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Abstract: Lycopene, a natural pigment with potent antioxidant activity and significant health benefits, is
difficult to obtain through conventional approaches because of limited natural sources and the high cost of extraction.
Consequently, microbial cell factories have emerged as a promising platform for efficient lycopene production. To
achieve high-level lycopene production in Yarrowia lipolytica, an initial biosynthetic pathway was constructed by co-
expressing the CrtB and Crtl genes. To enhance precursor supply, a RIAD/RIDD-mediated modular assembly strategy
was employed to co-localize IDI and GGS1. Metabolic flux was further enhanced through multi-copy integration
of CrtB and Crtl, heterologous expression of the mevalonate pathway enzymes MvaE and MvaS,;;, and coordinated
expression of ERGI12 and GGPPxd. Analysis of downstream catalytic limitations revealed that increasing Crt/
expression had a greater effect on lycopene production than increasing CrtB expression. Subsequently, introduction

PF¥YPR which relieves substrate inhibition while retaining phytoene synthase activity,

of the mutant enzyme CarR
significantly increased lycopene accumulation. The final engineered strain, lyc7-6, incorporating these optimization

strategies, achieved a lycopene titer of 288.91 mg-L™'. Collectively, systematic engineering of the lycopene
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biosynthetic pathway through heterologous gene introduction, modular enzyme assembly, multi-copy gene integration,

enhancement of precursor supply, and optimization of downstream catalytic efficiency substantially increased lycopene

production in Y. lipolytica. These findings provide a framework for the rational design of microbial cell factories for

the production of high-value terpenoids.
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P U g e S B B 4 5 24 R A
J& (FDA) ASEN “AiN%4" (Generally Recognized
As Safe, GRAS) TEW), EH T &5 62 R HAh 4
R A . ZBERHE N R AR A A, A&
SEROK ) ARG A A2 BCRE ) M5 2 IR (MVA)D
AT, RENE AT AL ER A AR L 78 2 I A AR S I 0
FERM R S 0 S M R PR R0 T B A R . LR
AR B ARUIR W, NIRRT et
RIREAAL R, XA T AR AR B RE T, B BRI
FEIT MR A Y IR, AR ER R R T
R WE, RS AEAR AR B 77 b S OB AR 7,
FEF ML RGO H A ZZNH. B, AR
TEfF N HE I BE rh SEBLA A L0 2 I e 05 5 i, (BT AF
FERTIR P RIA R ARSI AR A P47 DL T i AL 25
&R, 2 K= &k — BTt .

BT Bk S, AR H RS T SRR,
T fif R HIE E % BE SEIL B ARS KA S VB AL R I =
BAEMER (B D. B, fEfE R @& nL
R s, GUFT 5]\ RIAD/RIDD 4 3 ) 8 H
TERALILZH B g, W A O0 Ak e LM i TR e A Pl
(IDD H#es: LA )L FE B RR & B (GGSD) 1)
RIERE, BEWEATE R YR E M EE. KEN
TR RKIE (MVA) @425 5 51\ 572 & 20 MVA
B O E SR, W [FE ST AT A A, SR G
HEE GGPP 5 feJe, Sl N HERCT L B CarB-
CarRP™ 7 Y il 1A e 80 S MR M6 4kl B bR =40,
TR R B IR RS E, R
WF I8 B 24 SEIN AR AL 3R 7 B I R VE SR T, N AR HR
PRI BE i R A0 G D I A R AL T AT I R 4t
AU LA .




MR @R

Modern Food Science and Technology

2026, Vol.42, No.10

1 MRERE
1.1 &g

111 Fkathzg

AW T e (0 B ORI A B RS BV LR 1. H
i, Sk H KBz # (Pantoea agglomerans) CrtB %
K 5 45 7 Y160F 5 N576S %8 4% ff) = 7 #ii $i IK %
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Fig.1 Construction of the lycopene biosynthetic
pathway in Y. lipolytica

