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Abstract: 1-Deoxy-D-xylulose-5-phosphate synthase (DXS) is a rate-limiting enzyme involved in the 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway for terpenoid precursor biosynthesis. DXS plays an essential role
in glycyrrhizic acid (GA) biosynthesis. Based on our previous transcriptome study, there was a negative correlation
between DXS expression and GA content. Therefore, we explored the regulatory role of DXS in GA biosynthesis
using both gene overexpression and gene knockout in a hairy root culture system. DXS was cloned from Glycyrrhiza
glabra L. (GenBank Accession No. MN158121). A plant binary expression vector pCA-DXS was constructed by a
gene fusion method. The sgRNA sequence was designed based on the first exon of DXS to construct the gene editing
vector pHSE-DXS. Hairy roots overexpressing or knocking out DXS were generated through an Agrobacterium-
mediated method with licorice hypocotyls as explants. Wild-type hairy roots and negative control hairy roots
containing empty plasmids were also evaluated. UPLC was used to determine the GA content in each licorice hairy
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root line. Results showed that the content of GA in the hairy root group knocking out DXS was significantly higher

than that in the wild-type and negative control groups, while in the hairy root group overexpressing DXS was

significantly lower, suggesting that DXS plays a negative role in GA biosynthesis. This study provides a foundation

for determining the function of DXS in terpenoid metabolism and for further establishment of a molecular

regulatory network of GA biosynthesis.
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H % (Glycyrrhiza uralensis Glycyrrhiza inflata-
Glycyrrhiza glabra) 2388 5 # H I K Z 82—, A
AR AR S TE VIR TR AR LB 87 2 bR R R
HEINN, Z#AEE" 2 EE, =R H =R
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R L T A2 R (dimethylallyl diphosphate,
DMAPP) Ml 5 ¥ #i £5 #% B8 (isopentenyl diphosphate,
IPP) J2 i AL SR IL R AT 44, th 2-C-H1 3 -D- 75 ¥ HE
JiZ -4- 1% % (2-C-methyl-D-erythritol 4-phosphate, MEP)
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HEFW . A URZH A AR W], MEP i@ 428
b 1-Wt S -D- R TR B -5- T IR & 1 (1-deoxy-D-xylulose-
5-phosphate synthase, DXS) % [K [f] &k 7K F 5 H #IR
L REENMKLD, DXS /& MEP &1 15— AN IR FE,
ER W R AV G o B R mEAEE, ©
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WAEH 5L G. uralensis B R AR o i 2838 2 7R B 7 44 1
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HEDXSEERE R RNAERGH & (£
LAY TR (i) B0 R AR fZ2EBCH =R S
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1 (http://ngs-data-archive. psc. riken. jp/Gur-genome/
download.pl) /5 H & DXSHE A CDS 741, /i H Primer-
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) % i1-4F
SPESI PPL, 3K H PCR A2 /T 1 X DXS H Rk 474
o SR FH BRI A Ak [l Ui R) & (b nt i I A A
BRI AR BR A 7)) % PCR AT I Wi 44k, T 43
(pMD-19T # f£, TaKaRa 2 &), ¥4k K J #F 5 Top 10
BZ AN AL R R ARG R A A, £ 5H
A% % & (ampicillin, Amp) 50 mg-L"' ] LB “F 4 L
7 126 PV S R, I HL 3R AT PCR 6 UE AN 5 56
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Table 1 Primers used in this study

Code Objective

Sequence (5'-3")

PP1 DXS gene cloning

F: CACCCTTTTCCCCATTTCATCC

R: TTTCAGGTCCCAATTCAAGATCCC

PP2 Construction of DXS overexpression vector

F: CTCTTGACCATGGTAGATCTCACCCTTTTCCCCATTTCATCC

R: TTGATCGGGTACAGACTAGTTTTCAGGTCCCAATTCAAGATCCC

PP3 Verification of CRISPR/Cas9 DXS knock out vector

F: TCAAAAGGCCCCTGGGAATC

R: ACTGAAAAGTACAAAACCACTGAA

PP4 Identification of ro/C in every hairy root line

F: CATATATGCCAAATTTACACTAG

R: GTTAACAAACTAGGAAACAGG

PP5 Amplification of the first exon of DXS in hairy root
lines knocking out DXS gene

