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Abstract: Objective PcHAD gene of HAD (haloacid dehalogenase) superfamily protease was cloned from Guanghuoxiang
(Pogostemon cablin), and its coding protein interaction with patchoulol synthase (PTS) protein was verified to explore its role in
regulating the biosynthesis of patchouli alcohol. Methods In this study, a HAD gene sequence (PcHAD) with complete coding
region and HAD-like domain was screened from P. cablin transcriptome data for cloning and bioinformatics analysis. The tissue
expression pattern of PcCHAD was analyzed by RT-qPCR. The yeast two-hybrid experiment was used to verify the interaction
between PcCHAD and PcPTS protein. Transient overexpression of PCHAD was used to analyze the effect of PCHAD on the expression
of genes related to the MVA pathway and the content of patchouli alcohol. Results The HAD-like gene PcCHAD was cloned from P.
cablin. Its open reading frame was 1149 bp, encoding 382 amino acids, and the molecular weight of the protein was 43 000. It was an
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unstable hydrophilic protein and subcellularly localized in the chloroplast. In the yeast two-hybrid assay, the PCHAD protein can not
only interact with the PCPTS protein, but also with PCPTSN. After transient overexpression of PCHAD, the content of patchouli

alcohol was increased by 30% compared with the control group, and the expression of genes on the MVA pathway including PTS,

FPPS and HMGR were significantly up-regulated. Conclusion

In this study, HAD gene that interacts with patchoulol synthase

PcPTS was cloned from P. cablin. Transient overexpression of PcCHAD can increased the content of patchouli alcohol and the

expression levels of PTS and genes involved in the MVA pathway, suggesting that this gene may play a positive role in the
biosynthesis of patchouli alcohol. These results provided scientific basis for further research on the function of HAD-PTS complex in

P. cablin.
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FE NI ANME, 5L ABYBOR RIS R
fig Cisopentenyl diphosphate, I1PP) Al — FF B4 A ik
W2 (dimethylallyl pyrophosphate, DMAPP) K]
GG ERTE IPP & T, 6 P25 &,
1 £k L4 T AR A 8 (acetoacetyl-CoA thiolase,
AACT) . B -3-H L B WMl A &1
Chydroxymethylglutaryl-CoA synthase, HMGS). 3-
oM -3 O R O BE WM A & JE B
Chydroxymethylglutaryl-CoA reductase, HMGR). H
¥2 IR (mevalonate kinase, MVK). Bz ¥
KB (phosphomevalonate kinase, PMK) £l

F2 R R i R B (mevalonate pyrophosphate
decarboxylase, MPD), IPP 1 DMAPP 7 53 4% F&
A VER TR DA B, S 2 BB, JTER
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Tk DU S0 A B SE DR e ), RIS AR ORI S T
RS A DHOE . HAMCT IR R AR
FEER I T CABEUS T R, WnBRF5 2 2023 3
T T PTS ) 6 M [A 1 PatDREB. PatERF061
Fl PatSWC4 %5, JFEXFH IR AT 7041, fh
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AfF 88 I BUR BRIE 2 A E 2 [R] H AR I B B
ghRig, /R el KRB, H Rt
PCPTS fEms AL G W& B2 b KB & E A
HIE. B, AT RN A )
L, DR AT M T8 A cDNA BEEESC
FE, LA PcPTS NiEMH, ik 3 (k& B AF & A
HAD-like 5 1 PcHAD. 4S5 5%F PcHAD 2 Rl AT
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RILBA T W FEEEXUR A BRI AE PcHAD
HHYS PePTS B H EAE, #E— D bk o Fak
RT-gPCR 734t PcHAD & F X 8 & B2 AE A 1)
PWIEEH . AR PcHAD 2515 & & iz
W AEIE B 7T L, D92 IR O A AR & R
TSR BLRT I R
1 #reb RS
11 #H

