afX £

Synthetic Biology Journal 2026,72).335-356 2026 % 5 7 % % 2 38 | www.synibioj.com

S N B DOI: 10.12211/2096-8280.2025-106
R TR IR

HAZIEAS AR )~ 5 i e A J B2

3{/{}.@‘1.2’ E‘g;@kkl 2, 3
C BHEEYERMRESEDF B EF IR R RN, BE EH 570228; P BHA¥ A eREFIK, BH #O
570228; ° BEAFEFEAEMEKFFR, #BE HD 570228

BE: ERMREFEN—REENEMRR, JUEENABCOMXEENENY, BHEBSMAGMRSIRAT
¥, BEFNGREMZFMR T BAXAMNE . 2AM, ERMENCEEr ERIERNEBINHLOEE L
RIARE . BIRE TIESGREMRARMERME, MIEBXIRF B8, Tit—2hE T ERI G
KAFHPCE . AXESR/MHARRZSNEZMEITERENTE, NEETHRITA . BEERERARFINANE
HERASEERESHENE T GREMRAREERATRITSHIFRERE . e T ATERERATIZSHFZHIEE
MesEARFHIRIEUR BB RMAPRINAED, AEGERNARI T HEMEE L E8ENEMERIE
TREEKENER . HENHEREARNNBISIARDRHTTRE, 8 "EOMERE" fI8&. A
TEpRARAERERERITHRNE. MEMERENESUNMEREGENAE, SEAERMEEHED
FRE—EES.
Xigial: R, ATER, UHIIRE, aEMS; SENEY

RESES: Q816  XEMREE: A

Research progress and prospects of synthetic biology with

eukaryotic microalgae
ZHANG Xu" ?, LU Yandu" *°*

("Engineering and Research Center of Marine Bioactives & Bioproducts of Hainan Province, Haikou 570228, Hainan, China;
*School of Life and Health Sciences, Hainan University, Haikou 570228, Hainan, China; ‘School of Marine Biology and
Fisheries, Hainan University, Haikou 570228, Hainan, China)

Abstract: Eukaryotic microalgae can efficiently synthesize bioactive and functional compounds by directly utilizing
carbon dioxide and light energy. While naturally possessing the ability to synthesize lipids, pigments, terpenes, and
various secondary metabolites, microalgae present unique advantages in the construction of cell factories through

synthetic biology. However, in practice, such a strategy still faces challenges such as relatively slow growth rates of
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microalgae, limited accumulation of target products, and high cultivation costs. These issues impose constraints on its
large-scale production and industrial application. Metabolic engineering and synthetic biology techniques provide
effective ways to enhance the performance of microalgae in response to these issues. Systematic modifications of the
central metabolic network and product synthesis pathways can optimize intracellular carbon flow allocation, improve
photosynthetic efficiency, and enhance the ability to synthesize target products. These measures significantly broaden
the range of products that microalgae can synthesize. This article discusses important progress in the development of
genetic elements such as promoters, terminators, and screening markers for model species such as Chlamydomonas
reinhardtii, Nannochloropsis sp., and Phaeodactylum tricornutum, which have been extensively studied. The successful
application of genome editing technologies such as CRISPR/Cas9 in microalgae has made gene knockout, knock in,
and precise regulation possible. In addition, representative metabolic regulation strategies in the field of synthetic
biology are reviewed, with a particular focus on the optimization and reconstruction of metabolic networks, the
application of “push-pull-block” regulation strategies and subcellular organelles engineering, as well as the
supplementation of cofactors, aiming to enhance the accumulation of high-value compounds in microalgae and/or
adjust the relative composition of metabolites. Moreover, the application potential of the integration of artificial
intelligence (AI) technology and multi-omics data in the screening of microalgal cultivation conditions and metabolic
pathway optimization is highlighted. Finally, an outlook on the application prospects and development directions of
microalgae chassis cells is provided, including the construction of “directed microalgae chassis™, the application of
artificial intelligence technology in microalgae chassis design, novel organelle targeting signals, and the integrated

utilization of microalgae chassis, aiming to provide guidance for the synthetic biology of eukaryotic microalgae.
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WIR T2 8k, AT L S 87 #5473 1 AL
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& (pogostemon cablin benth patchoulol synthase,
PcPs) K 4 i 77 41 N FB4di N T rbes2il, 1 g ]
FIERE, WML 7T EEEARERETT
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R ORI T R EA S AR A R
Table 1 Biosynthesis of high value-added compounds

by microalgae

b R /] FE R 23 ik

ST R i WiNiid 656 mg/L [15]
DY A LIS 23.5 mg/L [39]

