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Abstract: Ferulate 5-hydroxylase (F5H) is a key enzyme involved in the phenylpropane metabolism pathway.
Based on our previous transcriptome sequencing study, F5H played a negative regulatory role in glycyrrhizic acid
(GA) biosynthesis. Therefore, in this study we cloned the F5H gene and investigated its regulatory effect on GA
accumulation through gene overexpression and knockout. F5H was cloned from Glycyrrhiza glabra L. (GenBank
Accession No. MK882511). A plant binary expression vector pCA-FSH was constructed by inserting F5H into
pCAMBIA1305.1 at Spe 1 and Bg! II sites. The sgRNA sequences were designed based on the first exon of F5H.
The CRISPR/Cas9 gene editing vector pHSE-F5H was constructed by inserting F5H sgRNA into pHSE401 at two
Bsa 1 sites. PCA-FSH and pHSE-FSH were transfected into Agrobacterium tumefaciens ATCC15834, which was
used to induce hairy root overexpressing or knocking out F5H with licorice hypocotyl as explants. At the same

time, wild type and negative control hairy roots were also generated. UPLC was used to assay the GA content in
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different hairy root lines, and results showed that the GA content in hairy root lines knocking out F5H was signifi-

cantly higher, whereas in hairy root lines overexpressing F5H GA content was lower than that in the wild-type and

negative control. In this work, through a reverse genetics strategy, the negative regulatory effect of F5SH on GA

biosynthesis was confirmed through gene overexpression and knockout. This work will lay a foundation for further

elucidation of the molecular regulatory network of GA biosynthesis.
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TR AR IR R E, DL pCAMBIA1305.1 4 £k i
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FSHERTEEAMIE K20 F5SH AR il
CRISPR/Cas9 # 4 1) #4) 1 5 %, LA pHSE401 4 8 /K &
2 TEWAS Bsa TER VI 5 2 (8146 N\ FSH %5 K sgRNA
Jr Bt . Al H Benchling 75 28 5 A1, MR 45 F5SH FE R 1) 56
— b BT ¥t sgRNA B 3 7 41 sgRNA-F (5'-3'): ATT
GATCGCTGCGATAGCGAATAT Fll sgRNA-R (5'-3'):
AAACATATTCGCTATCGCAGCGAT. ¥ sgRNA £
95 °CiB ‘K 5 min BEAUEE, I HARA A B . [, K
FH B 11 P9 VT Bsa T4E 37 °C X pHSE401 4] 1 h, ¥4
2 PRk B AR B M dic 4tk . R FH T4 DNA % #: B, 78
25 °CH L AL B R 5B K 5 11 sgRNA %42 10 min,
A AL K KT B Top 10 B2 SR, fE5H
Kan (50 mg-L") [ LB P~ # b 7 i BH % v % . 7E g1
57 5, Bsa TRAG J5 4% 200 bp #1151 40%F PP3 (38 1), KA
PCR Jx W A2 3 (3 2) X 3 K T 2R 3R AR 3E 4T PCR B&4IE,
et — 0 AT M 50 AE, K 5% 1IE 1E B 1 5Tk 44 N
pHSE-F5H.

BEHRMNE N A RKITEATCC15834 KHH
B39 (C: 25 pF, PC: 200 Q, U: 2 400 V) # = 41 J5i ki
pCA-F5H 1 pHSE-F5H 5 A\ & il & #f B ATCC15834

Table 1 Primer pairs used in this study
No. Project Sequence (5'-3")
PPl  F5H gene clone F: TCCATGCACACACATTCACG

PP2

PP3

PP4

PP5

PP6

F5H overexpression vector construction
CRISPR/Cas9 F5H knockout vector verification
F5H identification in the recombinant ATCC15834
rolC gene identification in every hairy root sample