AFFAR B RE T M AP EEZ RN 2
, 2 P ep R 25 K5 A ST 5T B 4 8 N IR TR
TS S 4 P. cablin (Blanco) Benth.. £ &
J7RE A ARG B b 24 BTUR HE 0 E R S O IR
B IR R TR o
1.2 35

pLB FH S ve B iR G B R AR A LR
AEnD ARAAEY) . & RNA SRBGG &Ee 3 T
WS EEMEARCA IR AT« S 3l & .
DNA R ESGRT & SERT 58 E & PCR 56
PCR i 2 X Phanta Master Mix, 2XTaq Plus Master
Mix Il (Dye Plus). 330 H B i MERE ALV RHHEE
FR A 7] . DH50 Chemically Competent Cell, GV3101
(pSoup-p19), Y2HGold Chemically Competent Cell
BB g A REA R AR EHTR A

(aureobasidin A, AbA). 5-R-4-5-3-M5| W-o-D- L I
FFEE (X-0-GaD) 5 5 il YR R
ANFE o GIE ORISR PRI RN R — M B L R
FAPRA =] 58 e

1.3 X=F

HLIKA CAETE AN — AR TR A R s BRI AL
BAG T RGE M BAERDCERA R A FD;
CFX960 otEH PCR X (£[E Bio-Rad A F]):
PCR ¢ (BMIMIEHBHTARA D B EAER
W (%85 ZEISS); Q Exactive mass spectrometer
JF 4% (Thermo fisher A#]).

2 7k
2.1 PcHAD EFM =&

TR F AT B R XU ST PR 7 10615 1) g ie B
YEEEEIFEFIH Uniprot il e ik BAF & AT
FEREAI T, KIS 143 HAD-like 253 &5 H -
N7 BRET B TS HAD-like S5H43EH
HEY PCPTS ME A BAER R, A H HH
GenBank & 7415 FHEHRAER T Y, FIHA
M Blast ik 5 ERH A KL FALIEE (NCBI:
PRINA528262) #E4T blastp bxt, H L4 3%
= (567), e 0 JFAA e B gmiYHER) PCHAD J&
Ao AR IRIF BB ZE R 7 41, stk gl (R 1
i e R gL X .

*k1 EEREREREEESIYFT
Table 1 Primers used for gene cloning and vector construction

kS 51FEE (5°—3) i

PcHAD F: ATGGTGGATTCAATTGCTGC B[R e
R: TCACCAGAATCCATCATCATAAA

PcHAD F: CATGGAGGCCAGTGAATTCATGGTGGATTCAATTGCTGCAAC PGADT7 #ifk
R: GCTCGAGCTCGATGGATCCTCACCAGAATCCATCATCATAAACACCTACT

PcHADN  F: CATGGAGGCCAGTGAATTCATGGTGGATTCAATTGCTGCAAC PGADT7 #fk
R: CAGCTCGAGCTCGATGGATCCACCTAACCACCCACAACCCAT

PcHADC  F: GCCATGGAGGCCAGTGAATTCGCTGTATTTGAGTGGGAAGGTGT PGADT7 #/fk
R: GCTCGAGCTCGATGGATCCTCACCAGAATCCATCATCATAAACACCTACT

