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Abstract: Eukaryotic microalgae have attracted increasing attention as promising chassis organisms for green
biomanufacturing and ecological remediation because of their capacity for efficient photosynthetic carbon fixation and
biosynthesis of diverse high-value compounds, including lipids, carotenoids, polyunsaturated fatty acids, extracellular
polysaccharides, and bioactive metabolites. However, their industrial application remains constrained by unstable
product accumulation, limited precision in metabolic regulation, and the strong dependence on environmental
fluctuations. Light intensity and quality, nutrient availability, salinity, temperature, and other environmental factors can
substantially reshape microalgal growth, stress responses, and carbon allocation, thereby affecting both biomass
productivity and target product yield. Therefore, understanding how microalgae perceive and transduce environmental
signals is essential for developing controllable and scalable microalgal biomanufacturing systems. This review

systematically summarizes the mechanisms by which microalgae sense major environmental signals, including light,
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nutrient limitation, and osmotic or salt stress. Particular attention is given to the roles of reactive oxygen species,
calcium signaling, and mitogen-activated protein kinase cascades in mediating stress perception and intracellular signal
transduction. We further discuss how these signaling networks drive metabolic reprogramming associated with lipid
accumulation, carotenoid biosynthesis, and extracellular polysaccharide production. Building on this foundation, recent
advances in genetic engineering tools for microalgae are reviewed, with emphasis on CRISPR/Cas-mediated genome
editing and CRISPR activation or interference systems for transcriptional regulation. These tools provide important
technical support for targeted pathway modification, regulatory element characterization, and dynamic control of
metabolic flux. In addition, this review highlights the potential applications of environmentally responsive microalgal
systems in wastewater treatment, resource recovery, and sustainable biomanufacturing. Current studies indicate that
integrating environmental response elements into synthetic biology-based metabolic engineering strategies may enable
the construction of dynamic and tunable regulatory networks. With the assistance of artificial intelligence-driven
modeling, such systems could improve the prediction of environmental responses, optimize genetic circuit design, and
coordinate carbon flux and energy distribution under changing cultivation conditions. Nevertheless, major challenges
remain, including the nonlinear coupling of environmental signaling pathways, insufficient standardization and
transferability of regulatory elements across microalgal species, and the lack of closed-loop control systems linking
environmental inputs with genetic regulation. Future development should focus on temporal metabolic programming,
environment-responsive synthetic regulatory circuits, and Al-assisted design-build-test-learn platforms to improve the

robustness, controllability, and scalability of microalgal biomanufacturing.
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Table 1 Photoreceptors in eukaryotic microalgae and their perception spectra and physiological functions
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Table 2 Comparative analysis of environmental signal perception and metabolic responses across eukaryotic microalgae
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Table 3 Comparison of major exogenous DNA delivery methods in microalga
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KRG RE SN HIUENE S FME, 02
A AT A AT 5 ] B BT RSN

RS, PR N R R 5 AR G IE AR R —
JUAE N A R B R Ak B B T, AR R e
WIRE S Mg TRREES T RS, IR
WL R AR R . REEREESEY
ol e PR 7 T A7 AR PR, % SR G O M IE
BB IR M RN I T Rt 7 AL T

3 WBUE S IKsh I E A e N

FE b 3 A 855 i 7 4% AL A A B A B, BRAR
W TR OB D A = B R T . PR 5 i A UAE
NRRAZEGESS SN EHE, BEEIAL
WA s IR I REAE VB B tE i 5 T B AT Sk B 4
P H S 1 R 1 R AR B . IX
P AT o T AR M % TR 5 & AR W) o HnE
MIFFER i e, RIS 5 1B W b e sh i e X 5 e
AR N ] E B TR T B .

