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W E. ¥X (Perilla frutescens) =& —FEZRHFE RbAES, #HF450THE 46%58%,

£ o-TREE (CI18:3) 2 & & 60%vA b. % BF B B2 Bt JL 4% 43 B8 (lysophosphatidic acid
acyltransferase, LPAT) ZAA4p AP T = BRIL Hid 4 K i A2 o o) — K X ARk B, REFRAE R L H AT
T AT EBAEE (PLPAT2), F##)/A qRT-PCR £ AR PLPAT? 3B 42 % # RF A48 B R
Bl & F ot A F 04 R A 454 . M PILPAT2/GFP @kA & A HAK 8 it KAT B -5 85 42 3 A K3
Fet A, A&n PILPAT2 Z AW LML Eis., MBERKMATHA (Escherichia coli) FEBAK. B £ L
BARF L RA MY L R AR, AKX HATH R T SM2-1. BB A (Saccharomyces
cerevisiae) ¥ A B B #k INVScl Fo-fi@ JAHE (Nicotiana tabacum), 547 PLPAT2 & & 4 B & M A &
WE e, ERE, FH PLPAT2 & B ORF # 1 155bp, % 384 MR IBR. 2h k4 M3k T
27 PILPAT2 % & A 5 B8 R BRI 4645 B LA 09 4R F X, PALPAT2 KRB R %A, Z. v,

A LE 100 200 30, 40d 9FP TR A AR, HEFE 20d 9FF T 9 S A&, @i
%R B~ PILPAT2 & @ AL T @I . KMATH 2 48 LAMNRGX A, PILPAT2 +T & 4. SM2-1 48 /i2
JERG £ WA, B LPAT Bgid i, HAR4 ARt RBAak, 4% PALPAT? AR BEH LGS EDR
ERE, AR EAANSNAS TR AKRE, HER (C18:1) 2 mPA R, T PLPAT2 *F C18:1
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Cloning and functional characterization of a lysophosphatidic
acid acyltransferase gene from Perilla frutescens

ZHOU Yali, HUANG Xusheng, HAO Yueru, CAI Guiping, SHI Xianfei, LI Runzhi,
WANG Jiping

Institute of Molecular Agriculture and Bioenergy, Shanxi Agricultural University, Taigu 030801, Shanxi, China

Abstract: Perilla (Perilla frutescens L.) is an important edible-medicinal oil crop, with its seed
containing 46%—-58% oil. Of perilla seed oil, a-linolenic acid (C18:3) accounts for more than 60%.
Lysophosphatidic acid acyltransferase (LPAT) is one of the key enzymes responsible for triacylglycerol
assembly in plant seeds, controlling the metabolic flow from lysophosphatidic acid to phosphatidic acid.
In this study, the LPAT2 gene from the developing seeds of perilla was cloned and designated as
PfLPAT?2. The expression profile of P/LPAT2 gene was examined in various tissues and different seed
development stages of perilla (10, 20, 30, and 40 days after flowering, DAF) by quantitative real-time
PCR (gqRT-PCR). In order to detect the subcellular localization of PFLPAT2 protein, a fusion expression
vector containing PfLPAT2 and GFP was constructed and transformed into Nicotiana benthamiana
leaves by Agrobacterium-mediated infiltration. In order to explore the enzymatic activity and biological
function of PfLPAT?2 protein, an E. coli expression vector, a yeast expression vector and a constitutive
plant overexpression vector were constructed and transformed into an E. coli mutant SM2-1, a wild-type
Saccharomyces cerevisiae strain INVScl, and a common tobacco (Nicotiana tabacum, variety: Sumsun
NN, SNN), respectively. The results showed that the P/LPAT2 open reading frame (ORF) sequence was
1 155 bp in length, encoding 384 amino acid residues. Functional structure domain prediction showed
that PfLPAT2 protein has a typical conserved domain of lysophosphatidic acid acyltransferase.
gRT-PCR analysis indicated that PfLPAT2 gene was expressed in all tissues tested, with the peak level
in seed of 20 DAF of perilla. Subcellular localization prediction showed that PfLPAT2 protein is
localized in cytoplasm. Functional complementation assay of PfLPAT2 in E. coli LPAAT mutant
(SM2-1) showed that PfLPAT2 could restore the lipid biosynthesis of SM2-1 cell membrane and possess
LPAT enzyme activity. The total oil content in the PfLPAT2 transgenic yeast was significantly
increased, and the content of each fatty acid component changed compared with that of the
non-transgenic control strain. Particularly, oleic acid (C18:1) in the transgenic yeast significantly
increased, indicating that PfLPAT?2 has a higher substrate preference for C18:1. Importantly, total fatty
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acid content in the transgenic tobacco leaves increased by about 0.42 times compared to that of the

controls, with the C18:1 content doubled. The increased total oil content and the altered fatty acid

composition in transgenic tobacco lines demonstrated that the heterologous expression of PfLPAT2

could promote host oil biosynthesis and the accumulation of health-promoting fatty acids (C18:1 and

C18:3). This study will provide a theoretical basis and genetic elements for in-depth analysis of the

molecular regulation mechanism of perilla oil, especially the synthesis of unsaturated fatty acids, which

is beneficial to the genetic improvement of oil quality of oil crops.

