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Abstract: Fresh flavor is the key factor of the taste quality of vegetable soybean, and its formation is closely
related to the organic acids. It is of great practical significance to analyze the synthesis mechanism of organic acids
in quality improvement of vegetable soybean. In this study, the soybean hairy root system was used to explore the
functions of candidate genes GmALMTS, GmIF7GTS5 and GmAP, which are significantly related to malic acid
content, in regulating malic acid content. The transcripts of GmALMTS gene and the content of malic acid in
GmALMTS-OE hairy roots were significantly higher than those in control hairy roots without inserts, while the
content of malic acid in GmIF7GTS5 and GmAP transformed hairy roots had no significant change. Considering the
reported malic acid transport function of ALMT family genes, it is speculated that GmALMTS gene in soybean may
have a similar function and play an important role in regulating malic acid content. GmALMTS over-expressing
lines in Arabidopsis thaliana via genetic transformation resulted in an increase on malic acid content. These results
approved that soybean GmALMTSE gene had biological function in regulating malic acid content, which enriched the
theoretical research of soybean organic acid and provided reference value for high-quality breeding of vegetable

soybean.Key words: Vegetable soybean; Malic acid; Candidate gene; Functional analysis
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KM K S [Glycine max (L.) Merr.)]XFET . BE KT, 287 R6 (BREY)D 2 R7 (WD £F
AR B H R S A A AP0, S KR S R SRR B R R R, A MUIRIE N 2 M 2R A
Vi IR, AR TR TR 2 B R A R AT s FH R S R, L S IR RAE N R EA LR 2 —,
BAEBRIPUAMEE YT, Re i BRI B s, JFHBEAEHG WR . (REHUARRE R,

Mt CWAPRASERR S 8 P E AP SR R TEE MR, Pt EcE IR A 7o 0t
TAAED AL o R A EE R b 3, EARKEDH OHRIE 72 5H PR S FEAHKSH QTLs.
Liebhard 5 7R, SR (Malus pumila Mill.) FECHHR RS 2B HILT w20 Ll 8, 16 5iE
B B 2 AN ERLQTL AL &, 73l RS ke S A IR BE R AU AR 1) 46%, 42%, HLh AL T35 16 JEH
B B E AR R B 5 Maliepaard S5HRIE (1) 45 A — 2. Sk RS RE VLIRS B8 T 242 B W [F 45 6]
ECE TR, SEGREBUEN AL, 2REEAREK % (Genome wide association study, GWAS)
E TR R[], BERE R AN [FIRR SR AT AR S5 0 M, B QTL e A7 R e, NMHAERE. /)
%% (Triticum aestivum L.) FI7KFE (Oryza sativa L.) &2 FifEY 0, 28 s RS A S0 R e i 450 &
REER L EF B

FRBE S R IR # 12 H (aluminum-activated malate transporters, ALMT) JefHY4GFE 1 —REEH, £
SERR A R Gz e 2o EBENEH . ALMT 5 F R 75 4% R 90A WL & A R SL i@ b fe v R 9%
FHEBEMH, 2RSS ALMT F53E R A] AF S S S2 i i OGRS R . #i4 (Vitis vinifera L) HE
LT HE I E1 VVALMTO 0] LA S0 A B AN SRR () 18, 750 2 K A HLIER (1) bl OGB4 F o,
Fhiti (Solanum lycopersicum L.) "' SIALMT9 & 50 3 SR & 2748 e 1) B SR IR, sdcd 4% SR S b S SRR 1)
AR E TR B im0, Xu FVR L ARL (Pyrus bretschneideri Rehder) ALMT FJGEIER Pbr020270.1 5
SREK AL P HERBIAR . RALERIHE TR YIFEZE (Prunus salicina Lindl.) 19K 2 Hof AR s
ALMT4-like B8 B A (25 R R IEH » E3ERF, 2 FH A @ AL 2I6 T 16 Stk B
ALMT FRHER Mal, #EWIL ] e E S50 R R SL R R FE I pvs-1e . DA R8I 90 45 SR I R B 2 P R 5L b i) ALMT
KRB R 53 IR A 18 FAR R VIR G, HL e SR SR FE PR TR ORI XU it )5