E: LB A (Acetyl-CoA, Acetyl-CoA); T BE Tt
4 B A (Acetoacetyl-CoA, Acetoacetyl-CoA ) ; 3- # 3-3- ¥
A R = Bt # B A (3-hydroxy-3-methylglutaryl-CoA, HMG-
CoA); ¥ # /X B (Mevalonic acid, MVA); ¥ # /% B4 -5- &
B (Mevalonic acid-5-phosphate, MVA-5-P); /& M #%& £
#% B (Isopentenyl pyrophosphate, IPP); = ¥ 3 M & A £
#% B (Dimethylallyl diphosphate, DMAPP); 4 4 JU A& £ #
2 ( Geranyl pyrophosphate, GPP ) ; % /& A % &% 8 ( Farnesyl
pyrophosphate, FPP ) ; 454~ )L 4l 4 )L B 8582 ( Geranylgeranyl
pyrophosphate, GGPP ) ; N\ £ % 75 4 % (Phytoene); & #5 4L
% (Lycopene). T BLitiff A TBLAEA%BE /3- 2 3K -3- ¥ LR
— Bt 4 B A £ R B (acetyl-CoA acetyltransferase/3-hydroxy-3-
methylglutaryl-CoA reductase, MvaE ) ; 3- & -3- ¥ 3L R, —Bt4h
B A 4 mB& (3-hydroxy-3-methylglutaryl-CoA synthase, Mva$ ) ;
W £ B9 B (Mevalonate kinase, ERG12); /&M A& £ 55 it
S+ #1 B (Isopentenyl pyrophosphate isomerase, IDI); 44 JU &
BER B A R B ik oA B B8 4 AR B4 ( Geranyl pyrophosphate
synthase/farnesyl pyrophosphate synthase, ERG20 ) ; 4l 4~ JU 2 4
4 )UK & B B2 & B4 ( Geranylgeranyl pyrophosphate synthase,
GGS1); NA& Ak A R8s (Phytoene synthase, PSY ); A
%41 % BLABE (Phytoene dehydrogenase, PDS ).
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Table 1 Plasmids and strains used in this research

AR A8 KAZ & IR

pUB4-Cre P, ue-cre, HygR AREIE R

CrtB-Crtl PMT-Ppyp-CrtB-Typpy-Popg-Crtl-Ty py -URA AR R I
CarB-CarRpP"*""® PMT-Pryp-CarRP* "7 TP, i-CarB-T p,,-URA ARSI

Plasmid CarB-CarRP™"® PMT-Ppyp-CarRPY27R-Typpo-Pgpa-CarB-Ty p,-URA AFIAIE
IDI-GGS1 PMT-Ppyp-IDI-Typpy-Pypi-GGSI-Ty 1p1 -URA NS e
MvaE-MvaS; PMT-Ppyp-MVAE-Txppy-P 1yg-MvaS,~ Ty p,-URA AR TR
ERG12-GGPPxd PMT-Pyrp-ERG12-Typpy-Ppi-GGPPxd-T, 1, -URA AR FARR
---------- POIf matA, leu2-270, ura3-302, xpr2-322, axp1-2, leu,ura’, AAEP, AAXP, Suc’ AR FE I E AR
lycl-1 CrtB-Crtl cassette in PO1f A RE A I

lyc2DG4 IDI-GGSI cassette in lycl-1 A EEA I

lyc3BI CrtB-Crtl cassette in lyc2DG4 KL &

lyc3M MvaE-MvasS,,; cassette in lyc2DG4 R E I M

lyc4BI CrtB-Crtl cassette in lyc3BI ARGy

lyc4M MvaE-MvasS,,;cassette in lyc3BI K EIAM

) lyc5M5 MvaE-MvasS,; cassette in lyc4-6 REIME
Surain lyc6G9 ERGI12-GGPPxd cassette in lyc5M5 KGR A 3
lyc5-B CrtB cassette in lyc5 ARGy