Keywords: perilla (Perilla frutescens L.); lysophosphatidic acid acyltransferase; gene function; expression
characteristics analysis; genetic transformation; health-promoting fatty acids

4895 (Perilla frutescens L.) J&/5IEF} (Labiatae) .
EHIE (Perilla), —44 AIERBEAR YN,
EOE TN AR, fERE AT 24811
AR, RHEMEREEE, SAEEN
BIRMSY, REA AL, FNATEN, 2RE
A A A A BRSO 60 FhEh R
Wz —C, KRR FEMW, HlEES
46%-58%, HAMFIIRNIR (HIER C18:1. Wil
R C18:2 FIVFEER C18:3) & b B il ay
90%Zc AT, RS T RRIR & itk o 65%LL RETL,
o- VPR R 2 — g A s AU (IR i e, By
EERINA T . fEm AR . RO
ARG HERE, L, m 5 A &R
AT DIAVE R AR E T o-SE R A O Bk 5 o

YA £ A E R IEAR IR (fatty
acid, FA) M3k& A =Mt H I (triacylglycerol,
TAG) 1AM R, h Z A LR Z A4
MNILEZ 5. TAG YR -F g K
FEW AL, HAH e b A8 32 2 A i B e LA
Hil-3-BFER (glycerol-3-phosphate, G3P) Flfit
FH-CoA (acyl-CoA) N JiC W25 45 Fl i () 4 YR A
i 5E R . 7E Kennedy i 42", BE3E-CoA 7
T -3- 18 TR ot L % 2 i (glycerol-3-phosphate
acyltransferase, GPAT) FN¥% LW A5 R IE JL % 7%
i (lysophosphatidic acid acyltransferase, LPAT)
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AR IR EE 2] G3P 1Y sn-1 il sn-2
A& b, o 5 A s IR 2 (lysophosphatidic
acid, LPA) FI#§fE#R (phosphatidic acid, PA).
SRIGTE G3P 1Y sn-3 5 |- 1) 1l R 0 e s T 1 TR Tl
(phosphatidic acid phosphatase, PAP) 7K i, A= il
ZWEH I (diacylglycerol, DAG), #x/J5/IEME-CoA
(fatty acyl-CoA) 7E — Wt H il Bt 3t % % B
(diacylglycerol acyltransferase, DGAT) )4k
T F DAG 19 sn-3 i b, B TAG, WiAf
Fif et

VS I AR R ot B A% F i (LPAT) & — 1M
KWEAMZRE, JET MBOAT & HBHRKH
PR, S TAG A3 Ae h — 28 G H i PR
fiti . s R, £ 5 Kennedy 15 TAG 41
BN Z RN R, LPAT B35 P Al G st
LPAT ZERMRYE AL R . W40 2 o A )
Pt 45 P 55, AT 4r S BTAR AR LPAT 5 ok R Y
LPAT! | {47 LPATs %t 85 R HL A 3 57 (i
Wi s BORLAA R AT 43k LPAT-A 25
LPAT-B 20, 2 5 s A i 4= 4 4 7,
Hrp LPAT-A TEAPIM & NHHE Tz RIK,
Xt 18:1-CoA HAT B3R B I W) fiv 451k , 17 LPAT-B
JUFPAAERMF R aRIE,, XA T8 B 3L 58 A5 I 1
(IR A AR HA R i, e
YW R FF (Arabidopsis thaliana L.) & 31



AR S/E5E NHISHE B E NSRS ESH

T 54 LPAT JEIH, WL G R | W AH M e
BRI GF 1, 7T 53 R AR RS 45 & 0 LPAT
(AtLPAT1) FlPN 5T BT 2545 %Y LPAT (AtLPAT2
M AtLPAT3), Horp ik BE45 & B LPAT Xf
16:0-CoA HA Y a1, 1N Jox ) il Joe 45
T LPAT JU R} 18:1-CoA FLA5 45 i85 ) i -l 4190,
AtLPAT4 Fl AtLPATS fE AL TN, (HXFEA]
IHEE T ST B TRIET . LPAT B % M i ik &
F2 52w g Ui R A R 25 W B i) & R B o FEU
FE ST AN W5 BN (Brassica napus L.) 5% A
Wt): (Saccharomyces cerevisiae H.) LPAT R (1)
RAST SLCI-1 $ER, T30 5L AR MR il
SRAEE 8%—48%, H TAG & A K AN iR
S B EINE fEKTG (Glycine max L))
T FRIRTERE SLCT HEDH T 300 5 DR 1A 24 i e A
T2. T3 fCRF oA et fElEg
IR FRE SR IR A (Arachis hypogaea L.)
AOLPAT?2 5 8 S AR R S5 AR S g 7™ i
RN, HA PR KR
[ 2 /> LPAT B AR ST v, 45 4 L R s
RFPF e M E E ) B F R AP KR
MET -3 I8k, Himig 4w & mALH iE A&
TERRNT, A C 5B B — 2 52 050 iR AH G 3
o295 PfDGATI 1 PfPDAT*YV ) Pfgpat9™
FERTMIE & A B h R E AR, R
Ji LPAT BB 14922 2hig S oW1 -3
Hig 1V R A W A R B A i 1

RIFEAT SR TN AR PRI S A il (PTLPAT)
A2 DIRe , AHIFSE T 28 05 i S A1 4L
AT ARG B 3k PALPAT2 SER 56 A, L)
HWEI 1S RFRF OFEE 20 d) ik
KL, FIH RT-PCR £ AR FEREFS 2 PLPAT2 HEH
A SEEETF LR 2 HE  (open reading frame, ORF) 7
41, il1d qRT-PCR 43 M1 PALPAT2 JEH1E L 75 A
[ 25 5 AR & B B R R i Rk Rtk . 4

: 010-64807509

R R IR B, F AR LPAAT %%
ARFIGE Bk SM2-1, # I PLPAT2 BTG, 4
TR RARBAF ) 1 FaR A, 43 s 1 5%
AR W) (Saccharomyces cerevisiae) W A #Y
K INVScl FIE @ 05 (Nicotiana tabacum L.,
Sumsun NN (SNN)), il % 56 [R] i BJ: R & rp
SO AE SR R NRITRAE &R, e
PfLPAT2 B MAY2ohie, HIRAWF LR
TR 1) A T 0 i 107 PR - 8 ) 1R AL ) R iz
FHEE DR T AR ok B 58 0 A URHE P Y It I o B4
PEPLIB A o

1 #H57%

1.1 iR H

AT T 28 R R T T O R
Fhe 295 15, 2020 4F 4 A F g4l
R RAE T I H, BCE 575 150/, 2%
M AN R R BB R - FAERS 10, 20,
30, 40 d), WEEZREEE-80 C kA I-AEH
FIa gl .