FATHIEET GWAS BFFi 25 RAAZHR 3 3 AN 53R S & B EF MR IEERER, €T 5 Shdk b
1] GmALMTS 9 t5 5 30T 3 B IR #% 18 5 i 2% 1 (aluminum-activated malate transporter family protein); €7 T
16 5 44k E 1) GmIF7GTS 4 b5 55 35 I 7-O- 7 %) ¥% 2k ¥ # i UGT5(isoflavone 7-O-glucosyltransferase
UGTS); AL T 19 54k B 1 GmAP St R 4% 5 11 B8 5K % 5 1 (aspartic proteinase 36). AHF L H FH =
R B BRI RGUIR FT i A 34 I DR 7 1 428 3 SRR 5 =2 07 Tl IR D e s @i SRS (Arabidopsis thaliana (L.)
Heynh.) LW GmALMTS L RIS IR R To AL, i — P GmALMTS HERAE R K
GORRRE BTN AEY IR, BENIP TR RS R R S B EE F R, AR ORGSR
W& B IR 0 T WL T e p O R A

1 #RE A%

1.1 %

PLR S Ak dn A “ Williams 827 1 A K G BRI R G AR, 3w I+ (4rabidopsis thaliana, Columbia-0
B AR s AR DL BRI B VL7548 AR B SRRV 78 = i fit
1.2 5%
1.2.1 T RAERGHZ

I8 o [ YR B 4L 5 R R i E A 0k 3R K pCAMBIA1305-GmALMTS . pCAMBIA1305-GmIF7GTS
pCAMBIA1305-GmAP, #AL K#t i DHSaJF#EAT V% PCR 707 %55, 56 h 8 Ak @ H 2051 3k 1.
) FH 5 R 1) S 2 (R 8 RN 2 2, pCAMBIA 1305 73 50l 3% A B K AR A AT B (Agrobacterium rhizogenes) K599
FIARFEARAT I (Agrobacterium tumefaciens) EHA105 B2 2541
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Table 1 Primers for vectors construction

ElK/ES FFA (5-31
Primer Sequence (5'-3")

GmALMTS8-OE-F CGGAGCTAGCTCTAGAATGGAAATGGCAATGGCTGAT
GmALMTS-OE-R TGCTCACCATGGATCCTTCTGCTCCACGAGTAGGT
GmIF7GT5-OE-F CGGAGCTAGCTCTAGAATGAAAGAAGCTGTAGTTTTC
GmIF7GT5-OE-R TGCTCACCATGGATCCACTGACACACACTTTGTCTC

GmAP-OE-F CGGAGCTAGCTCTAGAATGCGGGGTGGTGTTTCCCTG

GmAP -OE-R TGCTCACCATGGATCCCAAAAATTGGCACTCCATG

1.2.2 ARRFAAAFHALKXELRAR

MR P65 Kereszt 26 NI & (1) K & BARMR AL vk, 2 3% # H pCAMBIA1305-GmALMTS -
pCAMBIA1305-GmIF7GT5 1 pPCAMBIA1305-GmAP Jii ¥ [ A8 25 8580 1 AR AR AT 3 K599 12 %% Williams
82 T AT, RYTe s B THHIESCRRE IR h 7%, BRGR N 28 °C/25 °C, JeAMIN 16 h Ot/8 h I,
MBEER 70%LL b o 2-3wk g MR GLERA K H B RARK FEIA F 5-10 em B, BYFE4 1 F MR B TERK LS
WHRER 7d i, BAMEEIM KGR REE, AR ER I EA ORI BRAE, HionEE
WKl 1.

