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Research progress and prospects in lipid metabolic engineering of

eukaryotic microalgae
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Abstract: Microalgae represent a diverse group of photosynthetic organisms that are widely found in various
ecosystems on the Earth. They play a crucial role in carbon dioxide bio-fixation. Apart from their efficient growth
through photosynthesis, many microalgae can also grow robustly under heterotrophic and mixotrophic conditions for
high biomass production. Due to their high lipid content and the presence of diverse fatty acid and lipid species,
microalgaec have a wide range of applications in industries of energy, chemicals, and food. However, the high

production cost associated with microalgae-based bioenergy poses a significant challenge for large-scale
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implementation. To overcome this, there is a growing interest in engineering microalgae to enhance lipid biosynthesis
and accumulation, which holds promise for improving the economic feasibility of microalgal lipid production. This
requires a better understanding of lipid metabolism and regulation in microalgae. This article provides an overview of
recent advances in the elucidation of lipid metabolic pathways, the roles of key enzyme genes involved in lipid
metabolism, and the transcriptional regulation of lipid metabolic pathways under different cultivation conditions in
eukaryotic microalgae. It also summarizes strategies for metabolic engineering aiming for manipulating lipid
biosynthesis-related enzymes, transcription factors, and competing pathways to increase lipid content and/or modify
fatty acid composition in microalgae. Integrated analysis of genomics, transcriptomics, and proteomics data can help
identify crucial nodes and key regulators in lipid metabolism, facilitating the identification of potential targets for
metabolic engineering. Furthermore, the rapid development of genetic tools and gene editing technologies has
significantly improved transformation efficiency and enabled precise gene modification, providing a foundation for
genetic engineering of microalgae. By reshaping energy and carbon metabolic pathways, it becomes possible to design
and optimize lipid biosynthesis processes in microalgae for a better production. Further research and exploration in
genetic tools, gene editing technologies, metabolic pathway regulation, and large-scale implementation are of utmost

importance for driving the research and development of microalgal lipid engineering.
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Fig.1 Sustainable biorefinery of microalgae
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Table 1 The details of microalgae genome

7 e R 5%
i) F cati)iiah /3 EEARIN LIRS SCHR
SRR Chromochloris zofingiensis SAG UTEX32 SRR5310949-5310954  SRR5310949-5310954 SRR5310949-5310954  [13]

Ostreococcus tauri RCC1115 NERT00000000 — — [14]
Botryococcus braunii MVGU00000000 KR057902.1 KM462884.1 [15]
Chlamydomonas reinhardtii CC503 cw92 mt+ ABCN00000000 U03843 BK000554.2 [16]
Auxenochlorella pyrenoidosa FACHB-9 ANZC00000000 — — [17]
Chlorella vulgaris LDKB00000000 — AB001684.1 [18]
Floydiella terrestris ADIC01000000 — — [19]
Ostreococcus lucimarinus CCE9901 GCA_000092065.1 — — [20]
Micromonas pusilla CCMP1545 ACCP00000000 FJ858268.1 FJ858269 [21]
Micromonas sp. RCC299 GCA_000090985.2 FJ859351.1 FJ858267.1 [21]
Volvox carteri Eve ACJH00000000 — — [22]
Ostreococcus tauri RCC 4221 CAID00000000 CR954200.2 CR954199.2 [23]
Auxenochlorella protothecoides UTEX 2341/0710 MUYL00000000 — /KC63163 [24]
APJO00000000 4.1
T Phaeodactylum tricornutum CCAP1055/1 ABQD00000000 HQ840789.1 EF067920.1 [25]
Thalassiosira pseudonana CCMP1335 AAFD00000000 DQ186202.1 EF067921.1 [26]
LI Cyanidioschzon merolae 10D AP006483 D89861.1 AB002583.1 [27-28]
Porphyridium purpureum NIES 2140 AROWO00000000 — AP012987.1 [29]
IR A Nannochloropsis oceanica IMET1 MPCS00000000.1 KC598090.1 KC568462.1 [30]
Bl Nannochloropsis gaditana CCMP526 AGNI00000000 KC012945.1 KC012944.1 [31]
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Fig. 2 Illustration of microalgal lipid and starch metabolism

ACP thioesterase, TE) /5 JIij B& M\ ACP H fif &,
I HAE g A G I b 42 K BE B 2R -CoA &
(long-chain acyl-CoA synthetase, LACS) X fI§ i
TR Ak NI 3L -CoA . TEXAN AR, R G IR B B
RN T SRR G . B kR
VLB T AN TCA 3 AR IR 1 . MG 7R 2k
IRAF I BAE I 2R A4 T & IR B 7K AL 470 o i
A AL N T A R TR R R B 0§ (pyruvate
dehydrogenase, PDH) 1] DL N EHE i th v 2 5
TCATEM I Z L4 A, RJEHMRNITER. 7
ROk Z 56T, FATERN A B (socitrate
dehydrogenase, IDH) PG AT g #4006, &
BTN R . 2 RIATERRR A 5 W 2 48 i i
H1, JFH ATP-17 R IR AL 1§ (ATP citrate lyase,
ACLY) ¥:A4by LAGRE A, TN —BE-ACP ™,
Jig 07 1% &5 & 42, PDH. ACCases MAT. KAS-
KAR. ENR 5 %8 5L R 1) R 4247 B T B A4 o 1) 5
TS =M H i (TAG) &

