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TEE : NIRSY PAL SERAFIGAE R 2 (Panax vietnamensis Ha et Grushv.) " DB, 38 4 [7] Y5 b X R R 5 JR 1T SRAR
RURE RN PAL SR G005 A% L 3047 20, 0 A SC BRI IE IR\ R A B R R LS5 JH 7 =X 76 F ook 4k
PERFAE (2 2R S ik S AR K AR IR AL B T 1 B R HEAT T RGN, HAE M S @A 2L X PuPAL2 Fil
PuPAL4 4T T Ui B0 UE . S5 WoR . fEM g S b LS8 e 4 A PAL BE IR, A 4 G Y €8 0k 467 8 43 0 K i 44 8
PvPALI PoPAL2 PuPAL3 PuPALA. 4 A~ PyPAL ZE (4 BB LR RN 712~ 719, KX Ty 77 732.84~78 236.50,
FRIE AL N pl 6.00 % pl 6.24, B % PYPALL &5 PvPALA BTE[Rl— N3, 36456 RE0E, B PoPAL2 5 PoPAL4
FAMLWINE TR & TS5, PoPAL J5 8T X & A R AR A T, Hodr, 38 A 9 A A 4 10 6w 17 6 14 450
ERZ ., B EE,PoPAL FER Z B R M A K22 57 3% (P<0.05) o /KAGFRALER 6 h J& , PoPALI (PvPAL2 FiI
PoPAL4 ik 8 5. IUAh, @A L SRS a3 3k SR PoPAL2 5 PoPALA ATAR EAR R AR B AL B, 4F
PR 4 A PoPAL FEDRUAE ARSI , B SR R K5 K T B3 32 KR 75 R, PvPAL2 F1 PuPAL4 S E AR F T AR T
EMEHTMER, ElESER AT P EHEEZEN.
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Identification of the PAL gene family in Panax vietnamensis and functional analysis of PvPAL2 and
PvPAL4 HOU Jia’e™”, LI Jianbin"", LI Leilin®", AI Mingtao™”, TANG Zuiyi®", CUI Xiuming"",
LIU Yuan"", YANG Qiani"']"® ( Kunming University of Science and Technology: a. Faculty of Life
Science and Technology, b. Key Laboratory of Sustainable Utilization of Panax notoginseng Resources of

Yunnan Province, Kunming 650500, China), J. Plant Resour. & Environ., 2026, 35(1) . 36-47

Abstract; To investigate the functions of the PAL gene family in Panax vietnamensis Ha et Grushv., PAL
gene family members were identified through homology alignment and Hidden Markov Model searches,
their related physicochemical properties, phylogenetic relationships, gene structures, promoter cis-acting
elements, collinearity characteristics, tissue-specific expressions, and expression profiles under salicylic
acid treatment were systematically analyzed, and functional validation of PvPAL2 and PvPAL4 was
performed in P. vietnamensis callus. The results show that four PAL genes are identified in P. vietnamensts
in total, and named PvPALI, PvPAL2, PvPAL3, and PvPAL4, respectively based on their chromosomal
locations. The amino acid numbers of four PvPAL proteins are 712—719, their relative molecular masses
are 77 732.84-78 236.50, and their theoretical isoelectric points are pl 6.00 to pl 6.24. PvPAL2 and
PvPALA4 are clustered into the same branch, indicating a close genetic relationship, and PvPAL2 and
PvPAIA possess similar exon and intron structures. The promoter regions of PvPAL contain numerous cis-
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acting elements, among which, the number of abiotic and biotic stress response elements is the most.
Overall, the expression levels of PvPAL differ significantly ( P<0.05) among most tissues. After 6 h of
salicylic acid treatment, the expressions of PvPALI, PvPAL2, and PvPAL4 are significantly induced.
Furthermore, the transient overexpression in callus demonstrates that PoPAL2 and PvPAL4 can promote
the accumulation of lignin and flavonoid. In conclusion, the four PvPAL genes exhibit relatively high
conservation overall, their expression levels are significantly induced by salicylic acid, and PvPAL2 and
PvPAILA significantly promote the accumulation of lignin and flavonoid, playing important roles in the

growth and development of P. vietnamensis.