F: GTTTGGTTCCTTGGACAGGC
R: TCATCTCCTTTGCTGTTGGCT

Table 2 PCR programs used in this study

Code Objective

Program

1 DXS gene cloning
Construction of DXS overexpression vector
Verification of CRISPR/Cas9 DXS knock out vector

Identification of 70/C in every hairy root line

[V I NS I 8]

Amplification of the first exon of DXS in hairy root
lines knocking out DXS gene

94 °C 15 min, 35 cycles 0 94 °C 60's, 55 °C 60's, 72 °C 120 s, and 72 °C 10 min
94 °C 15 min, 35 cycles 0f 94 °C 50 s, 55 °C 50 s, 74 °C 120 s, and 74 °C 10 min
95 °C 5 min, 30 cycles 0of 95 °C 1 min, 55 °C 50 s, 72 °C 30 s, and 72 °C 5 min
94 °C 5 min, 35 cycles of 94 °C 30 s, 55°C 30 s, 72 °C 1 min, and 72 °C 10 min
95 °C 10 min, 29 cycles of 95 °C 50's, 55°C 40's, 72 °C 20 s, and 72 °C 5 min

DXS EFEE RIAHAMWERIIUE R BM L
g o P R R A (L O A R R R BR A 7)) @it
WA WY AL A Spe TR Bgl 11 M # 44 [ V5 5 51 9 51 4
PP2, DA bR A4 2 (1 T R AR, SR PCR J N2 7
2% DXS F PR FEAT 548, FEX0F PCR 7™ ¥ 47 i [ Wi 26
1k o K FH BR i 14 P V) B Spe 1 A1 Bgl 11 (TaKaRa /A )
% pCAMBIA1305.1 (3% [ Abcam 2 #]) it 17 XUEE VI,
37 °C.1 h, JR Wi 8k v Br. % PCREEAL P 5
LR P AR AR (BEJR LK 31 1) 7E 50 °C 2% T 3% 4% 30 min,
R YIEAL K AT T Top 10 B2 400, 7254 K0
% (kanamycin, Kan) 50 mg-L" fi# 5 & (hygromycin,
Hyg) 20 mg-L™" ) LB ~F-#i b i 1% BH ¥4 B, PCR 2l
Y38 IE 5, K IR % BURL A 44 8 pCA-DXS .

DXS % [ 47 %8 CRISPR/Cas9 £ & # 32 & 18 JiE
MR DXS e B 5 — 4h &, ff H 72 4 T. A Benchling
(https://www.benchling. com/notebook/) ¥ i DXS %
sgRNA # T /¥ 41 : F: 5-~ATTGAAAGCTCCAACTCC
GAACCA-3"; R: 5-AAACTGGTTCGGAGTTGGAGC
TTT-3's 95 °C N ¥ 5% sgRNA B K WBE (5 min), H
IR HEZ . K H IR HIYE N D) B Bsa X pHSE401
(Addgene 2~ @) HEATEE Y], 37 °C 1 h, i ] Wi 4l 1k 2%
PEAL#E A . FIH] T4 DNA JE#: i (NEB A &) 3% # 28
PEAL R AA 5 3R K5 [ sgRNA, 25 °C. 10 min, &7 4)
AL K AT T Top 10 /%32 25 40 i, 7£ LB “F 4R (+Kan
50 mg- L") bk P e B . FE AN Bsa TG UIAL A1)
R 200 bp AR 52T 51 40 PP3, Sk B DR T ER 4 A g
47 PCREGUE, W 77 56000 J, % 1E4 1) J50RE 7 44 4 pHSE-