lyc5-1 Cril cassette in lyc5 A EEA I

lyc5-BI CrtB-Crtl cassette in lyc5 KEEeA &

lyc6-7827 CarB-CarRP""** % cassette in lyc6G9 ARGy

lyc6-78 CarB-CarRP""* cassette in lyc6G9 R

lyc6-0 CarB cassette in lyc6G9 NGy

lyc7-6 CarB-CarRP"7* "% cassette in lyc6G9 AR E My 5

113 MBI KB LA AR E

HRIE WL DNA J B LLEE AL A 1) 07 U &
BERANGHR IREEREIE RN, F B W . DUBDR S
M, ff F 2xPhanta Max Master Mix (Dye Plus) DNA
RAEWY WA BNELHEA T B BB hl %
FH YPD 55973 30 °C, 220 rmin’ 555 1K 12~24 h, HL
1 mL #¥%, 3 000xg &> 2 min, 7 EiE. I 1 mL[{
IXTE 2% i 38 2 B AR, 7 3 000xg B0 2 min,
F& FiE. 1 mL 9 0.1 mol-L™ f#] LiAc T E% Hifk,
30 CHE 1hJ5 3 000xg &0 2 min, 3 1iE. 1 500 uL
{7 0.1 mol-L™" ] LiAc HLFr 27 M, /0% 40 uL .
RSN 5 uL e 0k DNA 1 0.5~5 pg 2%
PEFBL BREWRITIRS], 30 CHHE 15 min J5 /1 280 pL 1)
50% PEG4000. 35 pL ) 7K 35-uL f) 1 mol'L" LiAc
116 uL ¥ 1 mol-L™ DTT ¥ ¥, 30 C# & 1h. Jn
40 uL DMSO, 39 CH# 10 min ; i 600 pL 17 0.1 mol-L”
LiAc, 25 C#+ & 30 min; 3 000xg &> 2 min, FF#B
gy b, B 100 pL e fids, BRERETIRY: AT

32

URA B R (AR (% 100 pg L' &R HHER) 1E
30 CHEFFF P FE 2~3 do % TFE B AR A0 5 [H B 43
TEWLE 1.
114 ZEMERE

ZQZY-88BE #3724, g A R
AF]; DHP-9051 fAE ks 2, il —1ER = 0GEA
FRAT] : 48L 4= H ARt Mol BE A, B HE Sl ke
JEGBRAF] 5 Trident960 K H 34X, F1REAEYEITRE
KA AT ; 1-14 SIGMA B0, E[EH SIGMA ;
InGenius HEAX, FEFIA PR 2 7] s HH-4A U5 18R K
Was, B CEMD XERHIEGRAR; GISOTW 323K
H 3R 2K, B A IR A F s HYC-940
P A IEAE, S RAEEIT IR AR A F ; DW-
30L278 = HAIGIR ORAFAE, T Shilg R AE PRI I A A B
A s DW-86L416G IR IR RFEHE, & Sifg /R AR IT
A R~ &l Smart R FIEBAKHL, H B3 A0
HABRA A s DYY-6C HKAL, At N— MR A
FE /7] s LC-20AT Prominence WRAH T IEAY, HAS S,
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Table 2 Primers used in this study

HEZ) F51(57-37)
PacrtB-F gtactaaccgcaggccaccatgtecccagecceece
PacrtB-R caagaccggceaacgtggggttacacaggtcgetgccaaagac
boneB-F ccccacgttgecggtettg
boneB-R ggtggcctgeggttagtactg

crtl-F ttagattcggatgtcgttagaagactgge

crtl-R atgtccgaccagaagaagceac
bonel-F cttettetggtcggacatggtggcecategtggatgtg

bonel-R  aacgacatccgaatctaaggttcatgagaagataaatatataaatacattgag

ceB-F gtetggecatcegggtaace

ceB-R gacgggattttgccacctacaag

cel-F gtgtatatagaacctttccccagettgtg
insert5-F acgccageaagacgtageccagege
insert5-R ggttecgegeacatttcecegaaaagtgecace
Y27R-R2 cggtgtatcggggtegggacagecaagacaggacg
Y27R-F1 cccgaccccgatacaccgecaccgacg
Y27R-R1 geteggtegttcggetgeggegageggtate
Y27R-F2 gccgaacgaccgagegeagegagteagtgage