JIg: 197 T2 308 3 P A A % ilg A5 A JoT I AR P S 4
B T BEAL . T TAG & SR FEEA W
2k B2 Kennedy i 12 F1 i HE — 6 H v B 2% 5% &2 i
(phosphatidylglycerol acyltransferase, PDAT) &
1. fEKennedy A2, H -3 I8 L H h-3-
WML [ ¥ #2 8  (glycerol-3-phosphate acyltransferase,
GPAT) (1) 28 — YR T A4 S 2 43 e A4 Dy 1 If 28 I 7R
(lysophosphatidic acid, LPA). B)5, LPA{EARY
2 5335 U N IR I A2 % 7 B (lysophosphatidic acid
acyltransferase, LPAT) IR, A2 ik mg — it H
i (phosphatidic acid, PA). PA#RE Bt H iR
(phosphatidic acid phosphatase, PAP) EREIRIL )5
FER B H M (diacylglycerol, DAG). )i, DAG
BOH M BRI AL S (diacylglycerol acyltransferase,
DGAD) {4 TAG. BENR 4 af R —Fhdg &
TAG /™ & I HEms o BB o 248 T 2 (9 5%~20%,
EH 22 i H i R 2H ke, AR A FLOBE R R
(monogalactosyl diacylglycerol, MGDG) . fifii g T i



% 4% www.synbioj.com

1145

BEJIE (sulfoquinovosyl diacylglycerol, SQDG) Al
W NEMEH vl (phosphatidylglycerol, PG). 7EPDAT
A%, PDAT i f i & MG B2 4t /& MGDG.
SQDG. PG H # # # %] DAG H T TAG & i "
BWREW, R 14d)E, BEESSENTER
7.9% FFEEI4.2%, 10 TAG & & KEE 5 ™. K
I, TAG &GS FEH GPAT. LPAT. PAP. DGAT I
PDATZE S ER A B T4 m e & & .

1.2 FEREMSHREREE

IREE 2% A AT A 5 A A T AR U P G I DRI 7 B 5
KF MRS, mlgRmaRSHE (E3D.
121 &4k

I BR 2 DL b 38 D 3 R £ G 3 PR SN .
HFa. . BEERYREEAR. RR%ES
=P & R EEICR, KA E R R

k= = FEAMA RS TR ER, — e
BOMA R A TR A B, B — e S 8UE
KIRZHBHMIE T . B — P 2T
B M E NS, AT R 2k 20 . P E R AN TS B
MR, BIUEKT, MESKEARNKEREE
Iri) 28] DA ) PR 5 T A T A S v e ARG U 1 e (]
Y, HRGHEGEMAIER. K, RO EHS
Ty Ut 1) IR B e A B Rog At . EE RIS T,
e Kt 2 5 [ Chromochloris zofingiensis (Jii 4 :
Chlorella zofingiensis) 1 11 VE ¥ 4 ff AQ U B & b
W, MRS R (A4CCases MCT. KASI. KASII.
KAR. HD. ENRFIFAT) Fif, %S/ EKEN
HEWTERBEN TAG 5, I H TAG AR AH DR A 2
[l GPAT. LPAT. DGAT%5 Fifif#i TAG K& R B,
WAL, WYL AT BE 2 8 T B A 2 0 TAG & & .
L %A, S AR #E (Chlamydomonas
reinhardtii) A TAG & &2 /0 2078 2%

T T e L
i g E R %/ =i UV/yksist i1t g/a N[ i Bl ol
) = -
s B S f ! & K
o §
] I
M Bt
Shos L
Acylace ATALL | pen @
cyl- T
1 : P
A LEN KASAAALA GPATA T AAA
, Glucose 4---re Starch =y m DlG .....................
¥ H AAHAMAR‘AA
i : PEP T I LPATA DIEMT‘ -
s I lPK ADP-Glucose ;;,5 Malonyl-ACP PA —
Trinslaton Pyruvate + A(,;c“” Asasa T T PLI.PATA
i § MeMT
lPDC* GIP <’ ) LPA
Protein ...#.9.....‘.‘. 4 ADAGTA A T PAPA
: FDG i LPA
ME o
] Acyl-CoA T DAGTA &
TCA §
| cycle J* (Gap ) »DHAP
\m_ AIATE _—
PUF