A: FEFD 5 RJGRYFHATMIL: B: @Y 2-3 A5 TRPMAKHBRIR: ¢ BRERTEFRMDEIR 7 K50k
A: Stabbing of the hypocotyl close to the cotyledonary node of 5-day-old seedlings;B: vegetable soybean plant 2-3 weeks after inoculation with 4. rhizogenes

K599;C: vegetable soybean plant after the removal of the primary root cultured in nutrient solution for 7 days

B1 REBRBRERTFEE

Fig. 1 Different stages of the soybean hairy root transformation

1.2.3 MELERBELER

IEHUAE L B AR B (Zeiss, LSM 780, Germany) N WLEE B G (A5G BIRMR, HCH A — 37 BRI A
TRHMEBREE PCR 73 T4 €, 7 — o PR R TRE T, ORAF2-80 °CCUKFE &, B T Aar il fci%t ik
DRI ik Ak, Fl R B RAR A0 F T30 SRR 2 B A U
1.24 REERBRFHRALBREENR

K ABI 7500 % %t (Applied Biosystems )i 1T 521} 52 )t i€ & PCR(quantitative real-time PCR, qRT-PCR),
WHE 3 MEORFEELE gk BN BT ) 519 S W R Tubulin 151 P35I 03K 2. 3833 HLEL CT (Cycle
threshold) fE X} H FrE Kl ) 35 7KF-BE4T 704, FFA8E R ARG 58 B 2-A8CT V0t Hdls #h 47 b AN 73 A osi,



R2 HTERZOLER PCR KIRRFY
Table 2 Sequences of specific primers for gRT-PCR

EIk/EZS (53D
Primer Sequence (5'-3")
GmALMT8-qRT-F CCATCGGTTCGAGTCCTGTT
GmALMT8-qRT-R GGCGACGGTTCCTTATGCTA
GmIF7GT5-qRT-F GTGCTGGGGTGCCCATGATAGCATG
GmIF7GT5-gRT-R CGATTCCATCAACTCCCTAA
GmAP-qRT-F GAATTGGATGGGCCGATTAT
GmAP-qRT-R GAAAGTGCCTATGTGGGAGC
Tubulin-F CACCTCTGTTGGCATTGCAC
Tubulin-R ACAGTGTAGTGTCCCCTTGC

1.25 KELRBRFERRESETNZ

W T30 1R B E I BRAR P IR B bR 2 S, 2% 105 °Co T 30 min, P31 75 °CHtTZ1E H 5 H
WHEATEEE B R G 0.45 mm ) o RIS Li S0 3EUTE,  FHR A S ROAH Gy e ok
SERRPERR SR, BRI ERSE .,
1.2.6 M@ EEHL

N T B HIN GmALMTS WIThfE, K& pCAMBIA1305-GmALMTS ief 3 i 3 AR 5 4k B 4 AT 15
EHA105 ', R H BEAEIAR Sed /g 7oy,
1.2.7 #ERAMHFRBEERGER

¥ ToRIE I 7B T 2 mL B0 T, AN 75%B kS5 R 74 3 5 min, L EKBELMT 2 7K.
TN 10% IS BREN Gt S>5.5%) SR 71555 5 min J&, B HE/KIEEF T 5 W BRh T8 513 FE 12 MS
AR 3L | (4 15 mg/L Hyg fl 16 mg/L #53E7T) , BT 4 °C UKHih 3 KGR LIRS FEMET 7% 14 KA
BT . X BA Hyg FURFSETTHUikE s 5, 230 DNA 247 PCR Al X%F PCR A il 35 5 FHYE )
PR, RIS 2] T AR 7o ¥ Ty AR P4 I8 77 v 4k 423047 PH M 07 2 SRAS ARG T To ARFE R AR AR, UK
R TAMTH T SRR S =,
1.2.8 SR ZMAERHEMT GmALMTS A X EREZRASTNR

I3 A FEHCE A T R TF S L LRI IF To A B RNA I e #6 5% T qRT-PCR k36, LA A¢TUB %
AN IR, Rl S50 T3 3 b Wi Rk GmALMTS FEFAL R IF To AP E R IR & =,
M5 T71% A 1.2.56

&3 FTERRGEER PCR KR RGY
Table 3 Sequences of specific primers for qRT-PCR

GIE7/ B JF5 (5'-3"

Primer Sequence (5'-3")
GmALMT8-qRT-F TATTTCCCTGAACTTTCCCTCTG
GmALMT8-qRT-R TAGGCTTCATAATCATGTCACCC