Key words: Panax vietnamensis Ha et Grushv.; PAL gene family; lignin; flavonoid; functional analysis
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PARIT Y, AtMYB75 755 AtPAL F3R3E N, S BUEH
Eo R, HARE SR EE PR IR
(Pinus taeda Linn.) 1, PIMYBS i S PiPAL 35 ik Hé
i, FEOR TR A, (B2 T B
WITEA IRl A ) v PAL PR 5205 3R 90 S A [ 1) 98 45
PER

Hiij, DA MR Z 05 R W PAL FE R G5 AE 2 Fh
FEY HREE E o 2 i R BT R R AR ok 2 5
FEIXT 22 Bl A YRR AR P ia etk R AE R 2
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AtPAL 1 9 AKAE OsPAL™ SETT 27 HI XS . FEH
MEGA 12.0 #1452 PYPAL (M RGEERFW ™ R
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1.2.4 B3 FIR XA R At 547 fii ] TBiools— II
B iy GXF sequences Extract f8H7E #i g 2 GFF
AR 2 PAL JE A B R 53 E 1 2 000 bp
My 5 (RIS 35 )5 1) 5 8% 32 O 7 91 4 52 =
PlantCARE %¢ 4% £ ( http: // www. bioinformatics. psb.
ugent.be/webtools/PlantCARE /html/ ) , Tiiill] PvPAL F&
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UM A5 R AT AT AL
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LN RIF KL,

1.2.6 Kipmaz® 5 EFS40.005% Silwet L-
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FKROUEEA B R 2 L, B2 58 2R, X
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B . AR FE 03,612 .24 h S UERHfiE it -,
TSI RENLR AR 3 BRAERRI I R R 3 MR,
WA RT ,-80 CIRAF, %1,

1.2.7 R4k o dr  BEHERE A KRG
AR — S R S AR AR, AT 1) B S e vk 2
HRAR ) 0 B, IR AR R (25 W FIAE B i 2 R
ORI T80 °C L, & . A S 220 & 7 PCR
(qRT - PCR) % KR 43 ¥ PvPALI ., PvPAL2 . PvPAL3 |
PoPAL4 TE PR A ) RK5K o & R i 131
3ANEE,

1.2.8 % RNA #9328t 5 qRT-PCR #%m  f#i
Trizol 1 [ FA: W) TAE (3% ) A FRZA W ) Bl R 2
M HE BB RNA, {8 ] Prime Script RT i 5] &5
(with gDNA Eraser, /4= 4) T8 (K% ) A PR A ) ¥
Lzl pg RNA % F NCBI (1Y) Primer—BLAST 41
FZ PoPAL (1) qRT-PCR 514, BAKG YT 5 LK 1,
FrAGIY AR TAY TR (Bl R A RS A S
. LhBES 2 PACTINT NS, R ] qPCR
MG CFEAY TR (RIE) ARA R ) HEATY 5 RO,
FWARZR EVAF 20.0 pL, f24F TBgreen 10.0 wL, [-JiF
FIRUE5 1945 0.6 wL . cDNA #itz 1.0 wL, F§ RNase
Free 7K A#MEFIRRF, SOWFRIF:95 C FASHE: 30 s5
95 °C At 10 5,60 C ZEMH30 s, 3L 40 MEIHR, B4
BIHSE 3 AT . SR 2740 g R I A R o
Rikt,