DXS.
ERRITHE ATCCIS834 TIEEMME £ C:
25 uF\PC: 200 Q.U: 2 400 V £ 1 F K H H #4706 &
41 Jii ki pCA-DXS F1 pHSE-DXS # N & # & +T
ATCC15834 [E A2 541 Ml £ TY (+Kan 50 mg-L™") “FHi
R YR v R . 430K 51 PP1PCR B /77 1 Fl 5
) PP3.PCR #2 ¥ 3 %t # 4if PCA-DXS fil pHSE-DXS [f]
RAR AT B T AZ B #E 47 PCR & AIE, K5 PCR 77 432
P o 6 DU 5 56 9IE TR B 9 AR AR AT B LA B4 M T TY
WA R IR 3 ) E 180 r-min™ .25 °CL A N AT Wi &
R BT HUE K (0D, = 0.5), WA B W IF & 0,
R TR 6,7-V AR R 92 3
HEERROFESRIEF ELH KM T 015
i B 1 H R 1 AT R T K B (75% £ BF 6 1 min,
1% FH7K 12 8 min), Jo KM 5 Ik, o IEANR T2
RSy, BRh T MS [R5 7R 2L, 76 AR B IR S T B
FRT~10 REIA R H TR . Al LIES LY
U BTG B VR AL AR N SRR R R, SR AR
F bk 6,7-V 5 B B 30 min, TC 1 EATR T £ &
WG T 6,7-V ARG 32 5 b, 78 SIS 4 R 3k
B2 K. KF 500 mg L' Sk IS (cefotaxime, Cef)
KO B R AT R R T S min, $E BT 6,7-V
[ 4 33 9% JE (4500 mg L Cef) L. 7EAH[F 464 T i
S AMHEERE (F T EMNA KRR KT E
ATCC15834) Al BH M5 B 20 H 8 BARAR (F 5 3 A o
5l SN 5 5 25 R pPCAMBIA1305.1 F1 pHSE401 1) &
WA BERR 7 R 4R, H B P B Cef 1)
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WEE, B A ATCC15834 T F2 B R AR AR AT 1 56 4= it
HEERREIE KA DNARIGAN & (4T
YT (i) B B IR A ) Je IS H = BRIR R
DNA, £ H 51 %1 PP4 A PCR £ ¥ 4 % % H 8 AR IR
B 10 rolC 3 [ BE4T PCR 71, 3 — 25 HEAT DI )7
KAE . K514 PP1 A PCR A2/ 1 %F DXS 3[R i & ik
H R AR BE B b 5 DXS B K HE AT PCR 377 184 I 3k
— S FRAE. 51 40% PPS FI PCR F2 5 5 %F DXS
Fe UK H 5 B OR AR AR b 1) DXS B R 2 — 4h 2
THATY 1S, W9 1 72 ) % 82 & pMD-19T #fk, J+ 5%
N K I #F 16 Top 10 & 52 #5401, 7 LB “F#R (+Amp
50 mg L") b2k BH P v B, BE ML B2 A B m B,
AW AL, K %4 DNAMAN 6.0.3.99 43 #T DXS &
AT FR) G 48 175 0 o
UPLCEMNEHEERRPHERESE HHEE
RARIR PR $E 7% OB 251 B AREUERAIE IR A H A KR A
RUFR & H B BIRRAE M 2.0 g, BAFEM 3N EY
HE, AT 6,7-V AR 7R A, 125 °C 110 r'min’
SAT IR 3 M o UPLC a8 il il 4 K VAR 55 55 1) 2%
EARARFE S B, T 60 °CHA ML Z1H =, B 5ok,
ik 60 H i, WK AR . A5 % PRI IR & H B R AR
ik AR 0.1 g1 50 mL &, LA 50% H B /K I W e 45,
T4 # 40 kHz TR 500 W 45 1F F i 74 #2 B 30 min,
F1 0.45 pm S8 G52 BOCOS JE AL B, 15 9 UPLC 43 # 1Y
PHEal it o ZRVE 2 BT R R PR IBOCH R R Eh B oA
(BT 2 Brke 2 R A BR A 7, 41 98.86%) 4.34 mg,
TR T 50% FF B AR VA TG 1) P Ao B2 Vs T, 6 P
U17F: 0.085 8.0.068 6.0.051 5.0.042 9.0.017 2.0.008 58
0.004 3 mg'mL". HHEER S & E: KA UPLCIEXS %
HEEPARAE S B H BT & e, (il R4
fi % UPLC ACQUITY PDA e/ £ Jll %% ) Waters UPLC
ACQUITY; i ACQUITY UPLC BEH C18 (2.1 mmx
100 mm, 1.7 um); Ji 3 M : 2 (A)/0.05% B B2 % i
(B), ¥ i F2 5 : 0~1.36 min 14%~23% A #, 1.36~