AR T AR U (NVicotiana benthamiana
L) P FE WA, BRI R A K
SN W (25+£2) C . HXHEEE 50%-60% .
JEHE D BE=16 h 8 hPO i A B L AN
SNN, JCHE MR 1/2 MS Bi 5 5E (& 30 g/L
HEWE, 7 ¢/L B, pH 5.8). HEIEIRIHE FhAL T
BT, AR SA R E 5,

KIHFFE DHS5a, LPAAT Bl KIGHF# R
Rk SM2-1, HUEEAAT I GV3101 ., FRIP 1 £ B
AR BEOINVSel , i I B e B AR A
pMDI18-T. KT FKiLZIA pET28A . Wbk
FIRHAK pYES2.0. 4 A B A ¥ ok ek Hi Ak
pCAMBIA1303 F1 GFP Fil 45 #i ¥ % ik # 4k
pCAMBIA1300 ¥0RA7 T 11 PE L K750 T4
5 A= Yy RE IR 5% 9T
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1.2 A%
1.2.1 %75 PLPAT2 EFE By [E

7 3 4535 20 W 1Y EASY spin A4 RNA
HERBUAH £ RN09 (A6 5t 3L Flse A R A R
oA FEHCER IR R ZH 2L 5 RNA . H BioDrop
B PR R VAR B 43 BT ASCORT St A 458 Je v i S T 4%
AL RNA BRI . SR ABM AR (%
WA YRHE A BRF]) B9 5xAll-In-One Master
Mix (with AccuRT Genomic DNA Removal Kit)
S SRR e R S AR — 5% cDNA

AR S 06 5 58 A S 2H B0H PR O 3 68 15
SRR VS B IR PR L e o il 2 1
A, 4K PLPAT2. W4 PfLPAT2 J¥5)¥it
PCR ¥ ¥451H (5 1), VAT IFAESS 20 d Fh 7
i cDNA M#H, {# ] Pfu DNA Polymerase (5
PRI 3 PLPAT2 3£ [H ) ORF. PCR ¥ # &
JF: 94 °C 3 min; 94 C 30s, 58.5 C 30s,
72 'C 2 min, 30 WAE¥F; 72 °C 5 min. HUEHE
VI L UK K PALPAT2 £:[F PCR P38 74, H
B R BE 2 ) i s A a4k 5 5 B & pMDI1S-T
AR, K EAH T pMDI18-T-P/LPAT2 % A KT
# DH5a H1., 2@ PCR i 6159 2 Bk 7o f

F1 KHRFARGIY

B3 1188 £ U7/ /NI DS o g 8
1.2.2 275 PLPAT? ERREBERFIIFFHED T
18 o LR B ProParam (http://web.expasy.
org/protparam/) 431 PfLPAT2 %E 1)/ = .
FESEH A RIS BB ARUE RECFISEB KM
% . JH NCBI %4 /% H ) CDD (conserved domains
datebase, http://ncbi.nlm.nih.gov/Structure/cdd/Wrpsb.
cgi) Z0HT PELPAT2 J¥ 5l JE 15 A 52 55 (1 D BESS H4)
. M GeneDoc 3%} PfLPAT2 #15 NCBI
A B Al LR 1 LPAT2 2 (1 537 47 i
TR U X, 45 PRl LPAT2 25 (115 B 3% 2.
1.2.3 7% PALPAT2 R R XL
PABCHe s R H 598 1 5 A4
cDNA ik , A48 PLPAT2 KK+ qRT-PCR
Bl¥ (1), VL 18S rRNA RIS IEHET | {fi
2xRealStar Green Power Mixture i) %5 (GenStar
yw)) 54T qQRT-PCR 4734, 4371 PLPAT2 A
TEF IR R A R F) & & AR 5~ i 5k
B A IS 3 Y FEE M 3 IKH
ENCEY 28
1.2.4 %7 PILPAT2 & H L0 E 5L 53 47
Wit TR PFLPAT2 MF 40 i 5E o 2% i

Table 1  Primers used in this study

Primer names Primer sequences (5'—3") Purposes
PfLPAT2-ORF-F ATGGCGATTGCGCCGGCGATAG Cloning
PfLPAT2-ORF-R CTGCTGTTTATCTTGTTTAGTCT

PfLPAT2-q-F TCCCAGAAATTCTCCCGCAC qRT-PCR
PfLPAT2-q-R GCATCCTTGGCTACAAACGC

18S rRNA-F CGGCTACCACATCCAAGGAA Reference gene
185 rRNA-R GCTGGAATTACCGCGGCT

pCAMBIA1300-PfLPAT2-F Vector construction
pCAMBIA1300-PfLPAT2-R
pET28A-PfLPAT2-F
pET28A-PfLPAT2-R
pYES2.0-PfLPAT2-F
pYES2.0-PfLPAT2-R
pCAMBIA1303-PfLPAT2-F

pCAMBIA1303-PLPAT2-R

CCAAATCGACTCTAGAATGGCGATTGCGCCGGCGATAG
TGCTCACCATGGTACCCTGCTGTTTATCTTGTTTAGTCT
ACAATTCCCCTCTAGAATGGCGATTGCGCCGGCG
GCTCGAATTCGGATCCTTACTGCTGTTTATCTTGTTTAGTCTGC
TTAAGCTTATGGCGATTGCGCCGGCGATAG
TGCTCGAGCTGCTGTTTATCTTGTTTAGTCT
ACTCTAGAATGGCGATTGCGCCGGCGATAG
TCGGTACCCTGCTGTTTATCTTGTTTAGTCT

Vector construction

Vector construction

Vector construction

http://journals.im.ac.cn/cjben
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R2 B LPAT2 58

Table 2 Information of LPAT2 in different species
Species Protein Accession No.
Perilla frutescens LPAT2

Sesamum indicum LPAT2 XP_011078878.1
Olea europaea LPAT2 XP_022842224.1
Arabidopsis thaliana LPAT2 NP_567052.1
Brassica napus LPAT2 QIXFW4.1
Tropaeolum majus LPAT2 ACV73676.1
Ricinus communis LPAT2 XP 002513487.1