S DY A LN 8.9 mg/g [40]

DY A P B-TH% bR 22.8 mg/g [40]

S DY A P EF N ¥ 5.24 mg/L [41]

S DA iR 3 117 pg/L [42]

WA (BE)-o-2LBZM  11.5mg/L [43]

S DA AR B 0.38 g/L [44]

DA [Epr &S 1.03 mg/L [24]

S DA R 1 2.86 mg/L [45]

SEDIA B B-A1 1T I 854.7 ug/L [46]

BEETT Rk Casbene 1.8 mg/g [47]
TR Bk v AR 4.7 mg/g [48]

TR ER v LIS 7.3 mg/g [25]

T R MR D — [49]

REEET]  =MRTRE s 0.309 mg/L [50]
B R 1l T 13 pgl/g [51]
=MWTEE KRR WK 0.55 mg/L [52]
=Mt KR 4.48 mg/g [5]
=R SPESET 0.1 mg/g [53]

=HETR EPA 1169 mg/g  [54]

=MiETe FEEH R 6.53 mg/g [55]
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(glucose-6-phosphate dehydrogenase, G6PDH) /& iff
TG A Py I R I B R v TR H IR B R
(nicotinamide adenine dinucleotide phosphate,
NADPH) & & ) B ZACH TREHE 0 JIg BT
A G 7R B E [ NADPH, i i i 55 13 b %
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342 GRENE 75

Wi -6-1k W2 it A B FE [ (NoG6PD), ¥ 7R KA
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72 TR TR o v B INAEL P B B S B T B
R R RO A A T R T AT AR .

4 NI BeEsus Ay~ rh b N A

N L BE IR AE N WGH & B AR W 2 B 7 B it o
R T B il B R AR . A
Hdls LA E BRI SR E b, WECN LaEls
A HE b DIE A TR 1) 5 97 2% A AIAR IR f 5%, A
i SRR U . o RAR TR SR ML AER S
PRI R, AT A v A R 1 R R
BRSO B 2 S0F

4.1 AlEBEMALIESRFM

TEEE & Y b, N B IR 3BT BN
MFARMEA KRS REMEEZTE, HAERK
B IR kAT R 7RI . I AR K 2 B
ML RE. pHL EFRIRIKRE . COIKRFESE Z M
ML, RS AL G 4 00 B — DR 3R S
TNEARAEME A HEFIC R X e R R 2 M B R R,
X LTI e AR R R B SR iR L. T AT
B e n] DU ] B b A BRIX 48 22 A B AR LR R R
SN IDN M eV E It L0 WA SR =8 V6 1R
R %R, LREAKESAAEF. Rodriguez
S50 % ANFIS #5721 ik T 82 4 Dunaliella
tertiolecta W B 5 72 0 2, 4 GHMEHE SMWE
W25, AAXSEIL T i B 77 R B ORS A AU AN
T, oA RS 3% 5% A AR A MR kL R 4R
7 EEAKHE, R HNE TN TR R RES
BRGS0 R SCHER o RN TR0 22 Y 2% -
BAESE (ANN-GAD SRS AN AR 7 2 1 267
FAF AT AL, (4SS T R g g 1 7 A U A
FAETE 66.79% 7o Peter 4R H T — Fhsh & ik 45
BHRSANLEREG RN RMER RS,
T @R AR I I NEREE (C. vulgaris) 1)

AR, IR AR KA R R
WA BROKEEME MR ™. ERANE
PR B, R AL A A 510 By IR 1 AR R AT S 23 B
AT, w7 CLR AR S, R RS E
P R A K, AR B AR E

4.2 ALBEREIMNES

FERLER 5 E AR TR, Rk B AR A
2% SHEAT AT LA BORS HE 1A 12 R HE B FLURLAL L DA &
7ok A R DR B TR R . 22 2H 2 BOR AR PR e JRR AR
RV RELE, WU AR BER AL, Fetdl,
wARA. RS2 AR R A R
SRS SR L H R AR K R R R
i A% G807 1R AT AL BEAR SR IX L8 15 BA ROt B &
Ak, HEAEMFIRBCHRE S . N TR BERN AN
AT I i DR A SR, SR s AR A R A e A
AR SR AL 7R 8 B 507 (B D,