A CARGER A BRI A (R ek o il
A I/ TR I AR ek i
A SR REE Fik R R

&3

A PR R E S L R
UV G E Fik i R
A A LR HE[R A B 1T

A R LR S R e i R
A ot A EAE R
A BREPRLAII 2 (R Fe ik i i

PRI S AR50 I 5T A A DG 2 R E 5% oK LRIk

Fig.3 Environmental conditions affect the gene expression involved in lipid metabolism at the transcriptional level
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S R ROV EEN K. BB TR K
RE % 45 & 31 5 R R 3l 7 X ek b SR U 42 26 TR 3 s 1)
AR . MED CWRIEA A DS 5 G K
MR R, BT I AN (R e A 1 42 1 S R
MHRERMRIE, REKWMBERRAER. L,
PSR1. DOF. bZIP1 Hl ZnCys 2 % 55 [K -1 7€ it fig
Joi & B R A AR

PSRI /& — 45 4 38 Hh & LI IR o1 & JAH 5%
MYB Z G % 5 K7 T fER. AL R,
w5k PSR1 XS TAG HYFR S BAT f2hi, {H PSR1 it
FIE T DA HE NG IR A R T SR, A
INBEULERT, 1R IA PSR i3 3 B4 A< HE 1) v By AR
R, BB SR . DOF MM 5= i 5%
L7, T 4 M b e . B, eEaEs —A
HLIF ) DNA &5 & 458, Bl —> C2-C2 IR 4514 ,
XSS AR EATRENS 45 & DNA | RRR € 17 41 9F
AT 9 2 R A A o o A SR A AR B e R N R
DOF % 3 A -7 7] {43 g 07 R 2 418 v80 23.24% 7
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[FIFE, FEMGEZNEREE (Chlorella ellipsoidea) it
ik Hh Y5 DOF o] $2 & 46.4%~52.9% I JI§ i &
B U, FERANEREE T, bzIP1 4 W R R R A AN
TR EE R G E R SRR R, AT 5 5
JO B AR R Ay W o R, R R R T 5 B
SO I 7 A i RE 2 S AN T 2 e R g i T
TERE A F P, bZIPl 25 W i M M R N,
CrbZIP1 m KPR 1) TAG & & AH bL 7 AR B3 i 5.8~
9.44% ", ZnCys R4FEE AR F T, "LLEE
B JF) #2255 2 AR R G U R BRI R . A
T 5 S0 7R st SR A ER 5 ZnCy's 9 A 36 K] 7T LA i
JRFEE M 2.5 g/(m*d) BN 5.0 g/(m’d), K
HPERSZR M T 6 IX S i R T IR N AL,
A DA BE G b B AR G IR TR A IR A T L, O
R e P A ek R AR SR SR L B

2.2 ZBERLGERRNSY

REWHR/E ACP FAH 25 5¢ 5, @it TE KM e
7R ) i T R A B RN ST o R A X A [ T 3
K R It R Bk SR L B FatA A1 FatB, 17 fol 78 D0 i
F—MBAG T 2R R0 Fatl . 76 = M8 2
B IR KL C L B C . IR LT ) FatB, W] {5 C,, M
C oo 5 SRR 1 EBIIA 21 5% FH 12% T 75 = f#
e b It F08 TE W e 72% IR & & 7.

PUFA A& H 16+ 18, 20 5% 22 /M Ji 7 41 5 «
TH 2R EAEMEO DR, FES N -3,
-6 PRI o GG T 107 I s 23 () 503 T i R 4
%% 4 FAD 1 FAE 5 Rl ) R IASEEL, HHEAS FAE.
A5 FAD. A6 FAD. A9 FAD. A12 FAD. w3 FAD
o b, fE=fMAWTEEDR LR IE 45 FAD ff
PUFAs 1 AT E T2 (MUFA) & 573 5l 34
T 64% F175% " 1E = M TR R IR Rk S
BeEREE (Ostreococcus tauri) RIRHIAS FAE, M
1 DHA & &2 Tt 7 8 f%: HIR, A5 FAEFA6 FAD
[ Lk AT LAk — 5 14 i DHA K7, (3 5 iR
R 11.4% ", ZEMIKEL% (Dunaliella salina)
WRIE K BB A5 #: (Thalassiosira pseudonana)
(A6 FAD W EPA F7 842 =% 21.3 mg/L, seBAR
13345 ), i FIKALI2 FAD BLAS FAD (10l Bk %
W EPA S BN T 25%, {HBEGA9 FAD F1AI2 FAD