1.2.9 PuvPAL2 PoPAIA4 5 %%  fiFHE % E PCR iR
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70 & (P O L WU LA BR A W) AT 18 S
SR 2 AR FL 50.0 wL, £ 45 2 xPhanta Max Buffer
25.0 pL . dNTP Mix 1.0 pL, BRI RS 445 2.0 pl.
Phanta Max Super — Fidelity DNA Polymerase 1.0 pL,
DNA #i#i 2.5 L, il RNase Free /KAMNEFIRIAT, F
NFEF:95 C WiAETE 3 min;95 C 2515 .58 C 3B

k15 5,72 °C k{1 130 s, 3t 35 PHEFR; 72 °C Lk fifi
5 min ¥ PCR /=¥jili i EZ-10 #: PCR j=#y4lifb
P & (AR TAEY TR () B A BRA A ) 4k 15
| PoPAL2 \PvPALA 1) 9t 751, JF 28 A TAEY T
(i) Iedn A PR FI I F A i PuPAL2 \PoPALA T1
GIHERYE . TR e S 15 0L 1,

£ 1 @S PvPAL Y qQRT-PCR K. PvPAL2 PvPAL4 SEIEFIE RIZRMAME S| MER
Table 1 Primer information for qRT-PCR of PvPAL, as well as for cloning and overexpression plasmid construction of PvPAL2 and PvPAL4 in

Panax vietnamensis Ha et Grushv.

HHA 5I¥F%)  Primer sequence (5'—3") Hlik

Gene

L3514 Forward primer

TU#5 149 Reverse primer

Application

PvActin7 GAGCCAGCCATCGTCTTCGG GCCTTCACCATTCCAGTTCCATTG qRT-PCR
PvPALI CAACCCACTGGATCAAGGCT TTCAAGTGGGTACGACGAGC

PvPAL2 AGGCTGCCCAAAAGCTACAT CTCGAGACGTCGATCAAGGG

PvPAL3 TGGGGTCACGACAGGATTTG CATTGCAGCTCTTGTGGCAG

PvPAL4 CCACATTCAGCAACAAGGGC TAAATGCTTCCTCGGGGCTG

PvPAL2 ATGGAGTGTGTTGGGCAACAA

ACATATTGGAAGAGGAGCCCCA

LR 5 R Gene cloning

PuPAIA ATGGAGTGTGTTGAAAATGGGC AGAGATAGGAAGAGGAGCACC
PvPAL2 tetgatcaagagacaggatcc ATGGAGTGTGTTGGGCAACAA categgtgeactagtgtcgacACATATTGGAAGAGGAGCCCCA i IR kI F #E Construction of
PvPALA4 tetgatcaagagacaggatccATGGAGTGTGTTGAAAATGGGC categgtgcactagtgtcgacAGAGATAGGAAGAGGAGCACC overexpression plasmid

1.2.10 A4 iF-F53%E  BUERE MR 2anmy 2 BamH 1 Hl Sal 1 MEEHI A pCAMBIA-1300-eYFP

RSB, 3K e GRS TR Al
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H)) 1Y LB AR SR (AR AR YR A R A
A)) b IR BE 37 C S KA XTI 60% 1 35 53 4%
TR E R B 2 KPR RIS EAT PCR 9719, 4%
PR AT PR B A 50 pg - mL G AR K IR 8%
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5000 r + min~' 24 F B0 12 min YRR B A0,
SR PRI (B 30 g - L REREAY 172 MS [E fAks
FRHL) WPk WK o B B AT TR B VR AR 28 °C 180 ~
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KA mg - L6 FEILIES 30 g - LR,
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OE1.0E2, B 2 A Y2= 8 5 ) 1) RNA, I . [ i
S¢M cDNA, FE4 IR 1.2.87 ) qRT-PCR Jy ¥4 i
FRJF M PoPAL2 | PuPAL4 3JE AT 3 IR 3838 7K S 43 #T
SR 2788 P S R A ARG Sk R . T R
IRFCRIAS 1L 1, 5 IR XTI OE1 OE2
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WA i ST B R R A R, O T80 °C kA IR AE, H
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k2 #HES PvPAL piIB{L 1R