Tl B AW S L TR RE 0 K g 07 A 15 it A A
o AEGTTEMAE S L SRR e, T AL
M RE gl KRB A B 01 2, TN R S0 82
FIZhREBHEALRFIE . JE5ER, T HE MR EA
ZERITIIN 5 D R 7 AR 25 B v 1 g T RE TN FR)
HERE,  AERIT T AE NS S DR Hh 07 100 5 folr e 0K
Ml . R e B, &MU &)
WIAR AR I L 0%, I AN AT B0 “ I ” o2
BT AR o T ARSI 7] DL JRATTHR (S HE
“CEMULE”, 7R RS R g R B ] B bR
Yo UK SRR S OSE, g IR AL EE i, A BT
FATE PRI B = R s )

5 BN T B SE kR R H

e A He B A 1A T HAEEARSE & “athm.
A 855 1 2 T 52 A 5 R R AR S R R AR 2
A& W) AW BT TR R LS (R D
EREVER B R R T AR IF R, Bk s fie i
TR RS AR TRESE S MR, AT E
S 3T A SR Y 3 JER A58 4 N A 7 22 AN T A g
B AR R SR R EA R RSN
VIR SR BIHEAT T A
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Fig.1 Potential applications of artificial intelligence in microalgal synthetic biology

5.1 ZSFBFASEHER

KEELZ ABAAENER (long-chain polyunsaturated
fatty acid, LC-PUFA) J&H 18, 20. 22 ki F
ZH R I ELBE TR T R, 18 43 N omega-3 Al omega-6
PikJe. HIRFH LC-PUFA F B A7 1E T i,
R NKRET R LTS, B IR, #f
ZREMPIRIBET R RBAEN, U ZH T%
41 JLBC 7 Wkn IR £ 4 70 70 A0 B 24 4 . R

7 0 72 LC-PUFA () 3 2R UK, (H A BKifIL 5F
RR S B W KTE P DL R SR G R R R
T T UR Bk . OB DR L T R s R R 1. Wil
RSB T TR R T R Tl A A
LC-PUFA [HJ BB R AE)

T IR 7 R T DSk B s T i A R B,
IR IR ST IR ] 58 COAE BN RS, FE Ak Tk
CoA. M CoA £ R AL i 4 A= B TH — 18 CoA,
bR 4 BRI RN (i IR Bk, FiE
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JEO S I 17 T R 1 7 e i e B, B TR A 16 ik
B 18 B (VL AN G DT 2, FF HH 25 T A 5 N 0B AR
WANE R R (B 2). ASZEL LC-PUFA (1) 75k
WA F= I3 TG, 3 I 3 R TR R R
FECR B R £ ANEE (FAD) FMIZEKEE (FAE) 1
BeRI Rk, AT DA 2 4 T 2 AN T R T s R )
A& 71 o B W Hamilton %5 ™ & I 75 i 1 6 3
P. tricornutum P ¥ & & 4 B¢ Bk (Ostreococcus
tauri) SKUFHI AS-FAEJE[R, (H40 0 P 2 A F g
I R ) & &t 2 DHA WA & ol BT T
8%, #H—LH A A6-FAD A %Kik, DHA S &
RRNHE— DRI, ABSARIEE M 11.4%.