15149 pCAMBIA1300-P/LPAT2-F/R (% 1), LA
pMD18-T-PfLPAT2 JFi ki Mtk , {#FH Pfu DNA
Polymerase =B 1 PLPAT2 LR () 4 i
X By 8 =¥ A Xba 11 Kpn T FR$IPENY)
BB YD, RIETH Xba 1 F1 Kpn 1 NYIHE
Xof V24 Jf 72 137 2% A& pCAMBIA1300 (2.4 GFP)
PEATAUEEY) , 4515 5] PFLPAT2/GFP @it 5
K # A& pCAMBIA 1300-PfLPAT2/GFP .,

WA AT I El A B # Kk pCAMBIA1300-
PfLPAT2/GFP i i) ¥ fill ¥ %% A6 A o 4R AT &
GV3101 B2 40, R FAPE A + 2 5 A M
BEHTA: 3R 1Y LB WA 37 3 h R 3% 55 5% 2 ODeoo
29 0.6 BLOUWEERMA, BCHIRIFESIFR, &
BREBIE ODe 21 0.2, HEiRFH 24 h 57
PR [CHEL I F, L pCAMBIA1300-GFP %5 %
AR X R 515 5F 48 h 5 BUR e X 3t A i
R, R O R R AR I O B A 3% R A i
H GFP 2615 5 153 i
1.2.5 %7 PILPAT2 ERAEXBHERTHK
SM2-1 Ry I 68 B 4Pk

FHBR 1 N YIEE Xba 1 1 BamH 1 Xt Kg
FFI 2R IA 2 AR pET28A #EFTXUEEY] , DL pMD18-
T-P/LPAT2 Jiki Rt , &t 54 pET28A-
PfLPAT2-F/R (& 1) #t47 PCR ¥ 34, 4 Liky™
Y2tk AR5 5] pET28A-PILPAT2 KighT
P ARIR AR o 3 17 W A R T AT T 28 A8 bk
SM2-1 /332 A5 2, YRR T I E 4T PCR %78,

: 010-64807509

FEERBUTTRL A AU ) 56 E

BRI Ay BH 1 1) 5 AR TS AL IR pET28A (%5
#1A&) I pET28A-PLPAT2 1 561E 30 C4M4ET
TR SR, B R 3R ) R A (R A A 4 Tk
&, ODgoo 77 0.5, SRJ5Hs HHT i vie B RV il i iy
BRI (10°, 10", 10°, 10° F1 10%) i
FPAHAA 0.1 mmol/L 57 N Ke-B-D-i A8 2 bk
¥ (isopropyl-beta-D-thiogalactopyranoside, IPTG)
PIIEREPE IR b, —AN7E 30 TR, 1 —A>
FE 42 CHigR, WA TE ARG,
1.2.6 £ PLPAT? BEEABBRIEHAWES
#i

FHRR I E N VI B Hind 1A Xho 1 XFi#HE
FREAR pYES2.0 HEAT Y], L pMDI18-T-
PfLPAT2 JFki AR, 531514 pYES2.0-PfLPAT2-
F/R (1) #17 PCR §38, ¥ Lk r=¥) 24 %
HH G155 pYES2.0-PfLPAT2 Wtk 6K 844
P T W e AR AT 7 DHS o SR SZ 8 4 Y,
PRBCA B IE I T PCR SE5E , $RIUTRr 64 T 0L
YIgE .

fdf P AR5 AL & (SK2400-200, JbiT
TR RHECA BRA W) Hil s WLk INVSel Bz
AU, SRABSRREL (LiAc) #Abuolt Fid %
SE N BH PR A Tk pYES2.0-PLPAT2 F25 3%,
& pYES2.0 435l 4k 2 INVScl,30 ‘CH;3E 2-4 d
Jo PRBCBATE V& JEAT PCR B6E o F0A8 I Ay BH P )
EEFLIA W RERE 28 SC-Ura M FRIE (B 2%
W), 30 Cil SR, BRI EIKEA
SC-Ura 5 715953 Q% L7LbE) H, dhaitinE
ODyo0 29 1.0 B S S B A HEA TV VR T4
WFVE R A T 5 2 SRR FIAR TR 2H 3 3 o
1.2.7 575 PALPAT? £ EEY S RiEHIKEE
5RE®REEK

FHBR I YD G Xba T F1 Kpn 1 X AEH)
FkEAK pCAMBIA1303 FEAFAUEGY], #3H5]
¥ pCAMBIA1303-PfLPAT2-F/R (3 1) %} pMD18-
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T-PfLPAT2 JEHigE4T PCR ¥4, L& 45155
pCAMBIA1303-PfLPAT2 Fi¥) #5804k ¥ 41
FPEYIEAL R IA R DHSa 2S00, PR
TR EAT PCROFHAUF V) %5 7 FH M 344 SR

WAy 0y 1 40 R IR A pCAMBIA1303-
PfLPAT2 5 AW AR AAT T GV3101 JREZ A4 ffL,
BETSTHEMMIUERN LB WiARE R R R
% ODgoo 29 0.4, T RYE @ MRt fr o BUAE
KAt 6 R m IS 1, Kt R
B 0.5 ecm® K/NRHOR , B T R AT R R
29 8 min, JCRI/KIHYE 1 mintY o KRG IEH
B & TR R 5L (MS+1.0 mg/L 6-BA+
0.1 mg/L NAA) [HERESE 48 h, B R|ifivE k70t
(MS+1.0 mg/L 6-BA+0.1 mg/L NAA+500 mg/L
Cef+5 mg/L Hyg) il riitksis, HEEKH
N ZE OB A 2R B A AR RS 37 SR T A MR B
7% (1/2 MS+500 mg/L Cef), RN Y KX)G
PR AR

i) CTAB BEARIUE SER AR i DNA,
DL PALPAT2 3:[A 4K ORF 5|# k4T PCR ¥
Fr I o % DNA 7K -5 7 by BH P 1) 7 56 DR g e
FIRIBUE RNA, sk G i cDNA J5, M5
IKEdE— A WAE PALPAT2 JEIR & A 31k .
BT R 2 7K1 i S 7K S8 7 Sy BR P 1 2 R A
MR R, AR TRV R A, T A0S
7 R e A5 B I R 2 43 D 2
128 EHERINEEENE