1212 AREFmEZRAEZTHMNET FHAHGHN
FE80 CHLT Z 6 i i, MBS, i 30~50 H i, i A
R e AR & (U R E R A TR A | ) i
TS EGALURTER SR, B 10 mg R
AT AL, 20 pl FE WS 980 pl MoK LR iR
B AU 280 nm AN E WOGRE  TEAN A IR Mot 4%
MRULRT 517

o AR ) 20 B ) 5 e A R & (bt RS R
FHEA A W) #6478 R 2 @0 2 28 B 2 s A
W, FRECO.1 g ¥y, ImA 1 mL &F153%k 60% 2 i
AR (L3300 W IR 60 °C) 425K 30 min; 7 25 °C |
12 000 r + min~ F .0 10 min, B A, 2E40 45
PR R B UL B B kAT
1.3 HERALIBEFNS

{8/l GraphPad Prism 8 {447 MK 3y 2241
Br Je Tukey Z 8 bk 5, IF 251 qRT-PCR 5457
R E

2 ZRFpA

2.1 PvPAL EFEXER PVvPAL EE ST

W8 2 SR IT ) PAL BLR 41347 BLAST [t
XF, T PAL Z5 M 348 R 2L B8 1Y 4 4> PoPAL Jik
DAL, MR G 0 {4 (37 B 533l i 44 S~ PoPALT  PoPAL2
PvPAL3 PoPAL4( 3% 2) , 4 4~ PvPAL %K |4 i 24 R
o 712 ~ 719, X 4 F T dE O 77 73284 ~
78 236.50, FEAEHL 8N pl 6.00 Z pl 6.24 , F4 R IR
B WA 7 25 R R 4 4> PYPAL B H 58 0
T

Table 2 Physicochemical properties of PvPAL in Panax vietnamensis Ha et Grushv.

! ! PO ERZS VALY BIERREL ARSI i PRE A L A IV £ 0 5E {3

A L 1D . ™ : -

. . Chromosomal Number of Relative molecular Theoretical Subcellular

Gene Gene ID . . . . . . L

location amino acid mass isoelectric point localization

PvPALI Pvi03G002744.t1 Chr3 712 78 236.50 pl 6.24 2B Cytoplasm
PvPAL2 Pvi04G002463.t1 Chr4 712 77 880.03 pl 6.12 ZHAE T Cytoplasm
PuPAL3 Pvi05G000023.t1 Chr5 719 78 099.32 pl 6.13 45 Cytoplasm
PvPALA4 Pvil0G015264.t1 Chr10 713 77 732.84 pl 6.00 2B Cytoplasm

2.2 PVPAL MRS R ERHEMZ F I L3 247
ARG I ER (E 1) 85 #iE 2 PvPAL

SR IT AtPAL SC R B, 5IKAT OsPAL SCRETIL,

Jirp PyPAL2 5 PvPALA ARl —4>p 32, — 34 nl fiE

HAMUWAY =68, ILHh, PvPALL Bl R —A
0, F ] PvPALL 555 3 4 PvPAL R4 L &
BT

ZIFHIHAER (18 2) TR 4 A PvPAL B IERR
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0.10
BHEH R
Genetic distance
Os: /K F Oryza sativa Linn.; At; L F§ JF Arabidopsis thaliana ( Linn.)
Heynh.; Pv: R Panax vietnamensis Ha et Grushv. 5337 F4UE N A JE{HE

The values on the branches are bootstrap values.

E1 #ES PVPAL HERZEZBEH
Fig. 1 Phylogenetic analysis of PvPAL in Panax vietnamensis Ha et Grushv.
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Pv: #R§2 Panax vietnamensis Ha et Grushv.; At; fR§IT Arabidopsis thaliana ( Linn.) Heynh. J7HE P F/R PAL BYTE P
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Fig. 2 Multiple sequence alignment analysis of PvPAL in Panax vietnamensis Ha et Grushv.
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Fig. 3 Analysis of phylogenetic tree, conserved motifs, and conserved domains of PvPAL and gene structure of PvPAL in
Panax vietnamensis Ha et Grushv.
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Table 3 Number of cis-acting elements in the promoter region of PvPAL in Panax vietnamensis Ha et Grushv.