EPA K HAE N f B A 37 05 T AT 771 4% 5%
FVE ™, R, EPAR A IR & £ R
R A9 g TR 2= MO A (A9-FAD) {4kt i
R (C,, AHmiz c¥), Bij5iEid A12-FAD.
A6-FAD. A5-FAD 3% 25 2 M AR FH % cAe A DY A
R (Cyx i), H )5 H o-3-FAD / 4 EPA, 1%
B I AE 1) OC B BI04 A6- IR DT R I KB (A6-
FAE), FLEiIfEfb CLo gk ik 0l g 4L 1
M SR HERTAR B (E2). N T 3 — B4R T i
H EPA & RBE T, BRFCE AT R T 28R T
RN . BAAREHE: Ol 5 R R IA sk OB
EPE, (R AMAI R ERA R, AR, £
PEAU IR CCMP1779, AS5-FAD 88 A12-FAD it
RIBRe% il EPA R R E 52T 25% ', A6-FAD ¥
FIE A AR BEPA & B IA %] T 62.35 mg/g DCW,
BCEFAE A I 1.53 4%, IR I 22 B IR R A R
EWIMT 1745 AL SRS 7E = MR TR b kAT
JEIL T RA 45 5, AS-FAD Fl A6-FAD [ it % ik
755 2 AR 1 R L L 2 EPA & T BT
bR T 0-3 B BUSRIM IR 2 4, EAZEE EPA
A N B B S — AN o-3FAD W 7E 2 I 5T
PR e ¥, B 0-3FAD MY 2 5 5 EPA & (1)
Bk, 102 T 806 VERILEREE b B IR R BRI, 1M
1t Rk ©-3FAD B IE 64 T 40T 10 RETAMEL
o3 4k % % EPA 7= 1 0] LLIA #1292 mg/L, # /& Al B
L F 49 mg/(L-d) WEHR S @K M £ HEE )
AR, [ A — AR e B A E A
B: RSP EPA 72 & 4T, W FE Mg VR A A0l K )
N 3% 32 3 B A< 8 SR YR ¥ Ik A H o I O A R i

CrDGTT!1 5 H N YR I fE 7 R 4E KB AO-ELO1, it
AT TR %A, RAFMNEV R EE T2, 89K
() A e JE B R, EPA =& 1] LLIAF] 115.6 mg/L “7.
= TR YR T R A A I R B A #
Wi 5l (MCAT) 5 EMAIEE Sb (PDSb) 3Lk
ik, FREIRUE T 2 QWAL A B ) ek mT DL 2
W58 LC-PUFA A 2, T2 5K 1 85.35 pg/mg 1)
EPA J= 3%,

5.2 HWiel

TEABRBEVR 75 R POE 5 A B EL s =,
T AR AR S 38 = XN 28 DY A A 0 IR OB ) 4%
O, BRWHEATBERESSZFNE. M
TR R, MEETIEH G AP, TR
WK BRKEGE AR K, B SR ARG,
A5 &m0 . PRIE S RE . LR R
TEE, T EEEYS. EMA. Y
CPEAE P A, SRR B R AN B IR E A 5 T
BAHBERRHGGE, Sk H bR A

G RAEDE . REEWFR ) T HEY
S T AR A 52 A= ) 51 A 7 A O B v R T A
B P FH B AR P AR SR DG, =R H
(TAG) FRAMIBRHE R B sy, HonrLLis
T ERAS ¥ e B AR AR SE M, W R iR R . AR
R CBeSE . @Ik 3N T AR 4% TAG & U 12
PSSR (1 GPAT A DGAT) ™, A & Z 42T+
OB R = B I R RN R . = MABTR T+
AGPATI id ik TAG ¥4 0 1.8 fi5 ¥, GPAT2 L %
K8 TAG 3 0 2.9 £ 7, TN ER 3 ' NoDGATI1A
i RIETAG S ERIN T 2.41%, DGAT2 ik Ed
PEAR & & 32 5 69%, G E S AF T i — 8 1 2
129% ¥, SRR IEAEY) DGAT R (i RR M 3 =%
DGAT2 "™, FIFF DGAT ™ ) i ANJE s A Y i
=, TREFERAER A RS, SLI b
FRAMEN (REIX100%), FHHA LG EZ AW
AR TR Ee etk (o BRER 1G5 12%)

2 B R B A R AR T AT LT R 2 4E FE
FARALAR &R AR TRESR NS, @i i Rk e
i TR e TAG A= 9 & 1 38 4 ¢ B 3 K] (4 DGAT.
GPAT), VA syt & [ s oo (7] sy 38 v 41
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B ICTT—R G o-KG—oa-Bi/k —R; MAL—3ERER; OAA—HEEZER; OA—IMER; LA—WFiMR; ALA—o-TWHKER; GLA—y-
WRRER : SDA—1 /\Bk VUM R : DGLA— —-y- MRS ; ETA— Tk IUMHE: ARA—{EATUGRR: EPA——THA/GIE: DTA——+—=
BRVUIEER . DPA— - “BRFUMER: DHA— -+ RN ER: GPAT—H oli-3-BR BRI SE 5 ROy . LPAT— V4 L IR B 10k 56 4% RS B . PAP— 1
B W H MRS : DGAT—Hih A2 M, PDC—ARIIR I SR & 18; ACCase— LI HiNE AR ILEE; MAT—P I 4fifE A: ACP
HBLAE; KAS—3-HIBLE-ACP &/ #; KAR—3-FiBtIE-ACP it )7 A%; HD—3-JRZEBEHE-ACP Bi/KEE; ENR—/GEL-ACP it AE; FAT—
Pt HE-ACP T Bl : ELO—IEKEY: DES—HIAIES)
Fig.2 Lipid metabolic pathways in microalgae

