 14 847 3 L i 47 1 D RERF
I FRL IIARAOR A, 2019

Lu J. Functional characterization in salt tolerance of a malate
MdJALMTI14 in
Agricultural University, 2019
BRASH, AAR, B A0, SRR X GEAL, Wt A
BT T RO R R s WALMTST*E%ﬁ% HAh
P R AR 3R, 2023, 59(6):1072-1082

Wei ZM,LiY L,Huang X,Li X W,Wu F H,LiuJY, Yu M.

College of Resources and

transporter apple. Tai’ an: Shandong

The role of plant anion channel aluminum-activated malate
transporters (ALMTs) in plant nutrition and physiolog. Plant
Physiology Journal, 2023, 59(6):1072-1082

Peng WT, WuWW, PJU, LiJJ, LiY. Characterization of
the soybean GmALMT family genes and the function of
GmALMTS5 in response to phosphate starvation. Journal of
integrative plant biology, 2018, 60(3): 216-231

AR R B A ALMT SE R TR A R R LR 5 KR 3k
BT . JLmt: AL RFERE TR, 2020

Peng F C. Genome-wide study of ALMT gene family in
Dendrobium catenatum and analysis of expression profiles
during day and night. Beijing: Chinese Academy of Forestry ,
2020

MaBQ,YuanY Y,Gao M,Qi TH,Li M J, Ma F W.Genome-
identification,

wide molecular evolution, and expression



6

BEDIAE : K5 GmALMT33 JETE R N A& P S RE S Hr

1025

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

divergence of aluminum-activated malate transporters in
Apples. International Journal of Molecular Science, 2018, 19
(9):2807-2807

XuMY, Gruber BD , Delhaize E , White R G, James R A,
You J F, Yang Z M , Ryan P R . The barley anion channel,
HvALMTI, has multiple roles in guard cell physiology and
grain metabolism. Physiologia Plantarum, 2015,153:183-193
Miguel A Pifieros, Geraldo M A Cangado, Lyza G Maron,
Sangbom M Lyi, Marcelo Menossi, Leon V Kochian. Not all
ALMTI1-Type transporter mediate aluminum-activated organic
acid responses: The case of ZmALMTI1-an anion-selective
transporter. The Plant Journal: For Cell and Molecular
Biology, 2008, 53(2):352-367

Alexis A D, Ulrike B, Rita F.The vacuolar channel VvALMT9
mediates malate and tartrate accumulation in berries of Vitis
vinifera. Planta, 2013, 238(2):283-291

Liang C, Pionros AM , TianJ , YaoZF , SunL L, LiuJP,
Shaff Jon, Coluccio Alison, Leon V K , Hong L. Low pH,
aluminum, and phosphorus coordinately regulate malate
exudation through GmALMTI to improve soybean adaptation
to acid soils. Plant Physiology, 2013,161(3):1347-1361
BRUKIN . 5806 BV 30 R MR e 38 R BE TR 1 o e N R A B =C
JEHEPREPRE, 2014

Cai B J. Study on clone and expression of MsALMTI gene in
Medicago Sativa L. Chongqing: Chongqing University,2014
S AR AN, SN MR PN, R T B
21 R ELVIRIR 8 A S0 1y ATl 3 P A S RE /v [
WA o I E AN A Y E A 2 T R A2, T R A
HUSHEY) O> T HE Wt o EEY 2 2016 S A [EHEH)
A7/ SN -3 SIS EEp (NS o R A B/ 2 1 e S ]
PSRRI S BT BE ,2016: 197

Peng WT, Peng J C, LiJJ, WuW W, LingY,Sun L L,
Liang CY, Liao H. Function of soybean malic acid transporter
in soybean response to low phosphorus stress//Genetics Society
of China, Chinese Society For Cell Biology, Botanical Society
of China, Chinese Society for Plant Biology, The Crop Science
Society of China. Proceedings of the 2016 National Congress
of Plant Biology. Root Biology Center, South China
Agricultural University, Haixia Institute of Science and
Technology, Fujian Agriculture and Forestry University,
2016:197

Jun L, Gao X R, Dong ZM , Yi ], An L J. Improved
phosphorus acquisition by tobacco through transgenic
expression of mitochondrial malate dehydrogenase from
Penicillium oxalicum. Plant Cell Reports, 2012,31(1):49-56
Liu J. Biology and function of the OsALMTI gene in rice
(Oryza sativa L.). Tasmania: University of Tasmania, 2016
Eisenach C, Baetz U, Huck NV, Zhang J, De Angeli A,
Beckers G J M, Martinoia E. ABA-induced stomatal closure
involves ALMT4, a phosphorylation dependent vacuolar anion
channel of Arabidopsis. Plant Cell ,2017,29(10) :2552-2569

LT, JCOREE 05 I, BRI AR ORI R A A

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

E%E Ik EYIAEAR, 2013, 39(7):1248-1256

Jiang J H, Guang R X, Guo Y, Chang R Z, Qiu L J. Simple
evaluation method of tolerance to salt at seeding stage in
soybean. Acat Agronomica Sinica, 2013, 39(7) 1248-1256
Y] RE GmCBL7 HEF A S 71 S B 5 DI REAHT . /R
T IR IEIE A, 2021

Peng Y N. Cloning and functional analysis of soybean
GmCBL7 gene promoter. Harbin: Harbin Normal University,
2021

