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Effect of overexpression of StLDC gene from Sophora tonkinensis on alkaloid
content in tobacco
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Abstract: Lysine decarboxylase (LDC) is the first key enzyme gene in the biosynthetic pathway of quinolizidine al-
kaloids. Based on the obtained full-length sequence of StLDC gene from Sophora tonkinensis, an overexpression vector,
pBWA (V)HS-S/LDC, was constructed. This vector was subsequently introduced into K326 tobacco via Agrobacteri-
um-mediated transformation to elucidate the biological function of SZLDC. Molecular and metabolic analyses of the ob-
tained transgenic plants revealed that qRT-PCR confirmed the successful overexpression of SzLDC in tobacco. High per-
formance liquid chromatography-electrospray ionization-mass/mass spectrometry (HPLC-ESI-MS/MS) detection indi-
cated that the contents of matrine and oxymatrine in transgenic plants were significantly higher than those in wild-type
(WT) plants, with the highest matrine content reaching 29. 11 times and the highest oxymatrine content reaching 69. 43
times that of the WT. These results indicate that the StLDC gene can significantly increase the contents of matrine and
oxymatrine in tobacco, providing important genetic resources for the cultivation of plants with high alkaloid content, espe-
cially S. tonkinensis.
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1.1 ##

L33 41 R 1L AR R ¥ K326 (Nicotiana taba-
cum L. cv. K326) F )" P4 25 A 9 el ) 78 24 0% O
PP 535t A 0 R S 4R L
1.2 ZEMELRA

O FZALA : WP 15 1 (A48141, Eppen-
dorf) .38 JH H yk A L 8 (JY 300C, Thermo Fisher) .
B . HL( Thermo Sorvall ST16R, Thermo Fisher) (##
U 58 A0 AT UL 23 )66 B2 11 (Q6000, Nano drop) | 4 1t
TAEA (BCM-1300-A, 95 M 48 28 ) | e S50HUH £ 1% 1)
(LC-30AD, HA B #H) . Qtrap6500 it 1 1% (SCIEX -
Qtrap6500, 3% [ AB) 4% .

@ FEZIXH KW AT B DHO5e B Rk AR I AR AT 1
GV3101 /& Z & 41 1 . 2X BioRun Magic PCR Mix ,
2XBiorun Pfu PCR Mix, BioRun Seamless Cloning
Kit,MS 1 % 2  Magic Ruler DNA marker,2X Taq
PCR Mix & ¥ & T R DU I A W RHCA BRA 7 5
B i 15 2 (185 BWC9032-2016, 45 ) =>98% ) .
AL S (185 110780, 4l i =98 % ) Wy [ Jt 77 H
i A A BR S .

1.3 R¥F &
1.3.1 pBWA(V)HS-S/LDC ik # A iy

A Bsal F1 Eco311 B ¥ {57 5 i StLDC %
51 % (IE 51 % . CAGTGGTCTCACAACAT-
GCCTACACTAGTAACTGA; i 519 : CAGT-
GGTCTCATACATGGTTTAGGTGTTG -
CAAAAC) P 111 G AR B cDNA, PCR 7= ) 2 1 3k
Kol 5 H bR B B/ A R #EAT I R, IR S
Bsal Fl Eco311 XU ) J5 19 1 38 3% 201k pBWA (V)
HS % 452, 9K 5 % Ak 2 KW #1 T8 DHSa 8652 245 40 il .
fii 51 % (1E w51 % : GACTTTGCAACAT-
GCCTACACT, 1 519 : GAGTCAAACGTTG-
TAACGTTGA) X BLH ¥% #:47 PCR H Uk , K B A4 e
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P& IR AR 0 o i JE 40 DNA, BLpBWA
(V)HS-StLDC AR 5k Sk BE - X H] BF A= 8 (W T)
JH 0 DNA S B IR 647 PCR % . A
A ST 7 Al R FR R R WG I B R IR R R AT
R R [ AR R S B Ak gk TR, BE
XF R LA A H 9 7 B 25 2004 5% 58 DI 22k B
PEXT HE
1.3.4  FEELHIH AL StLDC 3 ik i e