AtTUB-F GTTCTCGATGTTGTTCGTAAG
AtTUB-R TGTAAGGCTCAACCACAGTAT

2 ZRESH



2.1 KEFAMERIREE
3 Sl SR U 3 (R B AR 5 2 o B BRAR (L (K 4 DNA, #E47 PCR A&, 45 R EoR, FEERBIRE
A GmALMTS. GmIF7GTS M1 GmAP R f54E (K 2A, B, C)

AM o1 2 3 4 B M 1 2 3 4 C M 1 2 3 4

3000bp —
«1961bp 2000bp —

3000bp —
2000bp — il 7% 3000bp

1000bp —

—2025bp

A: GmALMTS-OE BHTEEARAR PCR %4, M: DL2000 Marker, 1: FitEXfHE, 2-4. FAMEEIRIR: B: GmIF7GT5-OE [HEE

R PCR Bl M: DL5000 Marker, 1: FA{EXF I, 2-4: FHPEEARIR; C: GmAP-OE FH{EEIRM PCR %iE, M: DL5000 Marker,

1: BT, 2-4: BHEEBARIR; A: GmALMTS-OE positive hairy roots verified by PCR, M: DL2000 Marker, 1: negative control,2-4:

positive clones; B: GmIF7GTS5-OE positive hairy roots verified by PCR, M: DL5000 Marker,1: negative control, 2-4: positive clones;
C: GmAP-OE positive hairy roots verified by PCR,M: DL5000 Marker, 1: negative control, 2-4: positive clones

B2 KREHREFRHEGERBLEE
Fig. 2 Identification of transgenic positive hairy roots of soybean

2.2 (REEFEEFAMERRPEOTIEES
qRT-PCR 5 E7x, 5% (Control) #Htt, £ GmALMTS-OE. GmIF7GT5-OE fl GmAP-OE FARMR
H GmALMT8 GmIF7GT5 Ml GmAP B[R (WA & B EE I (K 3A,B, 0O .
RS ERISE RELY, GmALMTS-OE BARRHERIR S 8N 112.8 pe/g, B&E & T TEX I EIR
R, R HBREE 3.77 1. 1 GmIF7GT5-OE 1 GmAP-OE TR AR o 35 5L 1% & 5 70 4% 0] 18 B tRAR AR HL 33
TREEZR (K3D) o WM RS BHEN GmALMTS 782 531 K S 3 BB & B L.
A GmALMTS-OE B GmIF7GT5-OE

LRSSy
Relative expression
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A: 1-3: GmALMTS ¥R AE GmALMTS-OF W)k B: 1-3: GmIF7GTS ¥R E GmIF7GT5-OF &k &, C: 1-3: GmAP R:F A GmAP-OE
MRIEE; D: 1: GmALMTS-OE HH¥RMINE R, 2: GmIF7GTS-OE H3ERMRMEE, 3: GmAP-OF PR &R, =™ "/ HIFRARLE P<0.05,



P<0.01. P<0.001 KV 25583
A: 1-3: expression of GmALMTS gene in GmALMTS-OE;B: 1-3: expression of GmIF7GTS5 gene in GmIF7GT5-OE;C: 1-3: expression of GmAP gene in
GmAP-OE;D: 1: malic acid content in GmALMT8-OE; 2: malic acid content in GmIF7GT5-OE; 3: malic acid content in GmAP-OE;*, **, *** indicated

significant difference at P < 0.05, P <0.01, P <0.001, respectively

B3 i 2 BRI 7E B A BoRAR o B D RE 0 #
Fig.3 Functional analysis of candidate genes in positive trichome roots

2.3 HEFABREITHMHMYEE

NT P IGE GmALMTS [FFa 8 3Rk 2 75 e 6 1E [ A2 32 IR 1AL 2, ¥ pCAMBIA1305-GmALMTS
I KRB AE AR FT B EHAL05, i BEAIE LR IT, RETIE 5 IR1F To ARFE R 3/ IR ik &R
AT PCR A, SR BN, %W KNS B ERE B/ —8 (B4 .

