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Abstract: Salvia miltiorrhiza Bunge is a traditional Chinese medicinal herb widely used to treat cardiovascular
and cerebrovascular diseases at clinic. Its main water-soluble components are rosmarinic acid (RA) and salvianolic
acid B (SAB), which are produced by phenylpropanoid pathway. 4-Hydroxyphenylpyruvate reductase (HPPR) is a
key enzyme in phenylpropanoid metabolism pathway. SmHPPR 1 was cloned from S. miltiorrhiza and was constructed
into plant expression vector pJR-SmHPPRI. On this basis, SmHPPRI transgenic Arabidopsis plants were induced
and the content of 4-hydroxyphenyllactic acid (pHPL) was determined. SmHPPRI-overexpressing (SmHPPRI-OE)
hairy roots of S. miltiorrhiza were obtained and the concentration of active components and transcriptome analysis
were performed. The results showed that the concentration of pHPL in SmHPPRI transgenic Arabidopsis T1 was
0.594 mg-g" dry weight. The concentration of RA, SAB and total salvianolic acid in SmHPPRI-OE-3 hairy roots
were 1.09, 1.29, 1.15 times of that in control-3, respectively, and the content of Danshensu was 36.26% of that in
control-3. Transcriptomic analysis revealed that overexpression of SmHPPRI caused the upregulation of other
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phenylpropanoid pathway genes like SmTAT?2. Protein-protein interaction indicated CYT (TR74706 _c0 _gl), NADP"
(TR26565 c0_gl) and NADP' (TR68771 c0 gl) is the central node of the network and participated in metabolic
process and cellular process. The tracking work in this study proved that SmHPPRI1 could catalyze the reduction of

4-hydroxyphenylpyruvic acid to 4-hydroxyphenyllactic acid in SmHPPRI transgenic Arabidopsis, and SmHPPR1-

overexpressing in hairy roots of S. miltiorrhiza could increase the concentration of salvianolic acids through syner-

gistically regulating other pathway genes.
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Figure 1 Phenylpropanoid biosynthetic pathway in hairy roots of Salvia miltiorrhiza. The heat map showed the expression level of DEGs

between SmHPPRI-OE-3 and control-3. Red, up-regulated; blue, down-regulated. Different colors indicate different gene expression levels

based on the log,FC values
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Table 1 Primers used in the study

. . Fragment
Primer name Primer sequence (5'-3")
length /bp
Screening primers of overexpression hairy roots
SmHPPRI-F1 ttggatccaccactcaaacaccatct 1019
SmHPPRI-R1 tgaagctttcaaagagttatcaaac
SmHPPRI-F2 tcaggatccatggaggcegateggtgtte 933
SmHPPRI-R2 cagtctagaaggtgttaacagagget
Kan-F cacaacagacaatcggc 660
Kan-R cgtaaagcacgaggaag
qPCR primes
qActin-F aggaaccaccgatccagaca 278
qActin-R ggtgeectgaggtectgtt
qSmHPPRI-F cgcegacgecgatatcatcgactca 190
qSmHPPRI-R aatccgcctcagaaccgecageat
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13 b HPoRER AR iy 2 B 3EAT cDNA SR e R 5%
HM T FBr¥e k75 UK &= 1 reads, 3R75 0 H T
J& 423 M1 11 clean reads FF B Trinity #1435 47 55 S A Bt



- 2822 - 22224 Acta Pharmaceutica Sinica 2023, 58(9): 2818-2828

. S DESeq2 B 2R AT FF i 41 [A] 1Y) 22 S R 3k 43 AT,
X B BT 21 P-value AT IE, DLZE R FRIE
5% #1 (fold change, FC) M4 % & B % (false discovery
rate, FDR) 1§ A 2 5 K 1A JE K] (differentially expressed
genes, DEGs) [0k 26 14, 1 A5 #E N [log,FC| > 1 H.
FDR <0.05. #| ] KEGG #u#s = FiJll DEGs 1= %2 5
AU IEAAAE 5 I8 . A Heml 1.0 A2 & A A
R D R IR R R A . FFH STRING #4 = (https://
www. string-db. org/) Tl Ml SmHPPR1-OE-3 & IR 1 [
DEGs % M [ 2 [ 2 [8] 7] e 47 £E 1 AH BLAE FH (protein-
protein interaction, PPI) 3 H Cytoscape 3.9.1 %K {4 #4 %
Tl i) PPL A £% o