3000 bp
2000 bp

Figure 1

3.26 min 23%~30% A #H, 3.26~4.08 min 30%~34%
A, 4.08~4.76 min 34%~36% A #l, 4.76~5.71 min
36%~42% A H, 5.71~6.53 min 42%~51% A ],
6.53~9.00 min 51% A fH, 9.00~9.50 min 51%~14%
A, 9.50~12.00 min 14% A ¥ ; 5 : 40 °C; ¥ #
0.3 mL-min™; BEFFE: 1 pls B IIEK: 250 nm.,

ERESH
1 DXSEERMERHAWE

HH /&l 1a AT 1, PCR Y™ 15 21 7 B 295 2 300 bp
[R5 S 1tk 2% 47, BLAST Eext 45 R B on i f B 5 & k)
TH W) IR JE 3% 16 Astragalus membranaceus 1] DXS cDNA
FF 51 R AL 3 3 89%, DXS 23 R 15 51 HR AL 5
1k 88%, % W Fr v [ 7 51 4 H % DXS #& K] cDNA 7
Y|, 7E GenBank - X} fiT 35 77 41 347 3% M, vEM 5 8
MN158121. = 40 Jii i pCA-DXS [#) PCR % ilF 45 % fn
1b Fiow, 38348 T KIEZ182 300 bp 1 B, 5 H
Fr 75 DXS K — 3, M P45 BRI B S BidkiE
T %1 DXS (MN158121) B 100% ) —2 k. HE 45
K pHSE-DXS 1) PCR 4G E 45 R an & 1c iR, ¥ 33545
TKFEZ 4500 bp 1 Fr B, K BERFG 51 W) PP3 I 1
T, Dy 25 B2 BH 6 BRAE A Bsa TR I 52 17]
U7 5 sgRNA J7 51— M4 100% (1741 . DL 45
2% W B 4H 5 KL pC A-DXS Al pHSE-DXS ¥4 2 1E 7
2 HEERIRMIESR

2 RFEEFRE 1R 4 I B R IRAR A AR KA L,
ALHE: B AT B RRAR (wild type, WT) 5 417 25 34k
pCAMBIA1305.1 1 B 14 X B8 H 52 B AR (NC-PCA).
5 717 75 AR pHSE401 11 B M 5 B H 72 BR AR (NC-
PHSE).DXS JE R i ik 1 H 2L BRI (DXS™) K DXS
FERYCER 0B FEBRAR (DXST), tHE AT, B 7% 1 4
I, AIME A Rl i Rt BB IRAR,, B 4R AR AR 1 11
AT, (EEE TR ARG, S BRW AWK B R, SR
HWHA.

3000 bp
2000 bp

PCR verification results of DXS and recombinant vectors. a: DXS cloned from Glycyrrhiza glabra L. b: DXS amplified from

pCA-DXS. c: 500 bp-fragments containing sgRNA sequences amplified from pHSE-DXS
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Figure 2 Licorice hairy roots after induction and culturing for 1 week and 4 weeks. WT: Wild type hairy root; NC-PCA: Negative control