(G-3-P—glyceraldehyde 3-phosphate; LPA—lysophosphatidic acid; PA—phosphatidic acid; DAG—diacylglycerol; TAG—triacylglycerol; G-6-P—
glucose-6-phosphate; CTT—Citrate; ICTT—isocitrate; a-KG—a-ketoglutarate; MAL—malate; OA A—oxaloacetate; OA—oleic acid; LA—linoleic
acid; ALA— a -linolenic acid; GLA— y -linolenic acid; SDA—stearidonic acid; DGLA—dohomo- y -linolenic acid; ETA—eicosatetraenoic acid;
ARA—arachidonic acid; EPA—eicosapentaenoic acid; DTA—docosatetraenoic acid; DPA—docosapentaenoic acid; DHA—docosahexaenoic acid;
GPAT—glycerol-3-phosphate acyltransferase; LPAT—lysophosphatidic acid acyltransferase; PAP—phosphatidic acid phosphatase; DGAT—
diacylglycerol acyltransferase; PDC—pyruvate dehydrogenase complex; ACCase—acetyl-CoA carboxylase; MAT—acetoacetyl-CoA: ACP
transferase; KAS—3-ketoacyl-ACP synthase; KAR-—3-ketoacyl-ACP reductase; HD-—3-hydroxyacyl-ACP dehydratase; ENR-—enoyl-ACP
reductase; FAT—Acyl-ACP thioesterase; ELO—elongase; DES—desaturase)
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i) 5% 4+ 1 A G %, G0 R @ i CRISPR/Cas9 /¢
1 2 R P ok 8 RNA T B AR T 1 5 B & 1 2%
JR B fif AH DG D Rk, SEUL R TR R 8 ) & 4y
i Uy [ R, RE SRR T RE AT 4 R SO R R A
B R N0, AN R (A TAA) W]
PALMNAE BEAE 5 46 3 2 TH A B T e i R &R el
XSRS AN, RERE T MRS =
(RTFIEFE L 30%~50%) b EMIREHEALRLRE -

5.3 XABX

KN PREMHTZHIRAROCER, BAH
AARE, Z5AMR LB TR ARk
HE a8, HAEDEESRPRR, Hirc K8
21600 Fh RINKIHE MR, Hrbp-E bR, M
FRONVR 75 21 7 B A1 S 25 UL O B . s AE
N RATRRSE I R AR (ORI, IR O B AR
GRS Ak Ae, BT BRI ).

T R DRI G R S8 MEP &%,
I AR DL TR R AN B T -3- B R AR AR IR R, &
i 2 45 B AR OB R 4 PP T DMAPP ™', 5 2
GG 5 T A M B B IR (geranylgeranyl
diphosphate, GGPP, C,), JHH/NAEMLES
BEHEAC A ONE B AR (C), BEBA. ik
SRR TMAR, REGHB-TAE b
T B N T I R A SR AR —
B B-13 d R EER LS N KT, -
B A 2T T U A AR RN R . AN R L
MEP i& 42 9 k% L, WS 2 T 50 B il 328 00 Ay i 2R )
FhEREFRIFSMCBEAEROCEK ST CWAF
HE) e,

WR 5 2R AN R IR T rh P A i 1t SR 2R ]
haR e HAE YRR R AR ThRETE T .
Uiy FEAN TR AR R 2 SRR N 7 A5 o 4
BEAL T H TR IR E R T2 80% Mk &
JEWMEEY S SRR, Hd WAL R E
(Haematococcus pluvialis) 5 i K . ¢
(Chromochloris zofingiensis) # 7~ I\ Tl AL A 7=
MIAZ DB AR BEE T O T RS &R Tk A
7 e I P v 5 TR AR A B A, I A
TLREA G A AR TE 7] B0 RS A T8 ok 1R A A