B{A9 FAD. A5 FADMIAL2 FAD {3t 3ik 30 A it —
SHHEEEPA S W, ERYURT, ERIA @ NER
M 03 FAD, SJEWiIRY a-WREE (ALA) &1
BT 2.8% "9, %t GPAT A1 LPAT H JE 4 i 1 12 1F 7%
LM, SRIET = /#5151 GPAT H1 LPAT 1 [ K¢
C,, (5C MM BB H MG L™, i, &
AT 3 sk R R U R R TR R -CoA ) DGAT [ R I K 52
BUEIEE TAG & # PUFA, BL3E EPA Y7,

3 A ARG BT A

B R R TR A A S, Wt
AR RE Ty B2 AW RS, DLse IO K 2
fE. EMLT SN, &AW I fE A% s i
TR CN B A5 T A R A —

31 ZHFESRFMEBERAHHXBHRME
BiEEREF

Z MG R MW R H B E T —
e, MIMZEE T ARG J7 ik . 8kl
ISR, e RUA. EO A% 2 HY
BAm AT M, T DUAR s e A AR T T 2 AL
#] . i1t % T UPLC/Q-TOF-MS i I Jii 41 2% 43 #r
Lu &5 "% R 3 22 A 5343 7 1T A 2 NaCl i ia R (1
EVRRED . AR s A AR
WAL AT, SR LE e SR N R A g LT
WG AENR A R RIEE EEEH ™, 456K
I 2 BT R B 1) AR 3T 2H AT DA R BT 7E A 1R S5 A
AR B AR E X A R DTk, B
B S BT A AR B IX Bl g BN IR AR
W2 FHLEIRR S8R 4 T BB S H KR . thAh,
MARBEAVERH REAEDFT7E, W T e
J AR A AR B AR, T T 2 A O g R
SEDR T, e I S 5 B0 IE TR0 45 SR P

3.2 (EEEIBEMERRERARNFLGR

HoAr & B TR
(polyethylene glycol, PEG) ~Sik. HF . B
BRI R REEAIES (R2).
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K2 HEBAEREAL T AL T ARG R P
Table 2 Transformation methods and genetic tools for eukaryotic microalgae®”
A i s $44 7 BT MM 2
(bric) ik
Chlamydomonas reinhardtii dwl5.1 4 i% IR R Hsp70A4-RBCS?2 ble [91]
137¢ J A= A AT R AL ChiL npt I (GUS)  [92]
Chlorella vulgaris UMT-M1 iilior AT B e 1k CaMV35S/OlexA-TATA hpt (GFP) [93]
CBS 15-2075 WA PEG /& CaMV35S aph I (EGFP)  [94]
211/11B I 1% S CaMV35S npt I (GUS)  [95]
Chlorella ellipsoidea SD0801 4 A% PEG /% Ubi-1 (Polyubiquitin-1) ble (GUS) [96]
Nrm-4 41 k% L5 AL Ubi npt I [97]
Chlorella sp. DT 2 A% PEG /& Actinl/CaMV358 hpt (GUS) [98]
Chromochloris zofingiensis ATCC 30412 A i % L5 L/ Rl A PDS/NIT/RBCS2 pds [99]
Nannochloropsis sp. PP983 2 A% AL TUB ble (GUS) [100]
W2I3B iiiakeA AL VCPI1/2 ble [101]
Nannochloropsis salina CCMP1776 i)k e YPSLiA TUB ble [102]
Nannochloropsis oceanica IMET1 ii)iokA 5 AL p-tubulin ble (GUS) [103]
Nannochloropsis oculata NIES-2146 iiiokA 21 Y X TAL Hsp70A-RBCS?2 CP (purple [104]
RN L7 AL chromoprotein)
Nannochloropsis gaditana CCMP526 20 A% L5 AL TUB/UEP/Hsp70A ble [31]
Dunaliella salina — 4 H i% AT B Ak RBCS2/CaMV35S hpt I (GFP)  [105]
UTEX-1644 4 1% PemERik Ubi-1 pat [106]
L1644 4 % HE A K Actin bar [107]
Dunaliella tertiolecta — 4 1 % LRk CaMV35S bar (EGFP)  [108]
SE0045 IR B PsbD ereB [109]
Phaeodactylum tricornutum NRIA-0065 4 1% HE[R DIVIFCP ble (EGFP)  [110]
CCMP2561 2 f A% L5 AL FCPB ble (GFP/GUS) [111]
Thalassiosira pseudonana CCMP1335 41 M % ERPSY A FCP2 ble (EGFP)  [112]
Haematococcus pluvialis 1844 4 % EYe i PsaD blelpds [113]
CCAP 34/7 T EZIN PEG /& RBCL aadA [114]
NIES-144 A1 % FEH PDS pds [115]
— A k% NT B e Ak CaMV35S hpt (GFP) [116]
Fistulifera solaris JPCC DA0580 2 A% B PSL A GAPDH Aph VI (G418)  [62]
(GFP)
JPCC DA0580 RN HE A # CaMV35S/FCPB/RSV ~ npt Il (GFP)  [117]
Monoraphidium neglectum SAG 48.87 A% HEE gL CAB2 (Chlorophyll a/b- Aph 1l [118]
binding protein) (HygromycinB)
Neochloris oleoabundans UTEX 1185 Eiilioh i GEC iR B2-tubulin Hyg3 [119]
(HygromycinB)
Botryococcus braunii UTEXS572 ii)iokA Yk R TR CaMV35S aph 1l [120]
AbFE AN L 7 AL
Tetraselmis chuii CCAP 66/21B 20 A% TN B e 1k CaMV35S ble [121]
Symbiodinium spp. Mf11.5b.1 4 1 % LT CaMV35S npt I [122]
Lobosphaera incisa SAG 2468 4 i % IR R RBCS ble [123]
Isochrysis sp. H-13 i % AR FF R AL LAT pds [124]
Parachlorella kessleri — iilion AT B AL CaMV358 hpt [125]
Fistulifera sp. JPCC DA0580 4l A% EYe i FCPB npt I [117]
Aurantiochytrium sp. KRS101 2 A% L5 AL GAP CYH [126]
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&gk
. . . _ e FE K] 2%
P T i 25 Al 57 CEIER B ik
Scenedesmus obliquus FSP-3 iilior HrE gL CaMV35S CAT [127]
Schizochytrium sp. TIO1101 4 H 1% AT R Ak TEF1/CaMV35S npt Il [128]
Platymonas subcordiformis — Eiilion P ERik CaMV35S — [129]
Porphyridium sp. — &k ERPSb A AHAS AHAS [130]
Arthrospira sp. PCC9438 4 1% L5 AL CAT CAT [131]