FERE D
1 4% SmHPPRI1 B LS

N T WSS SmHPPRs K% i L (SR 4 K R,
% F SmHPPRI. SmHPPR2 (GenBank: KF220565).
SmHPPR3 (GenBank: KF220566) #I SmHPPR4
(GenBank: KF220566) & [ 1) 2 ZE 18, [7] I 126 4% 40, B
It (Arabidopsis thaliana) F1F M % (Coleus blumei) [
HPPR & H 75 82 1, FIFH MEGA 7.0 5 {8 F 4 4
% (neighbor-joining) "1 E & 1 000 X HFE K 77 M) 2 &
Giik A, TR R (K12) TR, SmHPPR1 5 %I #E
(CbHPPR) 5% % K & s i, H 2 0/ I+ (AtHPPR2,
AtHPPR3).

SmHPPR1

=
o
o

CbHPPR
99

AtHPPR2
78 4‘
100} AtHPPR3
SmHPPR2

—————— SmHPPR3
( AtHPPR4

SmHPPR4

100

—_
0.20

Figure 2 Phylogenetic analysis of HPPR homologous proteins
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Figure 3 Induction and screening of SmHPPRI transgenic Arabi-
dopsis. A: SmHPPR1 transgenic Arabidopsis; B: Molecular identi-
fication of SmHPPRI transgenic Arabidopsis. M: DNA marker;

PC: Positive control; NC: Negative control
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Figure 4 HPLC chromatograms of sample solution. A: 4-Hydroxyphenyllactic acid (pHPL) reference standards; B: WT Arabidopsis
extraction solution (Sample solution 1); C: WT Arabidopsis extraction solution containing pHPL reference standards (Sample solution 3); D:
SmHPPRI transgenic Arabidopsis extraction solution (Sample solution 2); E: SmHPPR1 transgenic Arabidopsis extraction solution contain-

ing pHPL reference standards (Sample solution 4)

Figure 5 Danshen hairy roots induced by LBA9402-SmHPPRI. A: Hairy roots grow around leaves; B: Obtainment of kanamycin-resistant
hairy roots through selecting on medium with 50 mg-L" kanamycin; C: The degerminated hairy roots were transferred to MSOH liquid

medium for culture; D: Hairy roots of SmHPPR1-OE-3 cultured for 21 days; E: Hairy roots of control-3 cultured for 21 days
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&5 Al A 45.45.34.51 F1 79.96 mg-g'; SmHPPRI-

OE-3 fll control-3 E R i (1] F & 43 i) =2 0.61 #1 0.56 g
(#2)-
5 BEFRASERRP RS ERNE

HARBEFR )G, TR % SmHPPR 1-OE-3 # control-3
BRI P BR & & . BURLL“] g8 5/100 mL MSOH
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Figure 6 Molecular identification of target hairy roots. A: Detec-
tion of SmHPPRI gene by PCR; B: Detection of Kan gene by
PCR. M: Marker; +: The corresponding plasmid (positive con-

trol); —: Non-transgenic hairy root

TWARRE IR R 8595 21 K (1) SmHPPR 1-OE-3 F control-3
P ERRA KL (B 5D E) H-74 R T 1R HFEE 5ok, =2
VAR 58 SmHPPR1-OE-3 Fll control-3 E IR #R # DSU.
RA Fl SAB % &, SmHPPRI-OE-3 &k i 71 ff) DSU.
RA.SAB HITSA & 737l 72 0.62 + 0.07.73.65 + 4.85,
30.51 £2.78 F1104.16 + 4.28 mg-g"'; control-3 FERAR
(/) DSU.RA.SABHITSA & &7/ 1.71 £0.37.67.42 +
3.70.23.46 £ 4.20190.88 + 7.45 mg-g"'; SmHPPR-OE-3

Al control-3 FARAR 9 73 1) /2 0.73 + 0.01 £110.96 +
0.11 g (£ 2). SmHPPRI-OE-3 E IR # ) RA.SAB.
TSA & &4 /& control-3 BIRM 1) 1.09.1.29.1.15 f%,
DSU /& control-3 AR 36.26%. SPSS #4431 %
B SmHPPR1-OE-3 F control-3 & 4R #2 o' RA . SAB fll
TSAEELEEER, DSUATEREEEZR.
6 FAEERRKRZSENNE

SmHPPR-OE-3 Hll control-3 R IR A5 2 & 4>
BSE (11.38 £ 0.37)%+(12.70 = 1.36)% (¥ 2). SPSS#HK
P53 813 B SmHPPR 1-OE-3 F1 control-3 & RAR A K i

R LREER.