N IR . AER— PR INIR G 2Rk R A O
R A= 2T 3K 88 7 300 55 i e 2 5 0F 55 2K A iR 45
[ IARR A 2, B B R A A1) & B 7
R OIRBED R R T 2 FREFIRE, did
A A 1 )\ A A 40 & Bl A B (phytoene
desaturase, pds) A A B R AR 20 BRPEE 1SR4k
B, BT AE R 2 A A A iR
T 67%AM90%, JFHALHE 7 HARKNE bRING
U TSR, KRB N RFEEEE
B IR TR RN BR300, HAFE R
AN EAK T B R AL
(B -carotenoid ketolase, BKT) 413 ] K K 3 i
(zeaxanthin) ELHZEHFEAL [ N, TIIEB-2REHEN M &
¥2 1Ll (B-carotenoid hydroxylase, CHYb) fi{k
Iff 3% (canthaxanthin) FIEMIEHE . X —FRE
PEE L S NALREFERERE R, FHEE
BE I CHYb AL A 3 BB S AL AR IR &
H BBl R = AR Y, I RN s R -3
(gibberellic acid-3, GA3) &3 LIFHIFE K&
FHREER RIS, (kiR E R/~ Ei530.34 /L, #HEL
XTREZH A 89%, SAFEIRIK G H it — B hEm
WRE =78, 1£7.5 LKFBE#ET, GA3F1100 umol/L
Fi 2 IR IK & A B AH I 75 2 7 518 5] 0.39 g/L, tb
SRR ] GA3 Bt 18% M. [HIRY, BF SN AR R
AL 55 75 26 A0 DSR2 IR 35 277 &, A
Mg SR B R m TR BB IR S RN
TE, B RESERFMBESAS, IFE RN R
L E)3.3 mg/(L-d) ™o BR T IX PRI AT R 2 1 T
ZAh, BRI GO A kR SR B A EE YL Rtk
TSRS TR R R A e X R I
BT RGNS R AR B RE ), JHIEN] T
Tt R AR SR S R RN T 2R AR B R A R

5.4 SIEMEXLEY

RGP — RAF G M ZREEM T2 R
W PRI R AR, AAAE T Y. WCE AR &
AR T X AR E R L ARG o T
ST N A U LY E A R 2 WSS
T A% GERE AU S8 Ak & W ) SR BT I 2 7 EE A1
2R 22 VR RERESE IR, A Ah, RO RALG
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WSS A%, HA A AR A T B A = B
DRI, 1) FH k2B A A i 1) e e AR i T A S B
KW E YL G RS — A R B AR
B TN A W K T R A e B E 2
T RGN A= T M B T AR G R B R
W, TR S A TR ) R IR R ) 6 2R A
e, s RIS CO, A 2 B 42 R s e =
v, #ERBOCEIER PR KR, AR
R, e E ST BLIE I A S S B iR AT
£ i 2. MVA F1 MEP & 1235 1] DL i 20 L 45 2%
HI & IPP/DMAPP ([&]3), ££ 3K B4 A — i 5 Bt
Fb A BNESE, I8 R MEP 312 7 48 75 i
PR B 656 mg/L M X P E IR BB B 4E A
WAL TR SR, A0 B B 9 AR 28 0 i SR A2
HRCEE Y A — BN T TH R AR % TUP
AT B B TGS R A S A T

SR AR AR Jot & BAZ ORI s R A,
TEME A G V)G BT 6 T R e f I L R 22 1) 4
KRR, 20164, Lauersen BB\ 2 il it Fik
] %A (Pogostemon cablin Benth) [Jf%5 -5 K&
fifg 25 DR FE G A FOAZ I h SIS S i R B B
KRR AEY) G B, br 555 s S8 AR TR 72 s
R EEM SR, e, R — By R
5l a- 2L A IR I A R, B d RIE KA
(Abies grandis) WIZL 215G B (Abies grandis
bisabolene synthase, AgBs) Ff45 & Y6 E W I Vi 2%
PAC NS B E R T = & s [ E B 1) 5 — T
AiFF 511 S 3 P4 AR T8 T 8 O A A ) TR T A
(U1 casbene synthase. taxadiene synthase 55%) ¥,
T4 ik casbene. taxadiene & 13R(+)-manoyl oxide
S R, R L 2w 2R G R A R 2
PB4, 2019 4E, Papaefthimiou 4] BA ™ i@ i i 43
RSN TAER 5 3548 (Cistus creticus) 1] copal-
8-ol diphosphate synthase (CcCLS) ZE:[H T A HEE ,
AR (sclareoD I AUA OB RS, MG
FEPT A X = AL P R AR TG . 5220254,
W E B EH S (Artemisia annua) B-F 711G A
R I S Y e 8 . MEP @ B 1 Ak At B 57
e B R IR RN, A R DA AR T b SE I S AR
W B-A T A& s, HOGEFRZM N &
1K 854.7 pg/L Mo BRIEBIACHEESL, = MM TR KM