RP529-78F gttettcatcattatgaccctectgactgtcgecttcactaacctegte

halfRP-F cttctacaccgectetgeegtgtte
halfRP-R gaacacggcagaggcggtgtagaag

1.2 HEHhREMA B

H4 B V& PCR 30 1 1E ) 1 1 PR R 26 £ YPD ~F-#i s
7R3 30 CHIERFE 24 h, PRIV EEESWH. A K
BLUT I B R Y5 3 NS F5 10 mL [ YPD 15 55 5L 72
(50 mL k%) 1, 30 C, 220 rmin' B 17 12 h,
il £ KA T 0TI 50 mL [¥) YPD
KR R R RO (250 mL M4k ) h, $EEE A
2% (V/V), 30 °C, 220 rmin’' fE%5%5% 120 h,

13 HHOEZWERIEEF &

131 BHatiERFiE

BX 100 pL KEERE T 2 mL HFEEE 1, 10 000xg
B0 2 min, FF B, MWFEEFIAE R 0.52 mm
AEETFEEBRFD 1 mL &b (5 0.5% (m/V) e T
FEXFIR W), A 4 E SR i ROd R AR AR B
BT AR, WREE SRR T - W EAE N 65 Hz,
BEOGZATIS (8] 2 min, BFGEAT S5 A1 (8] 04 10 s,
BATURECN 8 IR WFEE 45 R J5 F A R 10 000 xg 5.0
2 min, VEGEBI LR, A 0.22 pm JE UL JE
bRk, 15 FIRER .

132 & deien

K FH R0 AH 3 A BE A Cap BB AR OB A
250x4.6 mm, 5 um) XAEBEET M. KIS
T SR 35 °C, BE | mL-min'. SRABE
Teliik, R ANHEE -8 (6:4, VIV, %7 B
BT HE PRI RE . I 7 A BRFERE T : 0 min, 100%(V/V) 5
15 min, 60% (V/V) ; 18 min, 20% (V/V) ; 20 min,
20% (V) ; 21 min, 100% (V)5 25min, 100% (V/V).
T AL R R 472 nm,
133 & iiifw & ey HliE

R4 H RERREL 1.5 mg B & M4 B b Vs T
10 mL =& H e, brfh BB RIR A 150 pg'mL " ;
B b BB BEAT 24 4. 8. 16 EHIBEFER RS, R
Jei MR HPLC %5 3 e it 77 v 52 o i R AT W 5 6 i 9
FEZ oL &R, LA PERNA 5 2 y=97 281x-2 096,
R=0.999 7, y MBI, x QRIS T ML R KR
BIRE . BRI A SR TR IR 1.3.2 ik, &
AL FAR I AL R E R AR A A .
1.3.4  #dBEAT

A EHRB R ER R =K, FIREMAER
FEE I E W = APAT, B E P ATRE R P AE,
FH AR 22 28 3R on An Ml 22 . {8 B Paired Comparison Plot
BT RE M RN, BEMIKPREN: *P<0.05,
#*¥P<0.01, ***P<0.001.

2 HR5WIR

21 FHAFXREERBREME

H T i i R QI B R AR B = )\ R Al 41 R A i
(PSY) FINAFE ML R EAR (PDS), HH &K%
ERE MR, A CreB 3 K™ 5% Y160F
5 N576S 28748 (1) Crel JE R0 8 F IR A R 15, JE
F pMT-URA JFi i 22, i 76 K 4% 40 i PO1f 3L 3%
ik CreB 1 Crel, PREUSHPEREAL T TR 9%, K%
120 h J5, X POIf AL €, lycl-1 AR M4
t, WPPRW lycl-1 WA F LR G . F 5 iE
I VRAR A AT R H e A AL R PR, WAL R BT
N 18.82 mgL e YR ANLL B A L R ) 78 A i HIS
REERE R RIE, (HFEML RN EA .