PcPTS F: TCAGAGGAGGACCTGCATATGATGGAGTTGTATGCCCAAAGTGTT PGBKT7 #fk
R: GCTAGTTATGCGGCCGCTTAATATGGAACAGGGTGAAGGTACAACT

PcPTSN F: TCAGAGGAGGACCTGCATATGATGGAGTTGTATGCCCAAAGTGTT PGBKT7 #ifk
R: GGTTATGCTAGTTATGCGGCCGCGTGATGAGATGCGTATTGCTCGTAG

PcPTSC  F: CAGAGGAGGACCTGCATATGAAAGGCTTGCTCAAACTTGCT PGBKT7 #ifk
R: TATGCTAGTTATGCGGCCGCAACAGGGTGAAGGTACAACTGC

PcHAD F: AGGACAGCCCAGATCACTAGTATGGTGGATTCAATTGCTGCA V48 Hf 58 A R A
R: GCCCTTGCTCACCATGGATCCCCAGAATCCATCATCATAAACACC

PcHAD F: TTCGTGTTCTTGTCATTAATTAAATGGTGGATTCAATTGCTGCA I R IE A

R: TCAAGTTGCAGGACCGCGGCCGCTCACCAGAATCCATCATCATAAACA
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REEAHEH A RNA, Jf B R35E
cDNA 1ERHR, I Vazyme &= EliFxT PcHAD &
[RI33E4T PCR 3 o IR WiFE/F4: 95 ‘C3 min; 95 C
A5 15's, 56 ‘CHEME: 155, 72 CIEfd, 33 MNMEH,
72 °C, 5min. PCR /=47 F B A bl 4% e i kAl
WEY TR A B ST RN —82 )5, ¥ HRE
AL B alifb WSO R B e R di Ak, Ak R AT A
DH5a, £ HV% PCR %5 G PhHUSHYE R, ) N
R — Wt i PRI R A PR A 7] 58 Bl
22 EMERFES

TS SnapGene F KSR 7 741 5 5 7
FIBHATR EEWR P BB F S e, SRS AR
VMG BT A AR T BT 704 ORFfinder
TR w2 A, FH ExPASy-ProtParam tool 7£ 1.
BT bS8 AR BT, 2 SOPMA Fi
SWISSMODEL %t PcCHAD & A1) 5 F1 = 2 4%
FayEAT TR 73475 % Uniprot _E ) BLAST %k
TR BIR AT, TP AIAR L LR R SRR Y
FIFF DNA MAN 347 [R5 E 44T -

2.3 YHBEEN ST

K FH G 88 v B 1) J5 1 25 B %55 11 PcHAD
FrBEvE b B pANSSO S (GFP) #r
S5 N o 38 I AL R I R A A, R R 4
% (polyethlene glycol, PEG) /S HIJ7 i #4kUEE
TRIEA AR, FEBUREA 470 nm B ZAF R A
BWOEIL R A BB 22 GFP %655, 0 Hr HbniE
1 PR IV 40 B 5 A 1% VO
2.4 FTIEER S

Iy IR B FH AR R AL SR A RNA, %
Sk cDNA, f#i ] NCBI #it 2RI S e 51 4 (%
2), 4T qRT-PCR 5256 . LA Pc18S NNZ, LKA
WIS DL 288 AT . AR A 3 AME
YeEE M 2 N AR E S, FIH G S84 SPSS 20
SRR AT BE T
25 EEEWZIIE

P14 EcoRI A1 BamHI B )47 £ ) PcHAD .
PcHADN #1 PcHADC F B¢, 73 7l 4 2 I BE 3R aA £
& pGADT7, s Ak, ¥ 5 Ndel 1 Notl
B Y7 ) PCPTS . PCPTSN Al PcPTSC F B4y )i
N pGBKT7 #ifk, KGEMFiki. ¥ pGBKT7-PTS
T IR W] BT kAL Y2HGold A2 S, 7
SD/-Trp SR IEFRIEA K 2 d 152 AT B, ¥ 5w
F#H 100 L ddH.0 JB2], #% 10 1586 R FA ke 3 A