OLER 5 S5 B TR A R T T R NG R A A R
AL, i8It CRISPR/Cas9 & A 4w 4 . V41 i 5
AR gE AR B L E ) NS, IR OD R R
KWEVEE BB, MO E B 2B S
] Tk 2% 87 7 ek

5.5 EHAKH

ol 48 4 A 2 T O R A s Y I TS A LR 2
ER L E, ERER TREERIET G,
T T R UL H R 0 A A R A e B R R
AR h A T 2 MR EAEA.
151 L 7 iy T S 95 2R 0 A0 IR T T R 45 AH K 40U
B s O A BRI . ANFLURRIR R EOR T
SRR R R SRR« IR 5 S A
PRI SRR, T S T A B N S B 2 A [
JRE AL T AR AR RO T, DA
RUBE PRI SRR AR ALE . ik T #L AL
i S W S — RS RGEE RE T Y E S
o DR A 2 Vi T R SIS, A £ IR R N P B 2 e B
W& EW ), CHEZ I F X
B WBEREE . B RSR AR B SR RAR, RHIT
N 53 ELRR I B ] L 22 A s R s I R
R, PLERANMAE S YRR WA B AR
N TR S BETR SEBE T8 B SRS M B R S Fr . A
WX BB 58 2 B v T30 D A B AR R IR AR R AT
PURFE R A, BT K E AT 77 005l e il 25
TEARRA BN EA R L AT T 6.
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TR BE & CE P A AR OR R e s 282 2 B R
B B REIKSH AN 2 S . N AER A
B RRE, PORAERE B3R, M
DR IR IRELT 67 HARRNG B S
L S ) A € T, Eh 2 6 UK T 0 3
ZhEE RS, ph AL 17 ) 2 4 F A R R R T2
“OE BRI AL M A B A BT O R R R
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Fig.3 Biosynthetic pathways of terpenoid compounds in microalgae

(G-3-P—glyceraldehyde 3-phosphate; DXP—I1-deoxy-D-xylulose 5-phosphate; MEP—2-C-methyl-D-erythritol 4-phosphate; CDP-ME—4-
diphosphocytidyl-2-C-methyl-D-erythritol; CDP-MEP—4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate; MEcPP—2-methyl-D-erythritol 2,
4-cyclodiphosphate; HMB-PP—4-hydroxy-3-methyl-2-butenyl diphosphate; DMAPP—dimethylallyl diphosphate; IPP—isopentenyl diphosphate; GPP—
geranyl diphosphate; FPP—farnesyl diphosphate; GGPP—geranylgeranyl diphosphate; HMG-CoA—3-hydroxy-3-methylglutaryl-CoA; MVA—
mevalonic acid; MVP—mevalonate-5-phosphate; MVPP—mevalonate diphosphate; DMAP—dimethylallyl monophosphate; IP—isopentenyl
monophosphate; DXS—1-deoxy-D-xylulose 5-phosphate synthase; DXR—1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT—2-C-methyl-
D-erythritol 4-phosphate cytidylyltransferase; CMK-—4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MDS—2-methyl-D-erythritol 2,4-
cyclodiphosphate synthase; HDS—4-hydroxy-3-methyl-2-butenyl diphosphate synthase; HDR-—4-hydroxy-3-methyl-2-butenyl diphosphate
reductase; IDI—isopentenyl diphosphate isomerase; GPPS—geranyl diphosphate synthase; FPPS—farnesyl diphosphate synthase; GGPPS—
geranylgeranyl diphosphate synthase; AACT—acetoacetyl-CoA thiolase; HMGS—3-hydroxy-3-methylglutaryl-CoA synthase; HMGR—3-hydroxy-
3-methylglutaryl-CoA reductase; MK—mevalonic acid kinase; PMK—phosphomevalonate kinase; PMD—diphosphomevalonate decarboxylase;

ScCK—=Saccharomyces cerevisiae choline kinase; A{IPK—Arabidopsis thaliana isopentenyl phosphate kinase)
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