7 MEFHESHMKEGG EE S

T HEFE SmHPPR1 RN FH5 B R AR 1B R
ErERIFm, ¥ SmHPPRI1-OE-3 Fl control-3 1% %5 % 41
M, 43 59 3843 74 582 409 F1 75 754 693 4> clean reads
(#3)o ZRFIEFLNILA 40814, Hrf1 7384 K %
ik, 2 343 AR ERIA N (B 7A). KEGG & 47
W W 22 e B LN B 3 & SRR AR U A &
A (ko01110) 24 8 Kt AW G B (ko00940) A i 12
(ko01100) FHEYIE R G T4 T (ko04075) 55 (& 7B).
P& B IR it £ IE8 SmHPPRI &, 51 T YRR £
W R R R R RIS B AL, W SmTAT2 Rk & b
Wi, Sm4CL4Sm4CL6Sm4CL9.SmRAS4-like .SmRAS6-
likel 1 SmRAS6-like2 Tk & T (K 1, £ 4).

qPCR %3 Mt SmHPPR1-OE-3 Fl control-3 & R 4R

Table 2 The concentration of salvianolic acids in danshen hairy roots. "/" means lignin has not been measured. DSU: Danshensu; RA:

Rosmarinic acid; SAB: Salvianolic acid B; TSA: Total salvianolic acids; DW: Dry weight

Salvianolic acid/mg-g"' DW

Sample Sampling time  Dry weight/g DSU RA SAD TSA Lignin/%
Control-3 2010 0.56 / 45.45 34.51 79.96 /
2022 0.96 £ 0.11 1.71+£0.37 67.42 +3.70 23.46 +4.20 90.88 + 7.45 11.38+£0.37
SmHPPRI-OE-3 2008 0.61 / 60.28 22.64 82.92 /
2022 0.73 +£0.01 0.62 +0.07 73.65 + 4.85 30.51 +2.78 104.16 +4.28 12.70 + 1.36
Table 3 Transcriptome sequencing data and transcriptome assembly
Sample Raw_read Clean_read Error/% Q20/% Q30/% GC/%
Control-3- 82 142 460 80974 024 0.02 98.18 94.45 48.10
Control-3-2 71304 730 70 535 362 0.02 98.20 94.50 48.22
SmHPPRI-OE-3- 75 248 990 74 743 574 0.02 98.24 94.58 47.39
SmHPPRI-OE-3-Q) 74 884 956 74 421 244 0.02 98.43 95.1 47.37

Table 4 Gene expression levels of DEGs in the synthesis pathway of salvianolic acid between SmHPPR-OE-3 and control-3 hairy roots

Gene Gene _id log,FC NR_annotation
SmTAT2 TR739 c4 gl 1.05 Tyrosine aminotransferase 2 [Salvia miltiorrhiza)]
Sm4CL4 TR174_c0_gl -1.28 4-Coumarate:coenzyme A ligase 4 [Salvia miltiorrhiza]
Sm4CL6 TR4603 c0 gl -2.17 4-Coumarate:coenzyme A ligase 6, partial [Salvia miltiorrhiza]
SmRAS4-like TR5466 c0 gl -3.00 Rosmarinic acid synthase 4, partial [Salvia miltiorrhiza)
Sm4CL9 TR8805_c0_gl -3.53 4-Coumarate--CoA ligase 9[Salvia miltiorrhiza]
SmRAS6-likel TR2028 c4 gl -4.08 Rosmarinic acid synthase 6 [Salvia miltiorrhiza)
SmRAS6-like2 TR35281 c0 gl -6.49 Rosmarinic acid synthase 6 [Salvia miltiorrhiza)
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SmHPPRI WZRIE/KN-, 255K SmHPPR11E. SmHPPRI-
OE-3 1 [ 2215 /K 7 /& control-3 1] 9.21 1% (K 1).
8 PPIS#R

¥t SmHPPR 1-OE-3 Flcontrol-3 [{)DEGs 5§ A\ STRING
Y K 2 PPI I 2% (score > 0.80), F& 41 & 55 Y
FUAT 198 4535, Hof CYT (TR74706 c0 gl). NADP*
(TR26565 c0 _gl) A NADP" (TR68771 c0 gl) 5 4
Zerp i E, degree fH 43 Al & 1311 111 (& 8). CYT
(TR74706 c0_gl) 18 A 40l (1 2 bo-f 7 & B T2,
NADP' (TR26565 c0_gl) fll NADP' (TR68771 c0 gl)
VERE T il B 3B R i ALK (R 5). ik — B R
EMEESE TAREHIFE (Ko01100, Ko01120, Ko01200
2 AL 5 HALFE (Ko04141, Ko03040). 1 1545 E &b
H (Ko04010) 4 g il FE (Ko04144) %5,