3.1 HRIHBIRRBIFIE

T e AL 77 D IR 1 v A 1545 5 1) 1
Y RN 1 N ) e Y P o A
g e IR AS IR JE T 1l K IR A B AR
AN B B0 A DX 8% 1) 5 5 77 W 6 BT ) EEL A o R
FxX—4ptE, MMAFCKEHRARFS. R T
RIS Z P g, LUK, iR
I Z A EPS &5 S E F= ) 1 e RO T
3.1.1 FER

JER (F ZALHE TAG F1 PUFAs) 2 fil 4 ¢ &
EERE Mz —, KB REE 5HEhiEiE S

B B LB VI OC . T B 5 K3 AR
R SRS, BT ol B AL S s TR
FRSS & 75 725 R T s e o A 7= RE )

AT ol 36175 o A HE IR 5 AR 2R f e A SRS
fE= St i, BSOS IR IR TAG
FEERIE 17 mg/L Y AR EREE b R AR
(O AIME — &R (EPA) P EIEEE
156.22 mg/L ", FRE—Hpiasl, 2EHREIREAE
AR B R B i R RN, . ol an, v Eh Ak R RE R
Bk /N EREE iR A R, T A R AR R T
(atmospheric and room temperature plasma) i 4% 3k
75 (¥ i Eh AR MR AE £5 W38 R 2 I HE B v 0 0
BOMIIABEE N RE ), 3 W AR I N 5 T 5
e 1) it B B A2 1 20 TIC 7

ey TR, B R duE S 58 RS
A IR =S S T T I ol VAL S
NobZIP77 £ (A BR 8 v 4 D S 8 49 i, LR R )
i TAG 7= 242 T+ 60.9%-84.5%, H. % A= K 5 i 45
AN, RUIGAE T R P T o B g AR O AU I
H 7 FESEBACHE T, CrLECT 1 3k vl # 7+ i
PUR 7Y, T B YL A R K] T PSR AE RSP A
Chlamydomonas pacifica H 7] fff TAG 2 & & 2.4
i 7, UL BT R I YRS ST A SE T
SN B S 2y B AR . SRR, AR SN IE
PR TRIAIE A B 1 2 [ 3 9 ek -3- Tl R G ik
R BF (GPAT) I 2k 52 F+ H b BE AL 2% U,
DGAT 41 £ % #5158 TAG 435 4 5k 77, Wi 3L )
PR AFBE J); BE— D40 i TR
HE L 0T R A RS R, A R R R SR TR
G, B ERRIAR R Y

AWM NERK SRR T ERET
VN R % 4% . CRISPRI AT 7E 4 58 & R RIZF 6140 T
P AR B 1 R, AR 4R SR AR A B A i 3l
JRAR R . TESE TR A PEPC T 2R A8 A5 o $2 7+
T4% ", FE = A A R PO A A K & T
(PtECH) I iR 7 25 7= R e 4 v 7-20 £ ™ BB
RS IR 6 R B R (CeNIT1) 5 W0 A R I i g 2=
Bl (CrNITD U AT 7R 2078 2 25 AF T S BL4) 34% T
RS E, DL N IEE SR ANE N E B AT AT
P, BEAh, BLER ST 5 N LA N 45 B W1
MR T RN A R R, AT 2A8E
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IR ok A WU Ak, B o AE AT A
Botryococcus braunii F 55 L 41.49% 1 A i 7= % J
20.83% I{I TAG & & ™. BRm 5, MR A ik R
IENH BT 30k 5, EBENANE T ERMESD)
AP0V R AR I sl 4%, A0 H bR B
PRI A AR AT S T E A
312 E#H|Y &

AR N 22 R e A B R SR
e —, FEAQFINEFER. B-HHE bR E
R, TEZMNHTES. BN 5.
FOA 7= I FE AR T b T 0 A 5 e R AT o) ) AR
RN B BRI RS G- e 378 X
T, ARHERRIL I RIS DR G R .

INES 5 3 2 H AN f B 1 A 7 e . DA
RN 2E 21 Bk 3 o AR 3R 0 0ol Ak 2B 7= 34 3 SR 7 B B
B m A & B IR A R (R 4
W, JEHEE . BVEECE COE M a KR
SIFERM R RS T AEYEEKS~Y
23RS, CA RN & AR 7 1) E R
T2™. i, Guodidid “3%—10% CO2"
B A s, ESLB23% N E RS ERHEN,
40 L Hl A I R SRR T 22 94.6%, JFH 8T 50
BN R B AR R AR IE 17.5 % 00, R
H T R TR A AT 5 ™ shah, s, &
X AE MR A B SR AT
WaEp-HE MR E R R, Hid e T
AEAEBE AR KO AR T, PRI AR AR YL
wr, EALIREREE T, RS iRoL Y A A H ] R 2
TRt B-HHE bR R B LR R4 /NERTE Chlorella
protothecoides ', TR 5 F e 5E @ B &R
FeE N, RUARKHE b RE N AEEE S A
A 2 AR RFFAE .