5 FE D A F e 5 FE R A F e
WA T Number of cis-acting elements in each gene AT Number of cis-acting elements in each gene
Cis-acting element" Cis-acting element"
PvPALI PvPAL2 PvPAL3 PvPAIA PvPALI PvPAL2 PvPAL3 PvPALA

AR A=Y A= Y3 e ;. Abiotic and biotic stress response CGTCA-motif 2 1 1 0
ARE 0 4 0 1 TATC-box 0 1 0 0
CCAAT-box 0 2 2 0 TCA-element 0 1 2 0
DRE core 1 0 0 0 TGA-element 0 2 1 1
MBS 1 0 0 1 FE A KRN &% B W B Plant growth and development response
MYB 10 2 6 1 AAGAA-motif 3 0 1 1
Myb 1 0 1 1 AE-box 2 0 0 0
MYC 3 5 0 1 Box—4 6 8 4 1
Myc 1 0 0 1 CARE 0 0 0 1
MYB recognition site 0 2 2 0 CAT-box 0 0 0 1
STRE 2 1 3 3 circadian 1 0 0 0
WUN-motif 6 0 0 2 G-BOX 0 0 1 0
W-box 2 3 0 1 G—box 1 1 4 4
WRE3 0 3 1 1 GATA—-motif 0 0 0 1

FH Y14 ZZ i )3 Phytohormone response GT1-motif 5 0 0 1
ABRE 1 2 4 2 GA-motif 1 1 0 0
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as—1 2 1 1 0
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G4 Stress response element; Myb: q:l]['] I JGA4: Drought
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Light response element; AE-box: Sl N JGIF Light response element; Box—4: G i 7T
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505 A 4H 2R 2 3k A SE 1 JC A Element associated with meristematic expression; circadian: &7 15 {4 0 [ TG

Circadian response element; G—BOX : Yl i B 7% 5 A0 i 7614 Light response and circadian response elements; G—box: Y [y &7 15 300 N 7T
{4 Light response and circadian response elements; GATA-motif; GATA %% 5% [K 145 & v &5 Binding site for GATA transcription factors; GT1-motif ;
e o4 Light response element; GA—motif ; }‘Lll['] I JGHF Light response element; TCT—motif; Y6 7G4 Light response element.
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Fig. 4 Collinearity analysis of PAL gene in Panax vietnamensis Ha et Grushv. and Arabidopsis thaliana (Linn.) Heynh.
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Fig. 5 Expression levels of PvPAL in different tissues of Panax vietnamensis Ha et Grushv.
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Fig. 6 Analysis of the expression levels of PvPAL in leaves of Panax vietnamensis Ha et Grushv. after salicylic acid treatment

DR 74 g 1 A S
2.8 PvPAL2 F0 PvPAL4 {IThEET& AT

ST S PvPAL2 5 PvPALA SEZC R iR,
H PvPAL2 \PvPALA4 /) 3235 K1 5 35 32 K B IR 5 =,
[ BEHL PuPAL2 \PvPAL4 HEATURESRUE . 255R (&
7) {7 : PvPAL2 . PvPAL4 FF i [ 132 HE ( ORF) 435 2
2 139 12 142 bp, S5%F REAH HE, 2o 2% 08 5L DN 19 A 43
H LI PuPAL2 PoPALA W AR 335 S 347F 0.000 1 7K
R (K 8-A) . S XFREAH L, PvPAL2  PvPALA4
i IR A A b R ST 3R RIS B R 5 3 AE 0.001
KV BB FER (K 8-B, C), ix4Lgh ] LW
PvPAL2 PvPAL4 W] REJ2 I8 45 K R 2 K Jo1 2% RN 2 3 1
HE A RO BB R LT

M PvPAL2 PvPAL4

2000 bp

1000 bp
750 bp

500 bp
250 bp

100 bp

M. DL2000 DNA marker.

B 7 #ES PvPAL2 PvPAL4 ) PCR £ R
Fig. 7 PCR results of PvPAL2 and PvPAL4 in Panax vietnamensis Ha
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Fig. 8 Analysis of overexpression (A) of PvPAL2 and PvPAL4 in callus tissue of Panax vietnamensis Ha et Grushv. and
their effects on lignin (B) and flavonoid ( C) contents
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