2.2 HEH A4 EIDI-GGS1 & & 7 41 & #E
FIm

A RFE ML RZKB T HRIKRERATER
SR R AR R IR (IPP) R HL R Mk
B 47 TN L £ W 2 (DMAPP)! . IDI-GGS1 i it *F
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187 S Hi 44 IPP/DMAPP J£J8CK FPP [ & BB &, N
A EARARE R 2 BRI HER, B OR L
RENS RO AL 36 2 R i GGPP. B4 A 1) 2 g
AR AT DARI AR AR, AT 98/ 3 A5 TRD B A LT
o, AR, IERRARINR S Y0 40 A
o A FUCR BB SR AL A g (P 2) : IR
A SR AT Bk FR 28 RIAD 5 RIDD, 78 %5 8] oK
IDI 5 GGS1 #45 hy a  Ri A it R R . RIDD SR
T cAMP i B i A (PKA) R I3 N il 44
AN G R TR B TY ) — R AR 454 s RIAD AT 2E
filf A B E B (AKAP) g S (i S MR e, g
g Re 5w ME 5 RIDD — Rk S5 &, —& 0+ R,
MEAER 158, BB WK 2:1 &5t 2, f#
LR A FEAR ) il 2 25 AR 25 . A RIAD 5 RIDD 4
SRS G O BT R, R S N R e
iy (IDD 5& B AR S 8l (GGSD 5
RIAD #1 RIDD # 17 @l & . B 5, 28 PE DNA B
IDI-RIAD-GGSI-RIDD 5 X lycl-1 [ £k, LL#E 7% IDI
5 GGS1 By P Al 20 2 0 T AL R 77 S A0,
I 15 ) T FE B AR lye2DG4 1 3 i 40 2 1 B ik B
45.64 mg'L' (B 2), RVIIHEHEE lycl-1 P21 2.4 £,
IDIAE N2 R IR IR A A B 42 1) DG B g, 47 5
AL G EEER (IPP) 5 H ik — F LA Ty 3 2
W% (DMAPP) Z [A][}) A] 554k, AT &AL R
& AR AL FRIRTAR . Kang 25" 8 UE K AT B MR
% B 36 E T RIAD/RIDD 46 ik b5 25 0] A 5 53 Y5 il
HRASE, MEHAY MR- RIRT ST 5. BMLER
FEE IR T 58%. Park ZUTEGRIL MVA 818, W RIE
ZIR AR S IR A GGST, JL HARE M\ AE A4
RN BRI E I . AT YO R H L 3
IDI-GGS1 Helg B T g HR (R BE = a4 %, H
PRr= W AR T 2.4 15, W B i TR BRAR R
X —ZE 53 A AR VAR T A M HIS DI BE I N A7 78 K& IR
i, 1 B RIAD/RIDD #H #¢ J¥ i ] IDI-GGS1 & & &
A e S T RR A, ARt IDT 4k 7= 4 ) TPP/
DMAPP 7¢ i fE il Jii th 7 Bl AR 8, BRI 4 GGS1 1
1 GGPP, A ik G A (8] 7= 4 % 4t i 7= A8 S A4 il
NZRERE A KRR A TR NGE IR S %
2.3 %% L CrtB-Crtl#Fn 3k 3k MvaE-MvaS,  f& %
B i 41 F RS AT

P H bR =0 8 10— Mo RO 232w R
VT 3 R o O i 1) 35 DR DUEY, BT DA
4k 2238 I CreB-Crel $5 VUEURI 3K F i MVA K B i
LR s FE AR 8. 1F L FE Ak lye2DG4 1, 4y

34

S = 2 i 4T 3 R B R TR 3Rk — IR IR 1 B TR
P P 1yc3BI Fl lycdBI, 1 & 3 fr 7~ & il 21 2 3 B2 7
B N 7530 mg- L' 19742 mg' L, B H Fk lyc2-4 77
I E 65.13% 1 113.64%. %45 RE W, 0o i
fiff CrtB-Crtl (1) 5 K ¥ DUl A 30k s AR il &, JF
HRMAFRFRIEA I HIK, HIE R LR 2
T, AHFFAE lyc2DG4 Fosth H R IR IR 1B 12 . I
AEMF MvaE "] {1k 2 T -CoA & LTk L E-CoA. DL K
HMG-CoA % MVA I B, T R A MvaSy; it
SRR, % L LB -CoA ¥4k A HMG-CoA, H:
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