TYEE 20 WL RS BHL 1E Ah K DNA E NG, R AR
JoE A R T RO T 38 SE AR E W e T i AR
PEG /" SIATEAN G . BRI Y b2 A, B
A X5 2 B A5 5 /N RN % SRS A AP K
P P 20 Y BE EH R R ALK, 2 SR I R iR A B
R E BSCRAME . BEFURY], BV B2 —
T ¥~ AE B A v i SR R i R R e I R
A DR T DA AR R A s o N BRI 1R 20 P BE
BESRE DAL, T DA W A 2 A R AR S A
BErp i) L8 AL —KAAHEE. Hik
W S RAFHEN. Wil 5 A K2 K
fRBER S E, CEMILI T A /NEREY)
Folt By 5 A O A A P . R g ALK TR DNA
i 5 it v RS R R DK o SN B2 ARG, R
e G B TS R e, g R AR A
&, AT RSN TR LY BN . 1T R
A=A BB A 3400 A s AR, A&
Waid S EIER, I H EPEG A 33 1 AL R
S e IR BRVE A IR TR 10 ) B A IR B
JIR G MR RIiRE, I PEG AE 9%l Bl ,
LA T DNA IR B AV SRR, 851 DNA A
BEN AR . SHRFIEME, ZTERAE L
Hig S BRAIEMBIAVE NI, sk R AR
A o AR BTG 4 i B R A AR TT DL Rk AL, BRI T
N HFEE . AR, BA BT R AE — SRR
P, ARG, AR, HERLE MBS 5E,
H2) 7 B R A e 2 N . SHEY RS
VIR R, Tt B 38 A T EL N K] 2 8 5 R AN K
B, HETUR TSeie S/t A Bk, FEITK
N A S AE R D R BOR, W RNA T3
(RNA interference, RNAi) . % 8 #% R B (zinc
ZFND e S 0T R RN T I TR
fif (transcription activator-like effector nucleases,
TALEN) HI CRISPR-Cas9 %5, ‘EIMTREDE 2. #%

finger nucleases,

1 b 2 5 A v P 3R R, T S DT Ak v T ot A 14
) 2 . RNAI HL I & — Fl R H B HE /N RNA
(double-stranded small RNA, dsRNA) Exk. 47
Hhy B fA 40 B P9 [F) RS i RNA (mRNA) HIEEAR
mRNA 1) B A BT 11 55 H AR 2R R ik . RNA A
FIUTER O A R 22 P H bR SR R ) I g2 4% T
H. *F-& WMD3 A i T miRNA fI# . BR 7 ERR
KEEFHIN AL, F25E B RNALRE KPR O & E R
BRUE U BT XUREEY (Zygnematophyceae) [
#E PP Penium margaritaceum " FI AL K 3 5 17 2
T, ZFN & —Fl 4N Fok 1 WUIBE4L R & A
JRAZ BRI Y, BIAS Fok 1 45 M40 i — R 4E H
i, V)% DNA JEE BONCEEWT 22 . ZFN A T 1%
RAFRAEE F 1) cop3 HEH, 45 S0 FL M 1 3-W iR
R EE VI DhRe15 20 52 "', TALEN [¥) DNA 45
AR A A B R, BoE H bR .
Daboussi %5 " T 2014 4 & X & Uy % F TALEN $;
AR BEAT = A 4 18 L 1 B R S 4, L 56% F127%
(1) B V& 53 Sl s T A B S5 1 1 99 A A e o 11
FeR4E N . TALEN 8% FH T bk = A 4 45 38 b Ik
Mty & R ok i R T g MY . CRISPR-Cas9 #1
CRISPR J7 41| Fl Cas9 £ A L FME A, @il 5 &
RNA (gRNA) FIVLHELE, i Cas9 & A i AL % &
A% H bx DNA 351 % DNA WUEENT 2, M SZ Bl
SRS gniE A& 1. HRT, CRISPR-Cas9 R4t
(9 R a7 SN ) S 0 S 3
ANERGE DRI R Y IR R . N T R
YRR 771, CRISPR-Cas9 RS T4
T R 32 252 A I 0L BR3P 0 75 X 3 T, BAJ
o 538 3R TAT A R Y B AN R TR 7