The first exon of F5H amplification from hairy root
lines knocking out F5SH gene

R: GTTGGGTGAGGGATAATAAACAGA

F: CTCTTGACCATGGTAGATCTTCCATGCACACACATTCACG
R: TTGATCGGGTACAGACTAGTGTTGGGTGAGGGATAATAAACAGA
F: TCAAAAGGCCCCTGGGAATC

R: ACTGAAAAGTACAAAACCACTGAA

F: TTGCTTCACATGGGAGTTGC

R: TGTGAGTTGCAGAGCCGAAG

F: CATATATGCCAAATTTACACTAG

R: GTTAACAAACTAGGAAACAGG

F: AAATCGCAAACCATGAGCAG

R: TGCCACCATGTGGAGGAATC

Table 2 PCR programs used in this study

No. Project Program
1 F5H gene clone 94 °C 15 min, 35 cycles 0f 94 °C 60°s, 52 °C 60 s, 72 °C 120 s, and 72 °C 10 min
2 F5H overexpression vector construction 94 °C 15 min, 35 cycles 0f 94 °C 50 s, 52 °C 50 s, 74 °C 120 s, and 74 °C 10 min
3 CRISPR/Cas9 F5H knockout vector verification 95 °C 5 min, 30 cycles 0of 95 °C 60 s, 55 °C 50's, 72 °C 30 s, and 72 °C 5 min
4 F5H identification in the recombinant ATCC15834 95 °C 5 min, 29 cycles 0f 95 °C 60 s, 56 °C 50's, 72 °C 30 s, and 72 °C 5 min
5 rolC gene identification in every hairy root sample 94 °C 5 min, 35 cycles 0of 94 °C 30 's, 55°C 30°s, 72 °C 60 s, and 72 °C 10 min
6  The first exon of F5H amplification from hairy root 95 °C 10 min, 29 cycles 0of 95 °C 50's, 53.5 °C 50's, 72 °C 30 s, and 72 °C 5 min

lines knocking out F5H gene
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Figure 1 Construction of the recombinant vector pCA-F5SH
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Figure 2 Construction of the recombinant vector pHSE-F5H
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Waters UPLC ACQUITY 4 i & 4%, K | ACQUITY
UPLC BEH C18 i 4+ (2.1 mmx100 mm, 1.7 um), LA
L (A) = 0.05% BERR W (B) it sl AH, BB EE VLI, ¥t
JiLFE 7 ILFE 3, FEIE A 40 °C JitiE A 0.3 mL-min L 2EFf
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S|P 1 B, Wy S5 SRR B bt v BL S F5H (GenBank

4558 6T =8 M

Table 3 UPLC gradient elution program

Time/min Acetonitrile (A)/%  0.05% Phosphoric acid (B)/%
0 14 86
1.36 23 77
3.26 30 70
4.08 34 66
4.76 36 64
5.71 42 58
6.53 51 49
9 51 49
9.5 14 86

12 14 86

FEM S MK882511) A 100% ) —E 14, & 1H = 20 i
K pCA-FSH #4 2 1E 7« &l 3¢ Jy # 41 )5t ki pHSE-F5H
(1) PCR B IESE R, FT 45 25 K B2 2928 500 bp, 5514
X PP3 (4 S T, HU P 45 ARy Boh
A LT B sgRNA 741 (— 014 100%), 7% B 5 41 i
$i pHSE-F5H #) 2 1EHff
2 HEERRNIESRIER

B 4255 10,20 A1 40 K J5 & H B BRR A K
AKAH DL, B E R B AR (wild type, WT) BIRIR
& 23R AR pCAMBIA1305.1 1 [ 4 6 18 B R AR (NC-
PCA). & %5 # & pHSE401 [ [F ¥ % 18 E IR M (NC-
PHSE). 14 ik F5SH 3K AR (F5SHY) VL J F5SH %
RITER O BARAR (FSH) I KA R IT .
3 HEERIREIE