R AL G215 3 WS IR, W —
FIF R TREFBSAEAY NRERERE. @
it RIAEILEE (BKT). ¥4l (CHYB) %%
PEEGEED, BCRH W g AR SO, TR R =
I B ARV B . N, 7R 3 D A
it 2235 CrBKT A1 HpCHYB 7] {2 3 R 7 25 & ik s
TN, R S A I8 AR A R O s AL R AR D R
AR ERETE RN RS R Y. i
ok, T UER 4 E A A CRISPR/Cas £ 4t (1 )3 2t

—P AR T RS D AU R RO v M AT I 4%
R

TE ML FEAE b, BRI A R R 2 25 1 45 5 0 R
Mg, BHEOLE S EALME W E T K
CRISPRa/i Z4t, SLIEHAL bR A HE K HI 52
W RIE, WhRgAdE KSR, /£
R ESE AT, MFESFHEITUDERAT R
RO IEIETT (PSAD) BT HRE S
Emg N (LHCSRY JE3h 7, RlKtsmA i B
BN, MM IRE) PSY. BKT &K E b
RO BOCHRERIA ™ Y [FRE, S Ak P e BT
PE AT N ROS 7K~ A8 4k, 78 v 't B SR Wl 2%
PE R WOE W AR L BRIR AR F R A O G R
bkt2. crtO), G AMR I T R, S IR B K
AR . dE—2DHh, DLCRISPRa/i RGN
REM W AR SRS T A ONEAY N RE MmN
Z B R P A R s At AR ORHERS, JEad [E P OE
A DG BE ST A, G R S I R IA 0 P B B R 4
(BN AS T RE PV 12 SR I TE 8 AR B S TR A
FARRAS, M TE 2 RF A=K B 7 1 [ B B AR AR
A, B R AR E S B AR
3.1.3 EPS

EPS /& i #E 43 wh 1) B LD REPEAR W P2, B
PrEA . e A E 4 W B AR 2 R AR i
TER . RAMA BT EIIREG )12 B
Tl AFETHEFAEIAY MR FEAMBAR R,
EPS J& T LR (1 i B =, = AN R T 1k
FIALEE JT, 352 30 5 Wbk 78 % 4 Jfa 41 e 3 AL ) 1
FL A PR

W IEH S R EPS BRI E B F B,
H R PR 1 5 £ W 0 Bl AIE S e % 35 5 EPS &
B . TESREREE S, Wk AR S
TR WE A B840 B Bl 3 i RO AR DG IR B, A
T A2 14 B i BH AR K AH AR ) EPS & e #, A
AL % 1 S EPS 7= & Al ik 898.7 mg/L M . 2Kl
Hby, SR E G T A B8 RS A R R R
AR, FHE— N 5E EPS B AL S Y. IX BB R AT
R, EPSH R AR B H AL, 385 bhia i
SR 43 e N2 I A 5K

TE ML AL b, AR TR S I 46 H AR ALk
o Be 4 = EPS & O ER o FE /N ERE
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I RNA TR0 HE ¥ A 5o B ADP-7] %) i £5
IR ALEE (AGPase), T HIl 55 40 g P it 77 PE I 5%
Gr, i 2B EPS &, MM fi EPS 7= & 42
20 20%,  [R] I RF BE I 5T AT RS S 2 0 [ AR
R X BRI & R
PRI E E 7], & PETEEPS K £ b R AR 7R
RO IE RORES . BARRE, EPSA IR T
R A BRSS9 W RE ) 2 (A1 R &R o
A ok AT Ik 51N 5 8 5 A AR JE i RS 3
4k 4 CRISPRa/i 5 i T B, BHABESH
B A 2 2 WA RS il g, SRR R R IA W