PRV VAR T J 1 A e 8] e AR 0 I 2R
50 mg EF 50 mL E.08F, BN E 3 IR
HEMAREE D 505 21,V V) BWK75mL,
37 C . 100 r/min fi4% 24 h, B0 EZH
PUAHZ 5 — BB 0 . R DIvE i A
FIfE - 4005 7.5 mL, 37 “C . 100 r/min $H32 12 h,
HE 2 K. K3 WIRERN FEFAIMAIE, =
SHRAIEMA 5 mL & 05 A 9 mL 1% NaCl

http://journals.im.ac.cn/cjben

W, IRAEEDWE T IZANE, HZH0
CFRE (mo) MBLIIEIEE T, AP ZE
TG FRFRE (my)o % 3 DB b 0 5 S g
B =(mi—m,)/0.05%100%3%
129 BEUHERPEINESZEIEENE

R ECYA VR T 8 J 118 2t e DT e AR 00 ot 4 oK
50 mg THIIRILE S, mIHPfhA 50 uL 1)
Tri 17:0 (10 mg/mL) YERAXTAR . B
AW G5 (102, Vi) IBREW (% 0.001%
BHT) 1 mL, #R % 1R 5] LA 500 puL 0.9%01) KCI
PRHIRAT, FhIA 1 mL @45, IR%IR 515K
B0 10 min, WREBCR ZETHE R 20
BB F, T 500 uL HEE (% 2.5%%
WER), IRAIG BT 80 ‘CARVEE T HERIL 2 h,
BiJE A 500 pL IECBE. 1 mL 0.9% KCI, &
DIRAEE L, W EER T A — T e
B, ETIREFEEINA 500 uL 1IECBE, RN
iz F iR 58 VA, SRR 2 GC /N I
iR 43 B & i ot o B FE AL IR R 3 IRE X .

fii A A @354 (7890B, “ZEEME) I 5E
B FE ARG W R 4 4y B = BY it N RR AT
ARSI BR A A A S i, AN,
ki=(Aixms)/(Asxm)*x100%. Hr i RoRIENIR %
WA, Ai FoRIENIBR A HIETR AL, ms Fm
WARII BT &, As RnNAR Tril7:0 BYIETH AR, m
FORBER TR,

2 X504

2.1 27 PLPAT? BEFRMZEIESFIHEE
ST

DL 1 5P E)5 20 d i) cDNA
b, FERELEEE i PCR ¥ 1758 PALPAT2 %:
[ ORF. 4 347~y M R FE 56k, 15
FI—Z KB 1155 bp WIEIRIFS, SiEatd41%K
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Figure 2 Characterization of perilla PfLPAT2 protein. (A) The domain of PfLPAT2 protein. (B) Alignment
of LPAT?2 protein sequences derived from perilla and other plants.
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Figure 3  Subcellular localization of PfLPAT?2 in the epidermal cells of N. benthamiana.
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Figure 4 The expression profiles of P/LPAT2 gene
in different tissues of perilla. Values are the mean
and standard error (n=3). Small letters indicate
statistically significant differences between the
different groups (P<0.05).
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Figure 5 Functional complementation assay of PfLPAT?2 in E. coli LPAAT mutant SM2-1. SM2-1 cells were
transformed with pET28A empty vector or pET28 A-PfLPAT2. Each cells were spotted onto plates containing
0.1 mmol/L TPTG with a series of dilutions. Plates were incubated at 30 °C and 42 °C, respectively.
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Figure 6 Heterologous expression of PfLPAT2 gene in wild-type yeast INVScl and its impact on the
biosynthesis and accumulation of oils and fatty acids. (A) Total fatty acid content of transgenic yeast. (B)
Fatty acid composition analysis of transgenic yeast. Values are the mean and standard error (n=3), a and b
indicate statistically significant differences between the different groups (P<0.05).
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Figure 7 Heterologous expression of PfLPAT2 gene in the transgenic tobacco leaves and its impact on the
biosynthesis and accumulation of total oil and fatty acids. (A) Total fatty acid content of transgenic tobacco
leaves. (B) Fatty acid composition analysis of transgenic tobacco leaves. Values are the mean and standard
error (n=3), a and b indicate statistically significant differences between the different groups (£<0.05).

SRS, SRR, (R AT 25 7
NEWiITR GHBR A -V RRIR) B9 & 4E .
3 W

SRR Ty — OB B 2 3 i kL 28 % 1
Y, HAFENEFRBSFEEY R, LR
557 AR S R E N AN T2 e . R
I AZY, WTRTHRIERE. & . s
W TERE . EREAE, TR S A AL
AR LR PR RORE . - IF RR PR 2 4 5 A I A i i
LN, ANMEA SRS K, HitE
MR EYIEADY . B o- W RRIR 1B A T
AR E, Al SR . mRE . R
e R EEM . HETH % b o-WRRRR Y &
BRI R TR SE, (0 A B A
BB S R N S BRI IR SR, FLIRE
7= A SRR W AR I, ASIE BT
HeE®SEEH, o WRRRR T 60 B &hnE .
DR, R ST o~ PR R AT 4 2 2 AU AL By U
ENTHE M, A E o-RER &
S, R RO R, AR B 2R TR
FEJ0 AT VR R — R BR AR A o VPR IR 0 5 06 UL .
LPAT Z: 5l & A Rl 2, & TAG