I Trizol ¥ 2 B M % 8 RNA, Jf fff
DNase T4 B DL £ Bl GE AU 2L 41 DNA 5 5% . DU
Actin W Z H B CIE 1 5] %) : CGGAATCCAC-
GAGACTACATAC; 17 51 : GGGAAGCCAA-
GATAGAGC) , fff i 51 % C1E 1 51 %) : ACTG-
GAACTTGATGATTGGCTTGTC; & ) 51 ¥ -
AGGTAGGTAGCGATAGCAGAAGTG) # 47
qRT-PCR A I 5 5 DA A 2k 3R e K326 B A U A
(WT) &) StLDC HE N 1) FREKFo R 2 >0
AT SUL.DC R A ek & . BT A FE L4
3
1.3.5 e B DR A 7 R A A vy 2 2 DU

HUA K % 8~10 Fy F 40 Ay e ik D) % Y A= 7 00
AR R A A PR, )P R ASOROR €8 - FL I 5 e K 5

(high performance liquid chromatography-electro-
spray ionization-mass/mass spectrometry, HPLC-
ESI-MS/MS) J7 i % H (9 3 ] StL.DC 33K 7K ¥ 5
e P AR PR 119 e 2 ORI S Ay S i A
o3 M, B A LC-30AD i 0 AR (1 A B AB 22
] Qtrap6500 [ 3% A%, M A2 M A 5 2 il Al S AL 5 2
B i MEBRARERO. 1 g BE Al A 10 mIL A &t 32 K
W= ot s B sl —=40:10:1, V/V/ V),
i 30 min, # 7 $2 B 30 min; 12 000 g # 0> 5 min,
B ETE S mLs A B0 WA 21, A 0. 6 mL H1 i
(o3 al) 8w 533 0. 22 pm JEJE , LA — 20 CUK A4
.

W AR 2% 125 : poroshell 120 SB-C18 Jz #H 4 1% 4
(2.1 mm>x150 mm, 2.7 pm) , M3 AH A b F B, i
AR B O R K . AR BE R AR e ISR 1, U
0.3 mL/min; #FFEdE .2 pL, A - 30 °C.
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Table 1 Gradient elution procedure

W E] /min 33/ (mLemin ™) JEIAH(A)/ 20 WShAHB)/ %

0 0.3 30 70
1 0.3 30 70
10 0.3 10 90
11 0.3 30 70
12 0.3 30 70

HL IS 55 FL B B (EST-MS/MS) 1Y 43 #r 4 1
(£ 2) :ESTIE & #2350 5 49 45 25 8 : MRM
AR 35 psis WSS LR 5500 Vi S AL AE T
50 psis fff B AU 7 2 55psi; AL TR E - 500 'C. T A
FEm & E A 31K
1.4 #¥ES%ITE >

& F Microsoft Excel 2019 1 SPSS19. 0 % 4 %
s BEAT 3 B Ak B BN X R P B AR DR 25
2 ZERE5SW

2.1 i &K H A pBWA(V)HS-SILDC ) #) 3%
5% R

B PCR Y1 (iU % 42 iR 2 by 7 20 Rk
Ak pBWA(V)HS-SILDC. W PCR 53 45 5

W

®2 RFUSIERFUNEEREENEH(IM+H]+/[M-H]—)

Table 2 Selection reaction monitoring conditions for protonation or deprotonation ([M+H]+/[M-H]—)

ALIE] e £ (m/z) FEF(m/2) ff R E(V) filf (V)
T S + 249.2 148.3°/176.3 82/80 43/45
AT S + 265.3 205.2"/136.1 80/86 39/42

(BRic iy N i B 1)
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PCR % 5 343545 10 Bk BHPE A Pk
qRT-PCR & I 45 5 2 7w, 10 #k 5% Jk PR 5 0
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SR, git ot R, A S # KK &R (OE-

M 1 2 3

2 000 bp
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1 000 bp
750 bp
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100 bp

El1 pBWA(V)HS-SLDC &
Figure 1 Electrophoretogram of verification of pBWA (V)HS-StLDC colonies
1~6: BV 5 7« FHAE T HE 5 8 B M X R (JK)

1—6: bacterial solution; 7: positive control; 8: negative control (water)

1~OE-10) % StLDC % H 1y F 3k K F- #4158 WT B i)
B E TR (P<<0.01), Horp OE-7 ¥k R 1Y ik i L
o (F 3) . X — 25 AR sE 1 o 36 A 40 R 78
L T A
2.3 HAFIAEE KA BAE A A F 0 E
EERH R R R R EREG RSN SILDC T Rk
¥k & OE-3.0E-5.0E-7 . OE-8 #l OE-9, L\ & ¥/
AR B (W T ) 3547 w7 2 080 F S8 AL 7 2 08035 5 000 5
SR ME 3 PR
SILDC % 5K M 2 OE-3.OE-5.0E-7 .OE-8,
OE-9 Y v Z Bk & & 43 i) J2& B A AL AE bR (WT) 19
7.264% (1.414% .29, 11 4% (2. 26 4% (1. 81 4% s Ak
208 o B R B AR AR Bk (WT) 19 13. 63 £% .
1. 674% .69. 43 4% 2. 201 2. S1 4% s B 45 R UL W] i %
Ik StL.DC PR AT DA 15 46 ) 7 2 080RT A8 AL 7 2 B