# 2 QgRT-PCR 3|#155
Table 2 Primer used for gRT-PCR

KR4 ST (5°—3) P&

Pcl8S  F: TCGCCGTTCGGACCAAATAA WS EE A
R: CGATGGTTCACGGGATTCTGC

PcCHAD F: CCAGAGACTTTCGGCATGGT  gRT-PCR
R: CCACCCACAACCCATCCTTT

PcPTS  F: TGGGTGCTGCTTCTCGTCCTC  gRT-PCR
R: TGCGTTGTGGACTTGTTTCG

PcFPPS F: TGCCACTTCACCGTCGTATT gRT-PCR
R: TTTCAGGCTCACCGAAGCAA

PcIPPI  F: AAATACGTGAATCGTGACGAG  gRT-PCR
R: CTTGTTTCAAAGTCCCATTC

PcMVD  F: AGACACCCACCAACAAGCG gRT-PCR
R: CTCCTTTCCGTTGAGCCACA

PcPMK  F: TCGAAAGGCACCTCAAGACC  gRT-PCR
R: AAGCATAGCATCTCTGGCCC

PCMVK  F: ATGAGGTCGCTTCCATCATC gRT-PCR
R: TTTCGATTGTAGCATGGCTG

PcHMGR F: CACCGTCTTCTTCACGCTCT gRT-PCR
R: GCGGGGAATAATGAGCGACT

PcHMGS F: ACGGAGCAAGCAAAGGGAAA  gRT-PCR
R: TTCCAACTTCAAGGCGACCA

PCAACT F: TGTGCCTCTGGAATGAAAGCA  gRT-PCR

R: CAGCATTCCATCAACCAGCG

W, 9 sikT SDI-Trp. SD/-Trp+X-a-Gal
SD/-Trp+X-a-Gal+AbA k[ 77 5 ISR B AE K
B0 [ i 23 70 75 TR JSURL AT 3R JoRL Rz 3 4 Ak
Y2HGold 2400, FRKHHEMEEEE, PR
REMRE 3 > 10 fEBEEEME SR T SD/-Trp-Leu
(DDO), SD/-Trp-Leu-Ade-His(QDO ). SD/-Trp-Leu-
Ade-His+X-a-Gal ( QDO/X ) . SD/-Trp-Leu-Ade-
His+X-a-Gal+AbA(QDO/X/A) Bk 73 1,30 C
RIERIE3d, FHFREK.
2.6 fE[EBM R PEREE RIE PcHAD £F

K TG 8% v BE (9 7 %5 %% PcHAD 3 % &
pJL-TRBO # A Pac I F1 Notl 2 [a], &M ELE
% # RNA /5 1) ( Tabacco Mosaic Virus
RNA-Based) )i Ex# 4. LLEE pJL-TRBO
VR BIMERT HE, K K 3 47 1) pIL-HAD JSURLAN 7 2 57
FiFE4k GV3101 (pSoup-pl9) HE Pk, LKA EE
SHEARGTEEM o WERESE 3R, BUREEI
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M BEAT SR RIE L (BIER 2) KIF R MK
e RN ARSLIRH T 3IRER .
27 TEFELMROSERSEN
H b ] i 0k J5 T A i CE R T A s
¥, SRJEFIE CREiREL, AU Bk - i i A
(GC-MS) g 3 & R Mo =,
3 HERENH
31 ["EE PcHAD EEM = EMENEEES
B EEM M RNA, UREFE T
cDNA JHHR, LIRS HAD 8\ AR 515
Yy, #t47 PCR ¥4, 3K1% 1 KL 1100 bp HI5%
i, MFaREHI N 1149 bp (H 1-A). FIH
Uniprot £ & BLAST Xftbor#ir, 45 R ERiZF 51
5 ¥ 16 ¥ Artemisia annua L. F1 4 48 X 8 K

A M

2000 bp

1000 bp

C

44 (PCHAD)

#AEE (A0A2U1LI39)
HANEEAKR (AOA2GIHSWS)
Consensus

MVESIAPTSLLGHRPIYGSYHFXDVLNEKPSG.V

JAEAF (PCHAD)

#E# (AOA2U1LI39) K
HWHNE AR (ADA2GIHSWE)  SGEC
Consensus

Handroanthus impetiginosus L. % HAD-like 25 1) 55 H
(M2 LR 7 41— B 73 70l 80.3% 1 74.9%. T
W B R R AR 7 5 R ) DNA MAN #:47[F]
XL (B 1-C), SRERENSER 1 4
HAD-like 4514938, ok HAm 44 PcHAD.

T PcHAD %t 1 M55 382 aa 8 A, AHXT
TR 43 000, HILEHT (pb) N 8.15, A&
SEFRHCH 46.09. PcHAD 4t 12 FE IRy 41 B %
ANBHEIISRAK X, R B TRk AR,
HAERMEAR T A REREKEESD (B 1-B).
PcHAD & &5t 4 FiogaRdimk, o
M#& (random coil) Fr (5 LbfiliR i, N 43.19%, -
120€ (alpha helix) FIIEfH4E (exstened strand) 433l
9 39.53%. 12.04%, B-F%ff55.24% (K 1-D).