BEAh . IR FE T o0 A R e i G A% TR
WA —NE BRI JC AR B 5 R 3Rk
PRI FEA AT, ] DU S A A s B B bR Sk
DR A8 (R HE R 4% . IR AR, BRI 2 (1 5 (R T
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o AR B e R I I R TR AR TAE A,
JE B FAARRVEX I ST IR . IEBEEFRIL S
JE )T 5" UTR A1 3" UTR LA K 4 h5 J5 51 #4) iz 17
R RIE B AR . BB 7] Lo A R 8 3 1 A
BFUET. FFHE ST B AEREE &M
HeiE - Rubisco B 8 NARMEEE (rbel) A8 AN/MIE
F (rbeS) . Hrh, rbeS MR FRIEZFEH
W . rbeS JA 31 UK & LR B /N AL R IA
DL A TS BR 3k iR B 5 3 1 fEfE Rk, ¥
rbeS JH 3 15 PDS BRI 56 — AN W& Rl & mT BL
P R R A . Kl TESERAREE S,
¥ rbeS JA 31 5 $R 5 2 ) 70A RiltA B SEEL T
R AR T I R A A R R I A T,
A DA AR R B AR, I e o R DR IER )
R U AL T LA BRSO A 0 KA P A
oA T, SR 7 K& A A P ) 8 5 4 FH A
AV b5 S, 8 I 1 RS M e AR AL S
FEA, BT LA U A ) RGBSR R R R
M e i R 3R (R AR e i b i 2k R Jd
T e 5 DR 40 0 s A= P b 5 N0 R IR R R I A
PUPE YRR, S I 0T A DR 4 g =5 AR ) 1) s 3k A
oy, BARBRERBUEbR I PR DU
05 DR R O B b i 2 R AR Y. ok B ROK BE A
(Streptomyces hygroscopicus) 1] bar 3 K] 4 5 i 9t
We OB #o b, $OA AR AWML W R (Liberty
M Basta 55D 093 /1, © Ry AR AL IS SR 5 B9 AR
IR Y, Sk A ERE R B (Streptoalloteichus
hindustanus) (1) ble JE |, e A58 5k 32 o8 Wl Ik 2R P A=
UM, JEC R T R ek E Y F SR
Kﬁ []5]]0

HAr, —iife T AT Golden Gate Assembly-
Gibson Assembly 5 Jif B {1 1 Poidt . = 200 5 A
HFTTHE, KR 2 P A B B 2k A A A R
Hrr, MoClo Toolkit /& H 5 AL ) DNA F Br4H i
MRS, HMEREAREMIIRE, FlanEs)1 .
G Ak, B SN R R E N,
BTN N T 3B AR T ek A AR R AR 1T
T T BN T A U R AR R A S A X 4% AT
IRNYZHE, ORI EE ) oA A, R & 20m
wAE T RHAAAL,  DLSZHLS e fg g A g 42
(RS HE R