: 010-64807509

AT sn-2 LB IR AR RN I — A~ i
ik LPA A% PARY, [RIL, B35 475 PFLPAT2
ity 5 DX B S RE X AT S it g . JUHE - R
TR ) R4 ML L R e 5 PR TR B ol R 45 5
s AR E Y AR b A A S
AT DN 58 T3 Bt 3t 20 B T o O 3k M A
B PALPAT2 JEIH, 50+ sefEH AR 4 815 5
H ORF, JFFXtH P RESEAT 7 o34, 45
R, PALPAT? SEHNI4mAY 384 R FEIRYE
5, BT ARSI KEREA . CDD JjRE45H
B 45 5 B R PFLPAT2 & (1 2A — AN i
RE R LS RS B LAY ) (R AF IX . 2740 LX) 2
RARH], PILPAT2 5HABYFh LPAT2 & 1751
Z 0] BEAR ST, HAF1E MBOAT 2/ [NH(X)4D]
M“EGT” Box, BTt HEFE 5% i v 21 S 1 4
PR3 W A A5 B 5 A v s B2 S B Ok E
PCR £M, P/LPAT? SEFTEL AR AL A
[F & & ARG Rk, BRBRAELE
St ETFAEIS 20 d P oA X SRk KO- f
X GEFTF R B IR IME K o- T RRRR R
BREAWEPY, HEN PLPAT2 KEDIAE 5501
Mg & o- T RIR & AR R T E 2 R,
YR SE 7 F W], PILPAT2 2R 118 T4

X: cjb@im.ac.cn



3026 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

Y TargetP il PSORTIIFE LR #1145 e — 2.
T e PILPAT2 HAT LPAT Jid M ifii & ¥ 1h)
RE, FIH KGR AS MR SM2-1 (pIsC ts) #EAT
DRE AN ER . KA EA —A 91— plsC
SEIR, T Gr i ) 20 B Yl i A A P G
() LPAT, RBRIZIE R K B e,
SM2-1 B HRs&—FIBBAETE 30 “C A4 A KWl
JE USRI SR, TITE 42 “C AR ABAEFRIY
Mg R R, 3k PLPAT2 1) SM2-1 REAE
42 CHRMUTFIEFARK, Mg ibas 8k SM2-1
WIBET- . ZRIeE ] PFLPAT2 fEfSIK S LPAT 1))
g, ERMITHEAEMELEEED SR, X5
K F% (Eranthis hyemalis L.) ERLPAAT2Pf K
J kT B )y R T A SR — B

BT, CA AN DAY R LPAT HE 95 %
TE RO, e & —28 LPAT 3L R NS 42 M Al
Pt ig & B 7EIMSE T i 3Rk ScLPAT f#ifh+
SR 6.84%-8.55%5, TERIE ST &
KT W5 BYMSE A LPAT 3£IK BAT1.5, BATI.12,
BATI.13, ¥EREAEMRR T S iR/ 1%,
BAEWIEFEN, LPAT-A BIXT C18 M Kebik HoA
F PR Ar P, RSN E SR IT AtLPAT2
(AT P e B MR (C18:1) 7 4 5 1 i
Ik, BERR RcLPAT2 fERYIEHE b o i i T
C18:1140411 | #£35 PFLPAT2 JRJ& T LPAT-A Bt
K, AHBFSE X5 PLPAT2 KeDH EEE 1Y g 7 R 41
YIEATINE SN kB, i ET A L,
& PLPAT2 S:DNPERENRNITR & 4 0 & i kA
TS, Cl6:1 F C18:1 F & tu il i v, 4%
SR C18:1 S BN T 13.89% 1% FHH PALPAT?
FLIR ) IR BRUS P2 = BRI e & R 7,
PR B Z MBI IR, JUHUE C18:1,
P EAED , PILPAT2 WIREX) C18:1 HAAH &K
PR br o R RAT R AR G100 BnLPAT2-A7 ¥
CEBIR T, BRI R P S e

http://journals.im.ac.cn/cjben

XTHRZH 33.15%3 W1 T4 1.86%, W RRER 7 w18
BT 30%, IR S R AL Ao A
M-S0 8008 PALPAT2 [N 55 4k 23558
MBS DR SR R & e e 2y
0.42 £, C18:1 FEIAIM T4y 1 £, C18:3 IR
ET 3.77%, FW PALPAT? RFiA0] LR 242
FHE T R AR A A AL, R R R A
TMERA o- W RRER YRR R, B0 IR & .
FHIRAISUE PALPAT2 JERIRE, ANSLER
FIELE T S AR R, M A R DT
BRFIREAR, HEAT SRR AR e AL R AL AR i AR
FRA AL AW 5T o 2 X B B 5K 4 T AT
PfLPAT2 &KX 0 Ig FR B2 o- M0 JRR R 55 1t
JREA 2 BN R NG 17 R 1) A= 400 6 153 T L

4 i

AW 5T DN T8 K B R e o B A E
PLPAT2 FE[R g ORF, H4ihd 8 1 HA U Ik
J R Tt 3L 5 A W 15 Pk . qRT-PCR 43 #fr & W,
PfLPAT? BEREE R LB FaaRis Y5
SE R B R A o RRER A PR AR R
VI . %95 PILPAT2 B LPAT BG4, AE
AL B NE A= ) & . PALPAT2 SLIR 7R EE
R 3 R R v ) S R R Y RE B B i g E A
1SRRI R A UK, FERIE B C18:1
M 18:3 a4 o AT IR AT 5 700 B
IR AN T IR T 1R 2E 6 LR 3R 1 41 HIL i R
805 B LA IHURHE P i B b JTT A a8t 1 0 R B it
TRk IR A TR

REFERENCES

(1] Bfivlie, AESCH. S pF e iioe. 477 a1
Fi]), 2009(6): 32-34.
Lu JJ, Ren WB. Research survey of Perilla frutescens.
Acad Period Farm Prod Process, 2009(6): 32-34 (in
Chinese).



AR S/E5E NHISHE B E NSRS ESH

(2]

(3]

(7]

MG, KK, FERLL ERMURsA. mRK TR
KRR RRERR), 2010(3): 271-275,

Li P, Zhu JF, Tang CH. Research progress of Perilla
frutescens and Perilla meal. ] Chongqing Technol Bus
Univ (Nat Sci Ed), 2010(3): 271-275 (in Chinese).
WK, AT, AR, . RIRMBER R, PEE
Sh RN, 2007(4): 85-89.