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

expressing DXS, DXS : Hairy root knocking out DXS

3 HEERIREIE

HE B rolC HF 1 PCR ¥ 1 45 W& 3a
JIT 7, 600 bp (1945 S M 2% 7 17 T B 2, W 45 58 s
5 rolC 3£ 7 (GenBank & 5% 5 : DQ160187.1) — £t K
100%. DXS % [F i 55 H 2 B AR R DXS FE A (1)
PCR $a1iE 45 R & 3b frow, 1815 2] 5 H A7 2= H DXS K
FE— U 2671, W P 45 R BoR H 5 DXS R 8 — 2k
N 100%, 3 ] DXS 5 g ik H 2= BARR R/ 8 E
Wi . DXSFEPYUERH FLBARAR R rp DXS FLH 25— Hh &
T PCRY 4 25 R i & 3¢ B, 3R15 1 480 bp /& 43 )
&, KB IERA; se BRI T 45 IR Bow, Rl 6 AN H
BIRW AT A 4 DR T DXS I G4, 3 DK 4 15 %
966.7%, il U B A ] 3d BT, DXS 6 DR 40 4 1
WA TR 3. 4 DXSEHYUERH HBIIRR R P
DXS -1 M1 DXS -8 F7k G 1, 14 A7) B & 1 B 2k BY B

R DXS -9 F1 DXS -10 Ry 2li& 1, H DN 2 48 1 DA
], 480 bR 9 AN AL . 2% b, 23 PCR 6 4IE & I 36
E, L3RG T S A H R EARARFE &, B WT (18 &)
NC-PCA (1 #£ ) NC-PHSE (1 ¥£ /i) DXS™ (6 £ &)
DXS™ (4 ¥ kh), F T )5 2Rt 8E 7% S UPLC 7347
4 HEERRFPEHERSESW

AR RE 77 3 F G [0 4% H BB R AR & 4 B 4a o,

Table 3 DXS gene editing sites

Editing
Sample Gene sequence

effect
MN158121 (7480 bp) GCTCCAACTCCGAACCATGG -
DXS -1-1 GCTCCAA—————~- ACCATGG -6 bp
DXS -1-2 GCTCCAACT—=——~- CCATGG -5 bp
MN158121 (82-90 bp) CCGAACCATGGTTGCAGAAA -
DXS -8-1 CCGAAC————————— GGAAA -9 bp
DXS -8-2 CCGAAC—————==—~ AGAAA -9 bp
DXS -9 CCGAAC-—==—==—~ AGAAA -9 bp
DXS -10 CCGAAC————————— AGAAA -9 bp

6 c

AN MAAAMARAMASAANAMD 25 -1-2 AANMAAAMAMAMAANMASAAAAMAABAA 2% -10
A G 66 « c

CAGGTTGG

/\ 1\/\ MW A DX -8-1
i A MAMAAAMAANMAAA, DX -8-2

3000 bp
2000 bp
500 bp
250 bp
d
s -1-1 AMAAAAAAMAAAMAMMAMAAAAAAAAAR), DXs--9

Figure 3 PCR and sequencing results. a: Shows the 70/C amplified from each hairy root line; b: Shows the DXS amplified from DXS" lines;
c: Shows the first exon of DXS amplified from DXS  lines; d: Shows the editing sites of DXS gene in DXS lines. A: Editing sites
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MR R AR KR HARAS R 4F . UPLC i [ 4n 8] 4b By SENEZMLT WT 4L NC-PCA 4, DXS*4H 1) H &
71, TR H R ot HE 1 € P, S s T TR R B (1) FiR & AN DXS 411 1/2.

46.797 min, I~ VI X & WT.NC-PCA .NC-PHSE.

DXS'\DXS BRARFE S 1 i . H SR b A i 28 5] 1ig

AN Y =2 792 995.69 X -~ 931.23 (R* = 1), Zk 70 AR T DXS KA, 4 IR T DXS I %
175000 43~0.085 8 ugml 7. S s BRI g g p o pis ik a  pHSE-DYS, i R AL

ﬁﬁfﬁfgﬁf??ﬁfg;ﬁ%ﬁgﬁfﬁﬁﬁ FEB ATCC15834 /1 S0k, 75 974 T DXS IR i ik
K B H = VS VAN NIV H N - - .
AT e e 2 T TR [ H B R AR & DXSTRIDXS . SR fi UPLC i

e DXS 2 ik HE B KRR o A B2

Y R R B i A B 4k .
oA A i ﬁﬁjﬁ%?ﬁfjifﬁi%%n%m%f%.
B0 T WT: 44 DXS 3PV BARMR R o gy 3 DXS AU BR824 5 T WT 4LAINC-PHSE 44, ifi