3.3 MERZMAMNESSHIRITHAL

T ok R AR T AN AL Ak, ET DL ) A £ 2
AR, ITRE JBOUR 35 40 i (0 R B AN BRUR, AL
INEEF TR A K. LMW A FINADPH 2 & il
J Jo I EE R R AR AR JE 7. B A R OR i R gk
USSP SR ¥ (Nitzschia laevis) ™ AT
SR L R Y E AT, MR E AR
HE G & AR L B8 2 LR Ao TERLIRT, mbs
TE R B BSOS 1 AH O 1 2 B R T R AL e R S 2
R T (10 2f R 5 TR ) S D A MR S IR MR, S ET AR Y
PRATEE TAG & & . Rk, T34y 3= 5
B fits A7 9 S AR U T A R T P R A e 1. TR
P, NADPH 22 MG 15 FF0RE I8 i 4 45 7
A B, B TP SR A AR R A DAY
HINADPH n] fie 23 75 7 1 4 38 58 5 ot AR 0 6 .
4, i PGRS/PGRLI 4 4 5K BR il Mehler J
B, JE B NADPH i LA i3k g B3 A= & B e 38
=, WRRE R RRIA R B B B 1% 45 1Y G6PD A
A B E R R A R e T kA, @i
T TR S I YRS T T T TR R/ SR TR R A iR TR
EREFA AT LUK 1 mol NADH %4k 5 1 mol NADPH,
AN 7 1 mol =R IR EF (adenosine triphosphate,
ATP). %=, 85| N NADP -H M ) H il s -3-
T PR i &0 (glycerol-3-phosphate dehydrogenase,
GPD) H #¥ 1L & /) NADH # {t & NADPH. %%
M, 7ERGEF, 55T NADP-H# #i GPD 115 B 1R
/b o 875 NADPH A ] 58 5 8048 Ji7 24 & 1A P17
A, A s, HEES A KCF ) ROS
FSFAMBE T Ak R G DR R Y & AP
W44 R R AR Y. HAT, MR
2 R4 O 4 B Tl IS 0% NADH/NAD SR 42 &=
PR

i i 4% 40 i CBB Al TCA 18 ¥R 32 i 40 i 2B )
BEWHATE SR ®&. CBBIER 22— NAL
W JE T IR, 7R R T 4 A AR R Ok P E B AE
Mo fE CBBEH 1, K2 B B2 H i 4 ik
H [ (thioredoxin, TRX) F% ). TRX f] %
RPE. RPI . TPI . PGK %% 15 Fifig "', [A W,
Rubisco i fif F1 CP12 52 TRX 5. Nt &
CBB R RLE, i F (1) S 2 P I Rubisco (148055
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A B HE = Rubisco #1638 28 D), TCA 1
ATHAT P AR DD RE, 32 B T 28 0 1) HL T 2 A 2
MafH . TCA IR T] 43 2 LI 218 31 3% 31 1t
B A B8 R SOFI AT 15 R 31 2- B 13 — R 1) S Ak
Yo UNAD W H T HFAEERN, TCATEMIEY)
A 46N CO, I 774 NADH. 7, TCA 1§ ¥F 15 H
FEA G AR B R, R R . L-BR R RS
SR AR 95 S PR 3 4E 20 M, TCA G 38 1w 1) 4 7= i
KT A =&, RBRTE TCA JEH 1) J& %
LI D, A TCAEIR — R LTH FERE = N
KA, BB B2 H bR = . B ik T2k
NAD R B S B (1) 75 A 7 I Rg, AT B2 (IR B
WERGRAE"Y FETCAMEH T, R4y 32 7] LA
EATHFEREE G OL R = AR BRI IR, 3L i S
AN Z R R, EAREE R 2
PR 43 S W] LLBE 5 5k /£ TCA FI CBB I 34 o 1) J& 5
AT 2 ey ] e i 2

4 HigGE

It 7 4 BR A IR 75 3R (10 A W 19 KR4 A ORL Bt
VR H 2 AL 95, AT AR RO AR Y — R R ORI
W ZED 5t BR R, 52 BUHOR 2 (1 BUR BUR SRR A
BT M AR T . TEE M 2035, e
RMEDEEIEM . PRI @GR A B
Mo, AL — R AR A MR R R . R
Hi o AR TR 5 A R P e 1 v RO B AR AR
HARWE A, IR A R, PLSe B
AR GER A2 B E oK AL . B EER, i
B TRMBENRE LA, CRIHITR T — &
P TR, LIRS EMBAE T BE R,
WA AR A IR AR iR AR . BRI AN
Eich= ey T T vi el 25 VY 6 3 = D sl
BRI &, AT O R RL . B A
Fe LA 50 ) B R

SR, A2 Al i o A R A N rh il A7 A
- Le PR . T S, T A A YT R 8
K, ERREAEAERE, HFREEAMEK. AT
il XA ), AT DL I AR B SR AR L E
TR I LR AT T OISR L K AR T B (2
BERCGE BRI R BT P R K, TR

JE & I AE Ty 2%, TR ERAN T AR AR
W NLE] . TR BT A RO S B Bl A B &
WG BRSO AR E 2 AN T,
AILLE TS R ER T, AERIAE .
SRR E ARAH S EEARF B, &1 R
R A U DX 286 0 AH D T A AL, 48 7 DG B Y A
ROy -, AT AEE M AR R . H AT,
oL T8 T 38 A B A R R AN UG, PR ) T AR AR
TEUCEE T )R o 36 D] 9 4 1 R 1) KR A A A
A[/B ), CRISPR/Cas9 R4t C &) vz N T3 A
G AL, EFE TG HR R R AR G S HLAS 1
Ao B, FEERME TR M E E AL R
o ) A K] o L, LG SRS A 4R 4 T 1)
NEPAR U I 2% o Ak, 3R] DLER 28 IF R 8 I a5
T HAME e FE AR, 2 LAk 2 5 IR 20 1) A 280K 187 A0
BRI RIS RG A 4% o R GEE AU TAR A
OGS T e N TR RO, (H B0
R TP A A 7= ik 7 B e il — R APk, BEE
TR B R 1 R M R T A TR AR 2 A T R
BEIFRBREY &, BRI R R . 7
an RS AN T4 . e, @ EIFRGEE TR
A A A VAL AR R, R TR AE
AL o B AT AT VA AT R R SR R R 4