SAF AR A, WM EAN A K5 2 0 2
() ST o B A 2 B AL

gx b, IS S5 IS 2 G I AR R X R
— YRR R R, TR R A8 L E AR
WRERS (R4 . Hr, FIREIEE RG2S
b B 43 FC AR HE TAG Al EPS 25 fifs 47 5k 43 4 4 7=
YRR R RN R E e i i 5 ROS 15 5 3k 3)
KEAE bR PUA AU 0 o T IR R AR A U e
o JE G F A R 4% PUFA S DI e IR KA . Bk SRmg
EAM N EE R ERESSESMELMME, 3t
I ke s Ay B 7 1)

R4 AFGUE 5 KB 1 AL A E RN & TR L

Table 4 Environmental signal - driven metabolic reprogramming mechanisms and engineering targets in eukaryotic microalgae

PEYRA EEREMES A% 0o i REATL ] F T R j;j;;i/ HEFh EEPE
TAG ZBR A1 TOR il —=MAPK #i% b PEPC1, DGAT, GPAT, N. oceanica;  [21, 69,
TAG Z&3ifi & ik bZIP T 77, 95]
PUFA I JEL it B VAR A — ©-3/0-6 A5 FAD3, FAD7, A5D, A6D P [96-97]
2 VB R il 2 S B tricornutum,
C. vulgaris
LIN= 1/ 77 R ROS - Ca** {5 5— il S Ak A& 1 5 BKT/BKT3, PSY, PDS H. pluvialis ~ [34, 44,
MEP J& #3805 WSS N &R 90]
B-TAE hFE b/ ROSFH — MEP i & 3 55 PSY, PDS, ZDS, D. salina (84, 98-
RS EL LA LCYB, DbCO 101]
R/ JeaEEAY, 652k — o/ 43 3 HE ] LCYE, ZEP, CHYB C. [102-104]
TR R AR 3 AR reinhardtii
EPS BREVERNE ROS - FEAC I g fL— VE R —UDP-H— AGPase, UGPase, GT4/8/77 P [45, 92,
CAZyme Ji% EPS 73t purpureum 94]

. (CAZyme: FRKALGYIEIERF: ZDS: (8% N KBS B, UGPase: UDP-T %7 FEAEWEBRILEE: GT4/8/77: FEFLHL M 5 ik 4/8/

77

Note: (CAZyme: carbohydrate-active enzyme; ZDS: {-carotene desaturase; UGPase: UDP-glucose pyrophosphorylase; GT4/8/77: glycosyltrans-

ferase family 4/8/77)

3.2 &EBEE

SEBR R AKAR Ry R Hksh B2, WALk
FEh iR ANE Y RE SRS L i F
U PR A B R R M AR AR T, T I
XF 22 E A b 28 AR N S N E A, &
BRA ) 2 R AR R AR TS Y B R T RE 4R AR AL T
KT A,

15 YEORL I Mg 7 T, B AR MR T o W R IA
PHL7 7K fiff fil W B 42 3% fiff 225 ot P2 v T 50% 1) B0 2R
THERZ R (PET), 10K N Al % % & G

L, IR PR A X R R (TPA) U5 3T
NERBE R E 2L RG R, HBKLEMSE S
itk (CBM) M 3HIEGE &Y PET B fiff A0 42
L ARE, SEILL 4-7% R SR> N TR
BLTG G B A D7 T, 3R T4 A T8 P 2 4k 32 38 40 Jif €
% P450 BM3 JEARAR J, 56 B e 7] 0 o ) B A R
H 6% 2 TF 2 52% 1Y, = Ml 45 Rk K AR
PEREEREE (PAPL) Ji, %o e £ A0 5 1 g i 22 B
Ay K B 72.12% F1 68.2%, |7 I A= 4 B 4 A
0.9 g/LUL L. BRI & &It 32% "™, fEHEEEBE
S, R E/RRWMNIFEEA (MerR) 3K K
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ARB S F X MR E T (Hg?) s 26

AR R AR RS S A Y. BRI S,
oy AR TR L N R T TR A X 2% S A
TR S B R LTS R R
ZRTGFEVMN R LR, IFED R 2155 H
b B 5 BRAC A 5 [ R R . AR, kA
PS5 BR T30 4% B 1k B B2 AR A B 00 o 1 25 R 3

4 A

A% F 0 AN 35 ) 0L R 45 A R AE AR A R
P52 80 2 ZE R, HAZO M 8T IHEE 50K
AN A B A R R R S AN e . R
BIR . B E R A SR R 4 B ROS. Ca?* s
MAPK J2 TOR 2545 5 W 45 A% 36, (H 38 % 5] 2 2% 11
A SCPNE S RGO RN, A8 480 B 75 AS [7) A= BER
SR MHEREEERZ RO EE S
AR AL, AT PRI T 5258 = 04 25 A 1a) B AR AL
R AR 1 .