M WT + - OE-1 OE-2 OE-3 OE-4  OE-5

2000bp — «1961bp

M: DL2000 Marker; +: FAEXTIE, pCAMBIA1305-GmALMTS JFiki; -: BIVEXR, ZEXE; OE-1-OE-5: GmALMTS %

(R T N B 5 bR PE AL R bk &R
M: DL2000 Marker; +: positive control, pPCAMBIA1305-GmALMTS plasmid; -: negative control,blank control; OE-1-OE-5: different
GmALMTS transgenic Arabidopsis thaliana

B4 T REEFMEIF GmALMTS ZF ¥ PCR Kl
Fig. 4 PCR analyses of GmALMTS transgenic Arabidopsis thaliana from T, transgenic lines

2.4 TFTE GmALMTS (B ERBEHTAR

qRT-PCR 5 5R B, HHAER (WT) ML, To R IR R GmALMTS FH KL & B&
fem (BISA) o A, S5RHMERRAR A 3R BRI E 25 A BL, R RIE GmALMTS WS | 3R
Mo, ToREERERE IR A T e R RS2 WT 1243 5 (BI5B)

A 54 B 54
g Z o
o 2w
® g EE

ﬂb’(’_g Wﬂg 24
%32 ;g.—’é
[~ g

® S 14
=
=

[|-

WT 1 2 3 WT 1

A: GmALMTS 33 FiB 3 I+ 5 7 A B Fg ST AR 2B 7K, 1-3: GmALMTS B HTE To REFHE IR I bk R b KA & B:
s To AURCEE RIHUL R T PR SR 7 SRR 5 &
A: Relative expression levels of GmALMTS overexpressed Arabidopsis Thaliana and wild type Arabidopsis Thaliana, 1-3: Expression

levels of GmALMTS in T, transgenic Arabidopsis Thaliana;B: 1: malic acid content in seeds of T transgenic Arabidopsis thaliana.



B 5 dFL GmALMTS S3ERBRE BRI

Fig.5 Effect of overexpression of GmALMTS on malic acid content
3 iR

RSP AR R AR BB T AR AR i & . A, ik, AR
¥ AR PRI TN T R SE A WL AR RIHLHIRE 7 RAT EE R S ARYF IR T ALMT K EE R RE
YRR, HZ25 RS R S B, ERSSRRA R R 43E B EAE ee,

Al R EBRIRE RGN 3 D55 R R & EAH R HMEEIE ] GmALMTS . GmIF7GT5
M GmAP #ATDIREIAE . Peng S ANWFFRN], SFR P B HE KR F MdMYB21 7] UL i 9 A B0 7 R IR e
IZH H ALMT BJ5ER MdMal WK TR 35 FRAK 7SR & &2, A K (Zea mays L) 4 ALMT
fFE DK EAD1 Ty BE B AS-S S0 F8 70 AR OABRA SRR & B AR, By HiB M. 1AM SE R RV S s R
T eadl WIFRBLERIERS, Ye 5 NFIFESEE T &A1) SIALMTY, €2 ik F 52 e 72 3 SRR AR 2 b
fRY, JFH e 7 i ) SR S KUK A AR B B B /002, AR FERIAE K IAE GmALMTS-OE B, GmALMTS J
Rk 53 R & EH B E S T E BRI HIHEN S RS 1) GmALMTS B:R v fe R 2
HREREHRE PR RRN S ERDIRE. K FZEE R YRR R G R R & R LB ) 3= 220t
TR, BE— BRI .

NEGAE GmALMTS-OE R IR A3 R & 2 ARG 2 15 FH GmALMTS F:RI ik iR 51, A7k
FBEACTEAEAN G T it KT8 GmALMTS B:[R o 5B B RAR S R ER I () 45 FAHRAL, 13RIk GmALMTS
BERE T ToREERURE IR R TR R & &,

PAESEREN, GmALMTS 5 R GANIRA &2 %K, Al Aeild $2 mF SR MRAR R S K & ah it o BEAh,
PRI AtALMTI2 W LORESER R g%, JF B2 5T fligsheen, FRE, EREH, ifARE
WIRBE SR A5 SRR GmALMTS B b3y LUK R 2 oh S SRR A e, AT 3 s ol (R P ks, BLE 25 2R
BRI ALMT 53¢ R VIR, Oiifia. REFELR.
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