Huang MF, Guo L, Zheng J, et al. Study advances in
Pefilla frutescens. China Food Addit, 2007(4): 85-89
(in Chinese).

PR, B, BER, F (CKRREHH) i
B RIE RS R IC 8 SR 7. o E B 25, 2020,
22(11): 1769-1777.

Jia CL, Wang JY, Zhao KJ, et al.
medicinaland edible plants in the herb section of

Records of

compendium of materia medica and their revelation.
Mod Chin Med, 2020, 22(11): 1769-1777 (in Chinese).
VINIR, 28, K%, % S0k h PR s
FEMNGWIBRE 4343 M. h E KR 224k, 2013, 28(12):
106-109.

Xu WL, Li HZ, Zhang ZJ, et al. Determination of
physicochemical properties and analysis on fatty acid
composition of different Perilla seed oil. J Chin
Cereals Oils Assoc, 2013, 28(12): 106-109 (in Chinese).
R, PREBE. o IEIiRAN . 4R E
o N AEVE BRSSP AL R R E 2 E R (A 2R
B2, 2006, 34(12): 195-198.

Mou ZL, Chen JP. Study on the composition of fatty
acid, vitamin E content and physicochemical properties
of Perilla oil. J Northwest Sci Tech Univ Agric For
(Nat Sci Ed), 2006, 34(12): 195-198 (in Chinese).

Tang WZ, Liu YZ, Zhao YQ. A new homogenizing
technology to obtain rosmarinic acid from Perilla oil
meal. Chin Herb Med, 2012, 4(1): 70-73.

framte, BREZF, REME. IRt K SUALE M i
WAETERIRZ R, B R AR, 1997, 19(1): 11-15.

Xu ZH, Shao YF, Zhu GH. Effects of Perilla frutescens
(L.) Britt. oil on blood lipid and hemorrheology in rats.
Acta Nutr Sin, 1997, 19(1): 11-15 (in Chinese).
g S A T S B W (DGAT) e 9 5
B 5 Hi[D]. ¥R IIARIAE K%, 2010.

Wang LL. Cloning and characterization of diacylglycerol
acyltransferase (DGAT) gene in peanut (Arachis
hypogaea L.)[D]. Jinan: Shandong Normal University,
2010 (in Chinese).

Chapman KD, Ohlrogge JB. Compartmentation of
triacylglycerol accumulation in plants. J Biol Chem,
2012, 287(4): 2288-2294.

Ohlrogge J, Browse J. Lipid biosynthesis. Plant Cell,
1995, 7(7): 957-970.

B, RFR. AW, deat: RO R,
2004.

: 010-64807509

[13]

[14]

[17]

[18]

(20]

[21]

[22]

(23]

Huang ZL, Zhu LQ. Biochemistry. Beijing: China
Agriculture Press, 2004 (in Chinese).

AETE. R A T MR RS Kennedy i#48
BEIG PE B OC RRWFFE[D]. B AT AR OL R, 2008.
Qi WC. Studies on correlations of developing seed
lipid accumulation with Kennedy pathway enzyme
activities in Brassica napus[D]. Nanjing: Nanjing
Agricultural University, 2008 (in Chinese).

Misra N, Panda PK, Parida BK. Genome-wide
identification and evolutionary analysis of algal LPAT
genes involved in TAG biosynthesis using bioinformatic
approaches. Mol Biol Rep, 2014, 41(12): 8319-8332.
Kim HU, Huang AHC. Plastid lysophosphatidyl
acyltransferase is essential for embryo development in
Arabidopsis. Plant Physiol, 2004, 134(3): 1206-1216.
Kim HJ, Silva JE, Iskandarov U, et al. Structurally
divergent lysophosphatidic acid acyltransferases with
high selectivity for saturated medium chain fatty acids
from Cuphea seeds. Plant J, 2015, 84(5): 1021-1033.
Arroyo-Caro JM, Chileh T, Kazachkov M, et al. The
multigene family of lysophosphatidate acyltransferase
(LPAT)-related enzymes in Ricinus communis. Cloning
and molecular characterization of two LPAT genes that
are expressed in castor seeds. Plant Sci, 2013, 199/200:
29-40.

G, PR, £, . IR A ARG E
KIS RE ek i, VEALH 4R, 2020, 40(10):
1663-1671.

Hao YR, Zhou YL, Wang ZL, et al. Identification and
expression analysis of gene family related to Perilla
lipid synthesis. Acta Bot Boreali Occidentalia Sin,
2020, 40(10): 1663-1671 (in Chinese).

Angkawijaya AE, Nguyen VC, Nakamura Y.
Lysophosphatidic acid Acyltransferases 4 and 5 are
involved in glycerolipid metabolism and nitrogen
starvation response in Arabidopsis. New Phytol, 2019,
224(1): 336-351.

Zou J, Katavic V, Giblin EM, et al. Modification of seed
oil content and acyl composition in the Brassicaceae by
expression of a yeast sn-2 acyltransferase gene. Plant
Cell, 1997, 9(6): 909-923.

Rao SS, Hildebrand D. Changes in oil content of
transgenic soybeans expressing the yeast SLCI gene.
Lipids, 2009, 44(10): 945-951.

Chen SL, Lei Y, Xu X, et al. The peanut (4drachis
hypogaea L.) gene AhLPAT?2 increases the lipid content
of transgenic Arabidopsis seeds. PLoS One, 2015,
10(8): e0136170.

Maisonneuve S, Bessoule JJ, Lessire R, et al.
Expression of rapeseed microsomal lysophosphatidic
acid acyltransferase isozymes enhances seed oil content
in Arabidopsis. Plant Physiol, 2010, 152(2): 670-684.

X: cjb@im.ac.cn



3028 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[26]

[29]

[31]

b, SREEE, B, SF. SRR IR T BRI K
OBl L R P i IR - RO AR AT . o DR I
%, 2016, 31(3): 91-95.