ERAAL A 725 Rl T2, TR
PR e A . SRS E R AL TR,
B A R A KA AL T Y R, R
BLAR 2R 5 52 T AR 15 Y T 90 55 2% A B Bl R s )
S EREME TR " RN R R IR A
Fem s BUARKIBREG . A5 G0 [ 53 25 77 1% RE AR 42
AT Re ol A ZEER B, WO A AT s 2R 7 i
A 60% LA b, T R I S CO2 f Sk i 77 B n]
CE SR AU FR IR A e, E S 5 AR
WHIRZAS B AL WL . 24 5T DBTL A2 47 LAKS 5%
SR EmELEE I 5k 8T, WRS
B 77 0 A R S A B R R B AR IR A R A%
ZiEZy i FEg

MNE S EY 22 MER, WoE™ A m
A 1Ry 5 Bk A2 3 v R A s R SRS 5 PR ) R A
A VR R B, AL QR AR IR AR
S K AR TR J5, ik 2 728 1] B 22 -157.5 kg
COz-eq (SBRHEBD , 75 &I 5 T k2 k] ik
-213.6 kg CO2-eq "o Z = WIHL = 5 B IR 256 F
(s G A7) DL R - 2R 0 B TR A
R, HOA R SR R e R PR B RS A B
o Bt )R - 20 B F R S A EEH R AR

RS (9 /& HaS HEBUZ S, mISEBE 100% HaS 2 Bk
F198.2% COAMlE g, HIEM MmN ELA S R
GRS A% T AR 3R DA A R R R U SRk A I G
B, PPEIS 1 mg/L, NARPHEAL A PR R
THREERT R EEMRETH, LREM
AR IR SR o] e 5 KRR TE VI RETE A HE A
wsh, A RIBEAS K. nEd 5N BRI
Ayl 8 TR Y A R 5 SRS HEAT AR A T
b, B RGM. MR AEY &N S EE
W FR o, 2T P Ak B 0 AR G il v ) Ok
i

5 HigHkE

HAMERE IR, B, LR
ZMABESIERT, Bl 2 EHES B E
S SR UPRES SIS AR, WAL
A HRES PSR R EB AR, NI A K
JERR . KM% N M EPS 25 s M Il =¥ . A
R MGERMY, HIRm RO FE B A DR By
fE. B, MEEd gk, EREME T B
TR SR N R GRS AN, WRE
P EE B A B MM 4., ik, RERBE
STEA M N JC B &= ROS. Ca?* Jz MAPK Z5 1% 015
SR, RS TR S A O S g —
Ho m&, REGFSHE—DERTREREE,
HIPRI B, MAMERR. KHE bER
J% EPS S5 i@ 2 0] i AR W R AR AL o DRIk, el AR Y
Y PR AT b A4 B9 B0 5% DK Al (19 AR 1 5 U B 43 I
RS I, HAZ O RFE 2 B AR K % e
(B A AT AR

REREAE TR R DAL ER
FERAS L E R, (B 3L TR AR N F U O 2 R 2
. ENLEIET, G55 RFEm R &
ZA5 5 MG AR W ) B A T R S A R AT
ROS. Ca*'}t MAPK W48 75 AN [A] 18 26 2F T I 8h s
RIER KRGk =Z KRG, £ TRZEH, WAK
W% 2 A0 i e A 35 TR s, i DAOE B Tk 8% 7% R 1
ISR, R KEEE TN G375
CRISPRa/i &4t )8 A W42 ml 2%, SLIARHHIRAS 1
SERP T S KA A EL I AT R D e . R R
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