AP SC, BRREE M, EA, SO, AR R
MiSAGI13 K& IR B Ak Te B FRAE 73BT . A= W B AR 4R
2022,38(1):108-114

LiSW, LiYRZ, Tong D, Wang M D, Chao Y H, Han L B.
Transformation and expression pattern analysis of gene
MtSAG113 from Medicago truncatula. Biotechnology Bulletin,
2022,38(1):108-114

HRSEAR, EMR I, W E A AR, T 5 TR R 22 S R S N 2
DNA #0573 U A7, 2020, 18(15) :4965-4974
Shao Y L, SiJ B, Chang W, ShiJ L, Ding Y. Comparison of
genomic DNA extraction methods for five sepecies of Tulipa
spp. Molecular Plant Breeding, 2020, 18(15) :4965-4974
Delhaize E, Ryan P R, Hebb D M. Engineeringhigh-level
aluminium tolerance in Dbarleywith the ALMTI gene.
Proceedings of the National Academy of Sciences of the United
States of America, 2004, 101(42): 15249-15254

Hoekenga OA, Maron L G, Pifleros M A, Cangado G M,
Shaff J, Kobayashi Y, Ryan P R, Dong B, Delhaize E,
Sasaki T, Matsumoto H, Yamamoto Y, Koyama H, Kochian
LV. AtALMTI,

identified as one of several genes critical for aluminum

which encodes a malate transporter, is

tolerance in Arabidopsis. Proceedings of the National Academy
of Sciences of the United States of America, 2006, 103(25) :
9738-9743

Akira I, Kazutsuka S, Kenta W. Identification of genes
encoding ALMT and MATE transporters as candidate
aluminum tolerance genes from a typical acid soil plant,
Psychotria rubra (Rubiaceae). Peer J, 2019, 7¢7739

Delhaize E, Gruber D B, Ryan R P. The roles of organic anion
permeases in aluminium resistance and mineral nutrition. Febs
Letters,2007,581(12):2255-2262

Alexis A D, Jingbo Z, Stefan M. AtALMT9 is a malate-
activated vacuolar chloride channel required for stomatal
opening in Arabidopsis. Nature communications, 2013, 4 (1) :
1804

PR MAALMTI 3 ZE3E R0 LT A b 38 v ) S RE AT
T A TALRMRRI R, 2022

Li Y H. Study on the functional of MdALMT1I3 in response to
drought and alkali stress in apple. Yangling: Northwest A&F
University,2022

ARABUEE RIS, A5, MR A2 2% A S ST LR L A B
H5 RS R SE P PsALMTO 1 PseDT (AR Sk . AL
Y4, 2022, 40(8):1356-1363



1026 LN 7/ O A G S 25 %
Wu W F, Chen M J, Qi F B, Chen F X. Organic acid critical review of the effects, mechanisms, and tolerance
composition characteristics and its correlation with malate strategies. Critical Reviews in Environmental Science and
transporter genes PSALMTY9 and PstDT in plum fruit. Acta Technology. 2022, 52(5):675-726
Botanica Boreali-Occidentalia Sinica, 2022,40(8):1356-1363 [42] FI5M, T, Cu® PO il XK 4y i T i1 2 (AL

[38]  FK. i R AR VA RN SLALMTY HAFZE 1 CESA2 TP, ARG RS2 . AEASRRE, 2020,39(4):10-18
TEP M4 S INfegn il . i Aol K2, 2020 Wang F Z, Wang Y S. Effects of Cu®" and Pb*" stresses on
Wang B. Identification and functional analysis of malate soluble protein content and activities of antioxidant enzymes in
regulatory gene SLALMTY interaction proteins CESA2, TP and Kandelia obovata seedlings. Ecological Science, 2020, 39(4):
TEP in tomato. Wuhan: Huazhong Agricultural University, 10-18
2020 [(43] 5, ATO0RS  AHHERE , Z8 0 . M40 2 48 1 Emp phaa Xt =+
[39] BXELARIEIF RIS FRIALE , FFRFIS . 2, 4-INMSE 3R X (Panax notoginseng ) AN BB FIHT AL BEE HERI 2R . =
R E N RS RO . AL 2, 2022(20) :35-41 AN R A4 ASRFLERR, 2016, 31(4):767-771
Zhao H, Xu F F, Yu SL, Zheng Y T, Fu S T. Mitigation Min Q, Ke H L, Zu Y Q, Qin L. Effects of soil as on
effect of 2, 4-Epibrassinolide on cucumber seedings under cellmembrance permeability and antioxidant enzymes activities
cadmium stress. Northern Horticulture, 2022(20) :35-41 of Panax notoginseng. Journal of Yunnan Agricultural
[40] Hegediis A, Erdei S, Janda T, Toth E, Horvath G, Dudits D. University : Natural Science Edition, 2016,31(4):767-771
Transgenic tobacco plants overproducing alfalfa aldose/ [44]  Bikes, R0B0 , 57 W0, A% TR 8 . T4 XA 40 1) 75 5 A
aldehyde reductase show higher tolerance to low temperature X HARE R AL VIR0 RR2E, 2019,4 7(4) :34-38
and cadmium stress. Plant Science,2004,166(5):1329-1333 Chen B, Tan S D, Dong F X, Yang Y T. Toxicity effects of
[41] Taoufik R E, Abdallah O, Abdelmajid H, Hocheol S, Eilhann heavy metals on plants and detoxification mechanism of plants.

K, Nanthi B, Abin S, Prasad M. Cadmium stress in plants: A

Jiangsu Agricultural Sciences, 2019, 47(4):34-38