Table 5 Core proteins in predicted protein-protein interaction

based on DEGs of SmHPPR1-OE-3 transcriptome

g

BT HA R0 NP2 h v [ | SmHPPRI, F 4k
AR 43 BT 2% B SmHPPR1 55 % 1 B CbHPPR 3% £ 5% &
B, HUR S LR I+ AtHPPR2 Fll AtHPPR3 (/& 2). 7F
PEIERE F, $RA5 T 5N SmHPPRI 5 3 X 40 8 T #
PR, 75 %% 3 5 0L Fg 77 o (1 3R 04 7 ) % B SmHPPR1 1]
A2 5 | pHPL MAEY& U N (B 4DLE). LB T
PIANFE Kl AtHPPR2 R AtHPPR3 % i B. 45 W 3. HPPR %
PER)EE B, AL pHPP & 08 pHPL! . Sy ik — 35 i B
SmHPPRI{EFF SRR &G TR HER, 5% TidRIA
SmHPPRIF}Z BRI, %8 SmHPPR1-OE-3 fil control-3
BRI TR AT AL, 45 REW: 5 control-3 &
R L, i % ik SmHPPRI-OE-3 TR HE H RA.SAB
KOS TR IR & Rt (HER AR . Bt ®
ik ChbHPPR ¥ 15 | RA % &, RNAi P 7 RA 7 &™)
Ag R RA W RS 20 1% (1 AR 2R 35 3 I, T SAB.

Gene Gene_id log,FC NR_annotation DSU F1 Py IR 14 AR 22 B 35 vak 2> FE 490 SAB 1] BE Sk 5
CYT TR74706 c0_gl  -1.59 Cytochrome b6-f complex P A 42 [26]
iron-sulfur subunit [Salvia T DSU LA i) 7 342
splendens) Sk 5o A R id RIS SmHPPRI 72 B ARR
+ =1 =3-] > > =i 3
NADP TR26565_CO_g1 1.92 Glyceraldehyde 3 phosphate EF' Z:/fi SmHPPRI E‘J%%]i%ilﬁ, %a@’ﬁ%l’%’/{é EP SmTATZ
dehydrogenase (NADP+) e . N e
(phosphorylating) [Salvia FER AR B (B 1), R 2 R & 1% SmHPPRI
splendens] 1 SmTAT2 RE W IR 42 RA B AE D) 5 0, B2 w2 Bk
NADP+ TR68771_c0_gl  -2.91 Glyceraldehyde-3-phosphate - o A .
- > % 2 & y A~ =
dehydrogenase (NADP+) *E EP ﬂgﬁgﬂ E,J [=J=EN EMT‘%‘ IT EP 5 HPPR2 %D HPPR3 ':j
[Salvia splendens) TAT1 R 14> 7T fE MBS 2 L 21 pHPL (1) fr <7
A B KEGG Pathways Enrichment (Top 20)
Anthocyanin biosynthesis4 «
«UP X
- DOWN Peroxisome 4 ®
*NOT Amino sugar and nucleotide sugar metabolism+  ®
300 0 Plant-pathogen interaction4 @
° Cyanoamino acid metabolism 4
-"' Isoquinoline alkaloid biosynthesis 4
1 Diterpenoid biosynthesis
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Plant hormone signal transduction 4 L ] ® 5o
200 . Taurine and hypotaurine metabolism - . @ 10
- s ! ':: 2 Cutin, suberine and wax biosynthesis o : ;zz
§_ {;\', <t Monoterpenoid biosynthesis - 3
Ay .
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—? . 1 5‘ . Carotenoid biosynthesis 4 L 04
100 .g.-"; . alpha-Linolenic acid metabolism - . 0.3
% Pentose and glucuronate interconversions 4 0.2
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Figure 7 The volcano plot and the top enriched KEGG pathways of the DEGs between SmHPPR1-OE-3 and control-3 danshen hairy root.

A: The volcano plot of the DEGs; B: KEGG pathways. The size of the bubble represents the number of genes. The size of the Rich factor is

represented by the color of the dots, the larger the value, the closer the color is to green
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Figure 8 Predicted protein-protein interaction network of proteins corresponding to DEGs between SmHPPRI-OE-3 and control-3 hairy

roots
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