Wang JP, Zhang LH, Zhao J, et al. Regulation of
controlling oil synthesis by fatty acid metabolism of
Perilla seed and key enzyme gene. J Chin Cereals Oils
Assoc, 2016, 31(3): 91-95 (in Chinese).

FESCIHE, MR ali, ZIEAE, 5. 5205 Pfgpat9 BEIR ) % 5E
SIREHT. EOtA YR, 2020, 29(2): 183-192.

Ren WY, Hao YR, Li RZ, et al. Identification and
function analysis of Pfgpat9 gene from Perilla frntescens.
Acta Laser Biol Sin, 2020, 29(2): 183-192 (in Chinese).
Iskandarov U, Silva JE, Kim HIJ, et al. A specialized
diacylglycerol acyltransferase the
extreme medium-chain fatty acid content of Cuphea
seed oil. Plant Physiol, 2017, 174(1): 97-109.

SIS ER. EE IR TR AU S PR B DGAT1 kK Y
FIKSFHI[D]. KA IPERL K, 2014,

Zhang LH. Study on the lipid metabolism in seeds and

contributes to

expression pattern of the rate-limiting enzyme gene
DGATI of Perilla[D]. Taigu: Shanxi Agricultural
University, 2014 (in Chinese).

Xie X, Meesapyodsuk D, Qiu X. Functional analysis of
the dehydratase domains of a PUFA synthase from
Thraustochytrium in Escherichia coli. Appl Microbiol
Biotechnol, 2018, 102(2): 847-856.

trokte, BRENMR, PHIRIR, 2. /M58 —mtH
Pt L4 B MF(JcPDAT1) cDNA [ 5o 5%,
] VB E P 24, 2013, 35(2): 123-130.

Xu RH, Qiu LJ, Yang TQ, et al. Cloning and functioning
of phospholipids: diacylglycerol acyltransferase (JcPDAT1)
cDNA from Jatropha curcas. Chin J Oil Crop Sci,
2013, 35(2): 123-130 (in Chinese).

WA, HRE, B, AN SRR T
LR F BE (BnPDAT1) cDNA fY 0T [ FI S g K 5E .
YEW2#4H], 2016, 42(5): 658-666.

Tan TL, Feng T, Luo HY, et al. Cloning and
characterization = of  phospholipids:  diacylglycerol
acyltransferase (BnPDAT1) cDNA from Brassica napus L..
Acta Agron Sin, 2016, 42(5): 658-666 (in Chinese).

a2, \F, 2, 5. 338K NtAGPase /pFHEH:
DRl v M b o i AR . AR AR, 2021,
37(8): 2845-2855.

Chen Y, Gao Y, Li T, et al. Overexpression of
NtAGPase small subunit gene increases leaf starch
content and tobacco biomass. Chin J Biotech, 2021,
37(8): 2845-2855 (in Chinese).

kK, X9, Edie, % KEZEERE-ACP A’
it U (GmS AD) ik [K 5 5 1) 46 5 e g 43 . A9

http://journals.im.ac.cn/cjben

[33]

[35]

[37]

[38]

[39]

[40]

[42]

TREEHR, 2020, 36(4): 716-731.

Deng MM, Liu BL, Wang ZL, et al. Identification and
functional analysis of soybean stearoyl-ACP A’
desaturase (GmSAD) gene family. Chin J Biotech,
2020, 36(4): 716-731 (in Chinese).

PRk EEIRRN TR T RR A S S U G K PIPDAT
HIIIREZMAT[D]. KA IPEgR K%, 2017,

Li L. Fatty acid metabolism and functional analysis on
PfPDAT gene related to fatty acid biosynthesis in
Perilla seeds[D]. Taigu: Shanxi Agricultural University,
2017 (in Chinese).

Baud S, Dubreucq B, Miquel M, et al. Storage reserve
accumulation in  Arabidopsis:  metabolic  and
developmental control of seed filling. Arabidopsis
Book, 2008, 6: e0113.

Lewin TM, Wang P, Coleman RA. Analysis of amino
acid motifs diagnostic for the sn-glycerol-3-phosphate
acyltransferase reaction. Biochemistry, 1999, 38(18):
5764-5771.

Taylor DC, Francis T, Lozinsky S, et al. Cloning and
characterization of a constitutive lysophosphatidic acid
acyltransferase 2 (LPAT2) gene from Tropaeolum
majus L.. Open Plant Sci J, 2010, 4(1): 7-17.

Coleman J. Characterization of Escherichia coli cells
deficient in 1-acyl-sn-glycerol-3-phosphate acyltransferase
activity. J Biol Chem, 1990, 265(28): 17215-17221.
Meesapyodsuk D, Chen Y, Ye SJ, et al. Co-expressing
Eranthis hyemalis lysophosphatidic acid acyltransferase 2
very
polyunsaturated fatty acid production in Brassica
carinata. Metab Eng Commun, 2021, 12: e00171.

Liu F, Xia YP, Wu L, et al. Enhanced seed oil content
by overexpressing genes related to triacylglyceride
synthesis. Gene, 2015, 557(2): 163-171.

Kim HU, Li YB, Huang AHC. Ubiquitous and
endoplasmic lysophosphatidyl
acyltransferase, LPAT2, is essential for female but not

and elongase improves two long chain

reticulum-located

male gametophyte development in Arabidopsis. Plant
Cell, 2005, 17(4): 1073-1089.

Tomosugi M, Ichihara K, Saito K. Polyamines are
essential for the synthesis of 2-ricinoleoyl phosphatidic
acid in developing seeds of castor. Planta, 2006, 223(2):
349-358.

FHIKZE . T R S LA Tk e % il 5 I A A
B sepE 5 RIA[D]. R A RHE K, 2016.

Yin YT. Cloning and expressing of lysophosphatidic
acid acyltransferase family genes from Brassica napus
L.[D]. Wuhan: Huazhong University of Science and
Technology, 2016 (in Chinese).

(RXLT19 BT