B

MVDSIAATSLLGYRPIHSVYPWNDSSNKCRLGYSFRLPLINSKSRKFSISLVLPKWH

SVCEVISVIKAC AYEMREE . ERIERDFREGIDSGGD Q9

» S YRERERFE....... DSFEE 23

JCWLESTKFLGREVSFSASWPRWCVRKESMSLIKSL V! CEX.DBIERD.....STGVD 93
elctke b

2 Hphob. /kyte & D‘ﬁolittle—
P 1“\ ﬁ' “M H ,!J |
£ il /w\ RIS

-1 ;“‘\ W‘ |\ “ \'\‘ ‘“ \‘ ‘l\

2t |1 \' J N

o

I 100 200 300

(A=

JHEAF (PCHAD)

#E# (AOA2U1LI39) 3
HIHEAR (AOA2GIHSWS)  d
Consensus

knra;«'sx kl° ai u‘-"gf" v_aedv

JAEAF (PCHAD)

WAEEE (AOA2ULLI39) T
SN (AOA2GIHSWS) I
Consensus

JHiAF (PCHAD)

#E# (AOA2U1LI39)
HIEHEAR (AOA2GIHSWS)
Consensus

HAD-like

CWGRQELYIG

332

IIIH [ |I J ’III\IHHIH H H“‘ U ‘

S

il

150 200
KR lbp

A-PcHAD [f] PCR # #1455t B-PcHAD [fJ35 B /K 14 il
E- PCHAD 1) = 4 45 4 T

250

C-PcHAD 5 HAb#i %) HAD-like 2 H I 2 |7

300

HILLXH 54T D-PCHAD ) = g 45 # il

A-PCR amplification of PcHAD B-hydrophily analysis of PcHAD C-multiple alignment result of PcHAD and other plant HAD-like proteins
D-secondary structure prediction of PcHAD  E-tertiary structure prediction of PCHAD

El 1 5 &% PcHAD EEHEEMEES

F i

Fig. 1 Cloning and bioinformatics analysis of PcHAD gene of P. cablin
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LA c3iruA AT PCHAD 25 T = 4 45 Fy i 7Y
M (B 1-B), BRI &R 132~336 aa, 1H
APES 21%.
3.2 ["EZE PcHAD WL HHBEE L 53 7

4 25 %k pANS80 FlH4 2 47 ¥ PcHAD-EGFP fili &

GFP Chlorophyll

PcHAD-EGFP

FISHAR, @id PEG /v F 1 7 AL B e I 5 A
AR, O 3 SRR R U W %% B BH A X R
(EGFP) fERAN 41 H 1%, 11 PcHAD-EGFP £ 1
SR 2O ARG, Pl g RR PcHAD & H
SENLAEM A (B 2).

Bright field

Merge

- | -.

EGFP-pAN580 7%, GFP-Zta 5% 68 Chlorophyll-H-4k 4k H &K% Bright field-13%  Merge-IH-4¢ 44 H & 5% 6 E5OGE AR SN
EGFP-emty vector pAN580 Green-fluorescence indicates location of GFP control or the GFP fusion protein. Red fluorescence indicates positions of

chloroplasts. “Merge” is merged with chloroplasts autofluorescence, GFP fluorescence and bright field images.

El 2 &% PcHAD FEES TR A B b i I 40 B E 32 53 4
Fig. 2 Subcellular localization PcHAD of P. cablin in Arabidopsis protoplast

3.3 PcHAD ERFEFIEERX D

FIF gRT-PCR £ AR 73 #1 PcHAD R 7E) # &
My 2L RARHSARIEKE . ERER, DR
JIXTHE, PcHAD fEM:, ZEFIMR G Rk, e
i RE E R, HEEE TN, R
HAEMHNREZRE (B3,

1
9 3]
K
=
E 2 «

) i

0 .