Bk B kE

2 000 bp

1 000 bp
750 bp
500 bp
250 bp
100 bp

B2 ¥ SILDCEBEE#RKET
Figure 2 Identification of StLDC transgenic plants
1~10: FHME AL bR PCR =4 5 11 BH M X HE 5 12 2 5P 5% e (i A R0 00 )

1—10: PCR products of positive transformed strains; 11: positive control; 12: negative control (wild-type strain)
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Figure 3 Expression levels of target genes in transgenic tobacco
WT: B ERIBR R ; OE-1~OE-10: 10133 £ 3k SILDC R R 3+ 3R 22 7 3% (P << 0.01)
WT: the wild-type strain; OE-1—OE-10: 10 overexpression strains; ** indicate extremely significant differences (P<<

0.01)
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Table 3 Analysis of matrine and oxymatrine content in

transgenic tobacco

Fefgis WS Ew/ (ngg™) WS A &/ (ngg )
WT 12.024+0.49" 13.3940.61°
OE-3 87.24+1.73 182.57+1.64"
OE-5 16.98+0.75° 22.4040.44
OE-7 349.9543.38" 929.73+12.64
OE-8 27.2240.31° 29.44+0.71
OE-9 22.04+0.24 33.6640.47

O« R BOH I AN R /NG R 3R R 22 57 i 2 (P<<0. 05) 6
Note: Different lowercase letters within the same column indi-
cate significant differences (P << 0. 05) .

3 4t it

3.1 LDC Ev:# 2 Hv
PHER A YT
Ly AR 2 v R L AR R 2 TR,
BUIIRE BUIF5 1 5k G T S 2 B M AR oY
TE S Hod s i B E S A W A R L S B S
riﬁizﬁa\ FEACH TR G 28 52 G . LDC & Wi 1
WE 25 A= W 026 ) B 28 v ) i i 5 O PR T
%/FE; s R EF R T pBWA (V)HS-0-StLDC
b FE IR BAR B I AR R TR Y SLDC A A
oS B SR A, O 0l o 4 T 5 A A e S
StLDC 1y ik 3Rk o A2 3F TR b 9 S S Ak
WS R (W OE-7THR R MW S & BT =
Erﬁzﬂﬂﬁzsa 15, X4 R5C ALK T
TS, SalLDC By R385 M BLVG WE 28 AR 1) s RR

k& Mk B o E 1R

SR IE AR OE A 3P T R B ) BT A
LR 2 A ) ) B el T AR L R A L DT
B Lal.DC %%M%JE@%WAW“%Tﬁﬁfﬁi
J7 R B A RS IF o SRR R 8 LalL DC L RE WL ER 5] 7 iz
B H AT A= (g = 2R AR BE 5T — JﬁE;‘:TLDC
TE W T B PG I 28 A W e A ) b B A R A AR
Wzt HLAVE o
3.2 SRBAEHNEZX DR EDERTHE
2R
AN IS AL e AL R Sl SERB AL G AE W 4 B0 1Y )
B CHER 2 2 300 A0 A< sk ) R 36 T AR AR
i R 7 L AR T K T R A R R
A LRRBCEY A R FF B ) sl AR &
et R EMNBERET PR XAETHE
R R R AT RR AR AR b B 15 BE
o (A AR N O A WA O K iR S T
REI UE PR AL T H 4 T H . flan, NGB b % 1
WL 5 R W GpUGT74A 1, 38 33 75 K W #F 18 vh 5 U
FIRBAUE T AT BE AT A NS B A AR
T IR o Z Rl M A FE R B AR Kk
LsSAT2 LM, BT T Ho k& B 10 3 A 42 78 1>
XM S A R R TR e TR
A, HINIE 5 AT Ak v R A S BT ] B A
A 2 G B 35 U 3 4 e 7, DA T O B L A A A= 4 iy
N PR EME . N, e A ) rh 3R GR T R R A
CrPDCI1™ | 1t # % I BuHSP18. 2" o 47t 5 3 A
SaPEPC2"" 35 0] &l 2 £ 3 1 2% 48 2E 9 o 361 1) it
Z e AR B A R B AR WA R E M
P 25 FHGE IR BE 8 T il o A B 53 8 ok A0 R a5t A% e