5a 9 H B EARM A rolC JEK 1) PCR ™ 16 45 5.,
AT T K FEL N 600 bp RS54 2571, WP 45 3L Bom
H 5 roIC (GenBank & 3% 5 : DQ160187.1) f1— &% A
100%. & 5b 28 F5H 5 Rt 3215 B RAR & 1) PCR % 1iE
gERL P BKE LN 1800 bp (1467, 5 H AR
FSHKE—3%, M4 RERHE F5HIE T 5
(MK882511) — 3P N 100%, & WH TR RN FSHF
it RIAEHEERBR. B SchFSHEERPUEREIR
&R A FSH LR 88— 4 2 F ) PCR Y &5 2, 3R/15 T
KL 400 bp 1IHRe T PE ST, FE WA FE TR, 7 B B
SEo XTYTIGIRAG I BOHEAT v B, R AR 1 7

910111213141516 M

Figure 3 PCR verification results of #5H and recombinant vectors. a: The F5H (Lane 1-3) cloned from Glycyrrhiza glabra L. b: The F5H
(Lane 4-8) amplified from pCA-F5H. c: 490 bp-fragments containing sgRNA sequences amplified from pHSE-F5H (Lane 9-16). M is the

DNA marker
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10 days

20 days

Figure 4 Licorice hairy roots after induction and culturing for 10, 20, and 40 d. WT: Wild type hairy root line; NC-PCA: Negative control

hairy root line containing empty pCAMBIA1305.1; NC-PHSE: Negative control hairy root line containing empty pHSE401; F5H": Hairy

root lines overexpressing F5H; F5H : Hairy root lines knocking out F5H
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2R R N R S RAR, 31 Y S SRR SR AR N AR
B2, 33N d IR R LN RN AR . &, &1 PCR
I Je I P 38 0E, JE3R 13 WT (1 Ff ) NC-PCA (1 ¥
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FE&), HF /a2 UPLC 43 #7 .
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WARERFE 21 K5 & B E B RAR R0 E 6a AR,

500 bp

F5H-6-1 N\/\A M\[\ .IWN\

ooooooooooooooooooooo

F5H-6-2 X/\/\f\j\ QA}\{\JII\/\/\'J\

aaaaaaaaaaaaaaaaaaaaa
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MR R KR RS R . S H BRI RE4T UPLC
For i, €515 [ 4 P 6b Fr s, WP 1 g T B R 0T B £ 1
P, 2o B EL R R B I (A1 6.797 min; W P 2~6 1K I
N WT.NC-PCA .NC-PHSE. F5H F5H" &R R 5
R R AR Z N Y =2 792 995.69 X -
931.23 (R* = 1), £t 32 4 0.004 3~0.085 8 pug'mL"'.
Bl 7a % H E BRIRAE S P H RS ENHRE, 2
FH SAS 8.0 AR H RLRR & B AT b [ AE S B 5,
i R RIR: A5 FSH FE S, 4l 6 9848 FF i FSH -2 Al
FSH -3 1) H # /g & & % 3 = T WT fI NC-PHSE £ fi,
A RADFEMFSH-6 I H®ERS 25 WT M NC-

2000 bp
500 bp
AGCAGGA - - - 106 bp - - - GGG -106 bp
AGCAGGA - - - 106 bp - - - GGG -106 bp

TATCGCGGCGATGCTCGTTCTCCCA Point mutation

TATCGCAGCGATGCTCGTTCTCCCA  Point mutation

TATCGCGGCGATGCTCGTTTTCCCA  Point mutation

Figure 5 PCR and sequencing results. a: r0/C amplified from each hairy root line (Lane 1-4); b: The F5H amplified from F5H" lines
(Lane 5-7); c: The first exon of F5H amplified from F5H lines (Lane 8-10); d: The editing sites of F5H in F5H" lines. M is the DNA marker
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Figure 6 UPLC sample preparation and GA content assay. a: Hairy root samples culturing in liquid 6,7-V medium for 3 weeks; b: UPLC

chromatograms, line 1 is UPLC chromatogram of GA reference substance, line 2—6 are UPLC chromatograms of sample WT, NC-PCA,

NC-PHSE, F5H , and F5H*
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Figure 7 GA content analysis in licorice hairy roots. a: The GA
content in each hairy root sample. b: The GA content in different
groups. P < 0.05 vs WT; *P < 0.05 vs NC-PHSE; *P < 0.05 vs NC-
PCA
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