1 % wt

*FoRFERAE P<0.05 KF | 23
*The difference was significant at the level of P < 0.05.

B3 TES PcHAD EFEMFEER D
Fig. 3 Expression pattern of PcHAD

3.4 PcHAD 5 PcPTS BUE{ES R

B3R Bk 5 BD-PTS 384 %2 Y2HGold &322
Y b, AT RERL IS S SBRAIE . K1 BD-PTS
THBEEEME (B 4-C). BFHMEXTHE. pGBKT7-PTS
A1 pGADT7-HAD fE7E SD/-Leu/-Trp/-His/-Ade/AbA
i AR AR HARE €, TR (BD-PTS+
PGADT7) AfeIEH 4K HAF W 4, FRIH PcHAD 5¢
BIEHRES PePTS BHEAL S (K 4-D).

L Pfam WIS TS5k, KIL PCHAD 1)
HAD2_like £5¥J38 /0 A £ 134~314 NE KPR, PCPTS
[¥) Terpene_synth Z5#4IH N 25~197 P AR,
Terpene_synth_C g 229~495 M Jklg. Nitt—154)
#t PcHAD 5 PcPTS I EAES, ¥ PcHAD Al PcPTS
MR S5 Mkt T8 (| 4-D), PcHAD #4654
PcHADN (1~133 aa) 1 PcHADC (134~382 aa, %
B 72 HAD2-like £5H418) . PCPTS #4E N
PCPTSN (25~225 aa) Al PcPTSC (226~550 aa) 2
MR B SRE PCHAD [ 8 1177 F1 pGADT7
B4 PPTS FR & 73 Al pGBKT7 ¥4, FIH
P B X 2% 0] P 6IE PCHAD %8 25 (9 71 PePTS #
FEAMEAE. 455%8, PcHADN 5 PcPTSN HAE,
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A B

2000 bp 2000 bp

1000 bp 1000 bp

D
pGBKT7-53
*pGADT7-T

BD-PTS*
pGADT7

BD-PTSC*
pGADT7

BD-PTSN*
PGADT?

BD-PTS*

(

AD-HAD

BD-PTSC*
AD-HAD

BD-PTSN*
AD-HAD (- ‘ O
BD-PTSN*

AD-HADN

BD-PTSN*
AD-HADC

25

25

©
o 0
-~

DDO
QD
QDO/X

QDO/X/A

M

25 2L5 i—l};fm”"—{
—

C

2

pGBKT7-53*
pGADT7-T

o]
|w)

SD-T/X
SD-T/XIA

‘ 'HAD DOMIAN* 1
L 134 314 382
[rerpenecyclaselike T} | | HAD DOMIAN
226 5501 134 314 382

314 382

—

225 1 133

—

225 134 314 382

M-Marker A:1-AD-HAD 2-AD-HADN 3-AD-HADC [ i# % PCR Mk B: 1-BK-PTSN 2-BK-PTS [IE 7 PCR  C-iEMH AN A #UE

Kl D-FEREX A S 45 R

M-Marker A: PCR of 1-AD-HAD, 2-AD-HADN and 3-AD-HADC strains B: PCR of 1-BK-PTSN and 2-BK-PTS strains C-detection of

self-activation activity of bait carrier D-results of yeast two-hybrid
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Fig. 4 Interactions of PCHAD and PcPTS in a yeast two-hybrid experiment
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A-GC-MS chromatogram  B-content of patchouli alcohol in leaf of transient overexpression plant C-expression levels of PcHAD and genes involved
in cytosolic mevalonate (MVA) pathway in leaves of transient overexpression plant

CK-control check. The relative expression level was calculated according to the expression of PCHAD at CK sample. 2-42Ct method was used for relative
quantitative calculation. Data are means +SD of three independent biological replicates.Student’s t-test: “P < 0.05, P < 0.01 va CK group
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Fig. 5 Detection of patchouli alcohol content and expression profiles of PcHAD and genes involved in cytosolic mevalonate

(MVA) pathway in leaves of transient overpression plant
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