AR (DXS -8.9.10) [0 H Bl & B2 g wr gy PXSTAUH SRR & S 3 T WT 41H NC-PCA 41,
NC-PHSE. [#5b 3y 5 FLBARMRAE i iR oy iy AMTTAESE S DXSTEIRR 00 1 SRR 2 R 4%
LB T, 32 I SAS 8.0 Bt H W B AT ) SO, DXS SR D UUBRE B3 B H LB IR AR
£ 2 Heka e, £ RE W DXS EH HERH P H SR e  HRTRO AR, JE4S 5t 5 U L W SR AL e 4
BREE T WTAAMNC-PHSE4L, M DXSTH P H R  RAVWE.

)
o

wr NC-PCA NC-PHSE DXS* DXS

3 weeks

A
000 200 " 400 600 " "800 1000
Time / min
Figure 4 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 I is the UPLC chromatogram of GA reference substance, line [I-VI are UPLC chromatograms of sample WT, NC-PCA,
NC-PHSE, DXS", and DXS

a b
6 6
*# x4 k#
5 *H
% o
on on
g 4 W E
< < 4 |
g 8 “f » v I
3 Y R 25 o
;%_, 2 ks f,
£ ; g |
S 3
1 2
0 1
£ oz ¢ ¢ H 4 4 ' <
5 f 8 R 5B 8 5% 8 88 g .
“ WT NC-PCA NC-PHSE DXS* DXS-
Samples Samples

Figure 5 GA content analysis in licorice hairy roots. a: GA content in each hairy root sample; b: 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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i 2 4 B MVA 3243 FT MEP 382 43 78 1470 28 1 £
AN XS S7 AT, BT AAE T4, 25 s
P e s, S AR T A, RS
FICERL T il S AR b AR R ST, MVA i
% UL OB EG A RGP, MEP 4% ) DL 3- 1% 1R
"V T R AT A R A A s 0P, AR P I AR 2 TR) A A L G
Ik, AHE — Se A AR M 1) A0 M, HLA I 23t ik
B SR ) PR AT ] 22 2R ARG A AR B R R RR T
V2 IRIX —d i LA, R N AT 46, a2l 13-
Tl 2 H yh AT RS . DXS 1N MEP & 42 55—
ARG, AR TER, B0 13- ER Tk R 7 R
MOAR 88, 1K ] R T4 M 5T P R A A R, A
5 MVA B2 1RGP 2, et 7788 =528
VIR H BB A K. 24 DXS £k BT, AF|
T LTk A B A, AT 5 BOH BRI AR o R
TR 7L DXSTUERH FERR & &b, DXS -1
KA A AR, TE 74~80 bp 2 8] K& A 2 BY [, 5 87 4
T e BF PR HEH B B R ARAH B, DXS -1 R i R H R R
BAEEREZESR, o K IBT R A BOE DXS & (A |
BRI Ab, R B & 2R 50 DXS i a3
/N . DXS -8 A& KA, DXS-9 M DXS-10 A
A RAF, ZAFEM I E K 82~90 bp Z [H ) 9 M3,
HHER SR EE ST WT 4R NC-PHSE 4, 74
R I 88~90 bp Bl 1k Fr 2w i 1) ~F Jht 2 R A2 SRS ) = W TR
HMBE A0 s, I ZERN AR ERSREY
W) DXS 4 5 2 36 M, AT 52 00 MVA & 48 10 A=) &
%, FECH RS & .

A Ji B 4k 2 DAH RE R ARARAE S i Rk, B 829
Ji H At A O 3y R 55 DR BIF 9, A THI R R H R AR A A R
AT A>T IR R 2%, DU A4 R B0 s, DL
9 H BB IRAR ) R AR S 77 A H R R 1) B AR R B e
Ak

fEE ST MARIRS 1050 xR B JE Rt 1 sEEe Ty
% Btk D YL SE i T S0 5K W R 44 i
T ARSI, BT EE IR S 5180 T X R .

FIE RS A AEH AP TR
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