5 W M

ACCase—— L IHE 4 A FRALEE (acetyl-CoA carboxylase)

ACLY——ATP-F715 TR 2L AR g CATP citrate lyase)
ACS—— LBt A 75 B Cacetyl-CoA synthase)

ALA -7 J$k 2 Calpha-linolenic acid)
ATP—— =T i it # (adenosine triphosphate)

CBB RIRIL-AFR-E 148 (Calvin-Benson-Bassham)
DAG— Bt H i (diacylglycerol)

DGAT—H it =Bk FE 4% # i (diacylglycerol acyltransferase)
dsRNA—XUFE /N RNA (double-stranded small RNA)
ENR—/# i -ACP i& JR i} (enoyl-ACP reductase)

ER P4 )5 ) Cendoplasmic reticulum)
FAB 6 i B LE W5 i (fatty acid biosynthesis)
FAD v AN (fatty acid desaturase)

FAE——ZE K [ (fatty acid elongase)
FAT JIE i 2 5 1§ (fatty acid synthase)
G6PD— 7 % Bl -6- 16 1% Jii U ( glucose-6-phosphate
dehydrogenase)
GK—"8] % B B (glucokinase)
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GPAT—H il -3- B B Tk 2 % #5 ¥ (glycerol-3-phosphate

acyltransferase)
GPD—H 7 -3 12 /. S0 ( glycerol-3-phosphate
dehydrogenase)

gRNA— 7| F RNA(guide RNA)
HD——3-}% £: 14 - ACP Jii /K i (3-hydroxyacyl-ACP
dehydratase)
IDH—— 54745 112 Jlil 20l (isocitrate dehydrogenase)
KAR—3-Ji [ 5:-ACP i& J5 i (3-ketoacyl-ACP reductase)
KAS——3-fii it 2-ACP & i (3-ketoacyl-ACP synthase)
LACS—— KA IE-CoA A il (long-chain acyl-CoA synthetase)

LPA 4 1L 7% IR R (lysophosphatidic acid)
LPAT I I TR 15 5 4 #% 1§ (lysophosphatidic acid
acyltransferase)
MAT— A B4 A : ACP #4 /¥ (acetoacetyl-CoA:ACP
transferase)

MGDG— 3= ZLBE — Bk 2 H il (monogalactosyldiacylglycerol)

MUFA—— LA i 17 B2 (monounsaturated fatty acids)
NAD— Mk i B M=% — 4% 15 2 (nicotinamide adenine

dinucleotide)

I 5 TR IO B e IR PEE 04— 1% R (reduced nicotinamide

adenine dinucleotide)

NADP— Mt i i 152 0% — 4% 1 BR W 12 (nicotinamide adenine

dinucleotide phosphate)

NADH

NADPH—34 5 7R AR e i JIR P e — A% 1 IR % (reduced
nicotinamide adenine dinucleotide phosphate)
PA—T B2 T H ¥ (phosphatidic acid)

PAP—— M 8 5t H 7 8 B2 ¥ (phosphatidic acid phosphatase)
PDAT— Jlg Tk H v 9t 2 4 F% 5 (phosphatidylglycerol
acyltransferase)
PDH— 4 il i fit & i (pyruvate dehydrogenase)
PDS——H& %) it 1L F1 i ( phytoene desaturase)
PEG—% & —_J# (polyethylene glycol)

PG il Hg 9% - i (phosphatidylglycerol)
PGD TR 8] 27 KT i 20 (phosphogluconate dehydrogenase)

PUFA——Z A A fIE i B& (polyunsaturated fatty acid)
RNA TF# (RNA interference)

RNAi
ROS— i 4 4 (reactive oxygen species)
SQDG i R H iH FE I (sulfoquinovosyldiacylglycerol)

TAG——=Ft H i (triacylglycerol)

TALEN——#% S J0f FE 2R 1 1% 2 8 (transcription activator-like

effector nuclease)
TCA—— =R B HH (tricarboxylic acid)
TE——BE 3 244 & 1 B B B Cacyl-ACP thioesterase)

TRX fifi 440348 A5 [ (thioredoxin)

ZEN— £ FR 1% BRI (zinc finger nuclease)
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