S

26 - e AF 3 RN AR SeLDC Kk R AR B A W e 1) 5

#

Pl AR, 7 AR R R TR L AR Y i L T
S YT A YA R R, 4 R R I D R AR
G fe 6 A7 R R NP 295 S0 R I 5 ka2
X 5 Bagni 55 G B A I E LDC &= 7
i B F 5% 45 SR AR — B, e [R)IE S 1A 2R ) O A A
TR AT I JE AN PR AR g AR T LA AT
3.3 MR AMRS KRER

AT 5% 38 o IR R A B T SeLDC ¥ A A
Py A N G e s LR E 2K A A B ) R (R X G Tl
SFPE ST B BT T AR AR IR R G e . E
J5UA% B B B & G5 P AT SILDC B ik A ik 5
it 291 1 2 53 BT, 2 9 B0 U AR AR T e ) R S R
S HNAT FIE R | 0K 5 P ) RE 1Y Ak A 5 A
TEAR A R, 5 2 TAE R 1 E 5 18] 2 58 i
ZEE LR AMEALRAE . RORBFIE T — 2R A
J A W) 2 SR W TE B AR e R O O % A R
BGE AR . W ad al A LR A R A 5 N T RE
B RIS TRR Y G S A I IR E  4
SRR TS m AR e
4 #& i

AW 58 0 36 SILDC 3 % 3k # AR Ak & K326
R B R Ry O A S PR AR bR . S5 SR WR L, SILDC
(13 238 1 25 4 HE T R v S SR A S
EMERS R, KRR AMUGRA MR T StLDC
FE A WA A B A2 v B O B A U T 36 O 3R TR L
AR A W B R AR T B T s A R

2% Xk

(1] EMEAMER . PEANRILMEZ M — 3
[M]. dbat: [ BE 25 R AL, 2020 28-29.
Pharmacopoeia Commission of the People’s Republic of
China. Pharmacopoeia of People’ s Republic of China:
Part I [M].
nology Press, 2020: 28-29.

[ 2] B2y, BEEF, @i, & IWERZ 2R BRI S
AHAZEAET]. hEZy, 2018,49(17):4152-4161.
Nie A Z, Zhao X R, Gao M M, et al. Discussion and

consideration on safety of Sophorae Tonkinensis Radix

Beijing: China Medical Science and Tech-

et Rhizoma and its rational use[J]. Chinese Traditional
and Herbal Drugs, 2018,49(17) :4152-4161.

[ 3] ET, Zrb, XGEG, 5. 3 TRIZ BRI 0
S AR T AL 2 AR [T]. W R S R
7y, 2024, 20(10) : 179-185.
Wang HY, XiaZ S, LiuJJ, etal. Study on the law of
compatibility of prescription containing Radix Sophorae

Subprostratae based on data mining technology [J].

[6]

[8]

[10]

[11]

Asia-Pacific Traditional Medicine, 2024, 20 (10) :
179-185.

Chhabra S, Mehan S. Matrine exerts its neuroprotec-
tive effects by modulating multiple neuronal pathways
[J]. Metabolic Brain Disease, 2023, 38 (5) : 1471-
1499.

Gerdes H J, Leistner E. Stereochemistry of reactions
catalysed by l-lysine decarboxylase and diamine oxidase
[J]. Phytochemistry, 1979, 18(5): 771-775.

Bunsupa S, Yamazaki M, Saito K. Lysine-derived al-
kaloids: overview and update on biosynthesis and
medicinal applications with emphasis on quinolizidine al-
kaloids [J].
2017, 17(12): 1002-1012.

T, ERK, XS/, S FERRR A WA RS B T
5 OhpLDC F1 OhpCAOT WY FERE S4BT [ 1], oK
W24, 2023, 39(8) : 1646-1657.

Wang J Q, Wang X, Deng X M, et al. Cloning and
analysis of key enzyme genes OhpLDC and OhpCAO1

Mini Reviews in Medicinal Chemistry,

for al-kaloid synthesis in Ormosia henryi Prain [J].
Jiangsu Journal of Agricultural Sciences, 2023, 39(8) :
1646-1657.

B, B, AR, F L R A2 R AR R
it 2 PR ) v R 3R Gk M D RE M [T]. 25 %44, 2022,
57(11): 3437-3445.

Li S N, Wang W J, Zhang B B, et al. Gene cloning
and functional characterization of a lysine decarboxylase
from Huperzia serrata [J]. Acta Pharmaceutica Sinica,
2022,57(11): 3437-3445.

Wang D J, Zhao L., Jiang J Y, et al. Cloning, expres-
sion, and functional analysis of lysine decarboxylase in
mulberry (Morus alba 1.. )[J].
Purification, 2018, 151: 30-37.
LiY Y, ZhuJJ, Huang S H, et al. Metabolome pro-

Protein Expression and

filing and transcriptome analysis filling the early crucial
missing steps of piperine biosynthesis in Piper nigrum 1.
[J]. The Plant Journal, 2024, 117(1): 107-120.
Zhang X M, Wang Z Q, Jan S, et al. Expression and
functional analysis of the lysine decarboxylase and cop-
per amine oxidase genes from the endophytic fungus
Colletotrichum gloeosporioides ES026 [J]. Scientific
Reports, 2017, 7(1): 2766.

Wk, WA, X, &5 9 5T R IR AR R Rk
5 SR AL S R R [T]L o E 22 A
i, 2015, 50(10) : 846-849.

Yang Y, Tian L, Liu P, et al. Relationship between
gene expression of lysine decarboxylase and accumula-
tion of matrine and oxymatrine in Sophora alopecuroides
[J]. Chinese Pharmaceutical Journal, 2015, 50 (10) :



AW R

27

[13]

[14]

[15]

[16]

[17]

[20]

[21]

[22]

846-849.

Liang Y, Wei K H, Wei F, et al. Integrated transcrip-
tome and small RNA sequencing analyses reveal a
drought stress response network in Sophora tonkinensis
[J]. BMC Plant Biology, 2021, 21(1): 566.

Writs, b, JEEE, 4 DB LDC R e
WR B A SO R AR [ J/OL ). o FHIWE
. (2022-05-09). https://kns. cnki. net/kems/detail/
46.1068. 5. 20220506. 1158. 004. html.

Chen H, Tang D F, Tang Z Y, et al. Cloning, bioin-
formatics analysis and overexpression vector construc-
tion of lysine decarboxylase from Sophora tonkinensis
[J/OL]. Molecular Plant Breeding, (2022-05-09).
https: //kns. net/kems/detail/46. 1068. .
20220506. 1158. 004. html.

TR, Wk, 2R, A5 PURh 2y ALY A8 v SR
A2 B R MY A BRRR AR Rl AR MELT]L AL RO R A
2020, 59(9): 77-82.

Hao J X, Jin W G, LiL B, etal. Physiological charac-

teristics and adaptability of four medicinal plants in karst

cnki.

environment[ J]. Hubei Agricultural Sciences, 2020, 59
(9): 77-82.

Mancinotti D, Frick K M, Geu-Flores F. Biosynthesis
of quinolizidine alkaloids in lupins: mechanistic con-
siderations and prospects for pathway elucidation [J].
Natural Product Reports, 2022, 39(7): 1423-1437.
LiJC, Zhang Z J, Liu D, et al. Quinolizidine alkaloids
from the roots of Sophora flavescens [J]. Natural
Product Research, 2022, 36(7): 1781-1788.

Pancaldi F, Gulisano A, Severing E I, et al. The ge-
nome of Lupinus mutabilis: evolution and genetics of an
emerging bio-based crop[J]. The Plant Journal, 2024,
120(3) : 881-900.

Huang X, Rong W W, Zhang X X, et al. Transcrip-
tome and metabolome analysis reveal the dynamic
changes and biosynthesis pathways of alkaloids in
Sophora alopecuroides 1.. under drought stress[J]. In-
dustrial Crops and Products, 2024, 212: 118365.
Namdar D, Mulder P, Ben-Simchon E, et al. New
analytical approach to quinolizidine alkaloids and their as-
sumed biosynthesis seeds [J].
Toxins, 2024,16(3): 163.

Mancinotti D, Rodriguez M C, Frick KM, et al. Deve-

pathways in lupin

lopment and application of a virus-induced gene si-
lencing protocol for the study of gene function in narrow-
leafed lupin[J]. Plant Methods, 2021, 17(1): 131.

Shimizu Y, Rat A, Okawa Y, et al. Metabolic diversifi-
cation of nitrogen-containing metabolites by the expres-

sion of a heterologous lysine decarboxylase gene in Ara-

[24]

[27]

[28]

[29]

[30]

[31]

bidopsis [J].
505-521.
Leibetseder L, Bindics J, Buyel J F. Benzylisoquino-

The Plant Journal, 2019, 100 (3) :

line alkaloid production: moving from crop farming to
chemical and biosynthesis [J].
vances, 2025, 85: 108700.

Zeinali M, Sabzehzari M, Ménard D, et al. A system-

atic review of alternative artemisinin production strate-

Biotechnology Ad-

gies [J]. International Journal of Molecular Sciences,
2025,26(24) : 12095.

Chen Q Q, Xin Q, Dong S, et al. Recent advances and
perspectives in biosynthesis of paclitaxel: key enzymes
and intermediates[J]. International Journal of Biological
Macromolecules, 2025, 331: 148049.

SCE, W SCUT, B AR, AF . MY UGTs i Zhae i
5o r ol i g R LT, AR, 2022, 44(2)
122-129.

Wen C, Ouyang W H, Huang W, et al. Research prog-
ress on the function, application and molecular modifica-
tion of plant UDP-glycosyltransferase [J]. Biotic Re-
sources, 2022, 44(2): 122-129.

WuQX, ChenY Y, YeM X, etal. A new UDP-gly-
cosyltransferase for rare ginsenoside biosynthesis from
Gynostemma  pentaphyllum (Thunb.) [J]. Carbohy-
drate Research, 2025, 558: 109703.

REHLYE, MR, B, 5. LsSSAT2E R EBRAR
HRY S IRk AT (T]. UL R 2=, 2025, 34(8)
1484-1490.

Tang Y N, Shang T X, Miao Z B, et al. Analysis of
ectopic expression of LsSAT2 in hairy roots of soybean
[J].
2025,34(8):1484-1490.

CuHT,MaCZ, Wang L Y, et al. Heterologous ex-

Acta Agriculturae Boreali-occidentalis ~ Sinica,

pression of Carex rigescens PDCI enhances salt
tolerance in transgenic Arabidopsis thaliana seedlings
[J]. Plant Science, 2026, 362: 112810.

AR, BRI, MEHE, 2% . S IR R IR TH 3 BuHSPIS. 2
B PR 8 iR A0 A S0 8 D 38 A T S RS (D] b R
WA, 2024, 40(29): 14-20.

Zhong W T, Zhang Q, Xing W, et al. Heterologous
expression of BuHSPIS. 2 gene in sugar beet enhancing
tolerance to cadmium of Arabidopsis thalianalJ]. Chi-
nese Agricultural Science Bulletin, 2024, 40 (29) :
14-20.

BRE, £/F, 2R, %. RERLER T E Sa-
PEPC2 5 PR 41 e 0 B0 4T SV RO & R (T]. MW 2%
i, 2024, 59(4): 585-599.

Liao X X, Niu Y, Duo X W, et al. Heterologous ex-

pression of Suaeda aralocaspica SaPEPCZ gene im-



28

b

e AF 3 RN AR SeLDC Kk R AR B A W e 1) 5

[32]

[33]

proves drought resistance and photosynthesis in trans-
genic tobaccol J]. Chinese Bulletin of Botany, 2024, 59
(4): 585-599.

Bagni N, Creus J, Pistocchi R. Distribution of ca-
daverine and lysine decarboxylase activity in Nicotiana
glauca plants [J]. Journal of Plant Physiology, 1986,
125(1/2): 9-15.

Bunsupa S, Katayama K, Tkeura E, et al. Lysine decar-
boxylase catalyzes the first step of quinolizidine alkaloid
biosynthesis and coevolved with alkaloid production in
Leguminosae[J]. The Plant Cell, 2012, 24(3): 1202-
1216.

[34]

[35]

[36]

Nielsen J, Keasling J D. Engineering cellular metabo-
lism[J]. Cell, 2016, 164(6): 1185-1197.

Kroc M, Koczyk G, Kamel K A, et al. Transcriptome-
derived investigation of biosynthesis of quinolizidine al-
kaloids in narrow-leafed lupin (Lupinus angustifo-
lius 1. ) highlights candidate genes linked to iucundus lo-
cus[J]. Scientific Reports, 2019,9: 2231.

Yang T, Nagy I, Mancinotti D, et al. Transcript pro-
filing of a bitter variety of narrow-leafed lupin to dis-
cover alkaloid biosynthetic genes[J]. Journal of Experi-

mental Botany, 2017, 68(20): 5527-5537.



