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M AEZLEREE (Haematococcus pluvialis) RIRIFH R SEEE, M
FIRTE) B BERREA (NaAc) Ref Ui MY A= LU Bk AR W) IR 3R
R, ([EFIH R 535K AR 00 A 20K B 97 (4%
BAEKEIEFES) 1 NaAc NIRRT THRAK, 85T B35 &5
SR Z UMK E NaAc W40 A KRR 55 S50,
ST — RV AU I R G BRIEDE . MRS S e A
R ARAL, JFIER AT TR G5 5%, B D4 i AR 20K NaAc iy 52
FE, A Y EEAR AR AR . ARHT SR EEEAS IR AN

(1) MZEZLERE: NaAc MHIZEAEILMC: IREEDLALE SRR WIS t0
BBk NaAc SfEMNINE N 1 g/L (A% 5.58+1.37x10° cells/mL,
TH 0.73+0.03 /L), HAGERM RS EWEK; A6k F0BER
FERINESN 1L, TEEIFERD AR 0.8240.04 ¢/L F14.37+
0.23 mg/L. ZREH Bt NaAc HHRIEIRUL, T 2L b B IAC i BEAIG HLR
SOHEFETENS . FEWILE 1| /L FERt L, SR BLES 6 KAMI 1 g/L NaAc
ROR A, TEH . AU R KA & Y70 iR 5 10.59%
14.58%- 9.75%#HH 30.76%, £LEBTEEE 3 RAMIN 1 g/L R &AL, T
H 5 MG A R 26.47%H1 17.65%.
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(2) NaAc % /A= ZLEREE P I B /R FOPLEIR FT . MR AR 20K
DR 4H 2 12 AR BRSO B R R — A A & U Cacs),
BB R Ly 5 AR, B acsl-5. SR BYIGAAIN 1 @/L
NaAc, acs2 Ml acs3 P Fi CREEE 09 9.43 A1 110.42 %),
LOE S BWIGAIN 1 ¢/L NaAc, acsda A acs4b Pk Fifl (B
E73 909 17.88 A1 77.79 f8), Zxtalr B NaAc HIAMINRERS 3t — D AkE
Bt acs2 5 acs3 WFRERE (L 8.68 55 107.2 fi5), REALLEN B
AR SR IIRIN S acs2 A acs3 B VIR . TERtE NaAc AN,
TCA B DR 3 SRR & i 5 h 7 B R S e AE 2 (B BL oy 73] E3 9.88 A
12.15 &%, 2L By i 2.5 1 1.9 £ B[] 5 3 DR B R s 1 o
MR ek o B Be B 14.78 fi%: NEFTG AR ACP-S-T —J%
g, 3-MRNEMLHIRE A & AR K EEIE I AHEE A & e 2Lty
Byl B 2096, 11.68 A1 9.57 fif; HMNE =& HEERR LR B -3
el e 2L b B o) B 3.22 A1 3.51 f# .

(3) SEPEREE AR E N A AR NaAc 324 8K
I EEFE, WIS B3RS HpAC25 (2.5 /L B4k 12 > F ). HpAC50

(5 g/L 94k, 6 A~ H LA E) F1 HpAC75 (7.5 gL Y4k 3 MHULE) =
AN . TESEA S B3R B HpACS0 78 5 g/L NaAc FA7IEHR N
81.22%, LLEFAETISRE T 4.23 %, HpACT75 7£ 7.5 g/LNaAc FAEER
N 43.51%, LEEFAERISRE T 5.6 fi5. BRI TR HpACTS 1
1-7.5 /L JulEl N, 4K LIRS ZIH RBE NaAc IREF G, HY

T 1 g/LNaAc 337 HIEFAEM . 7N 1 g/LNaAc, Y4k i HpAC50
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SO BENAKERRENOESERE S THAMY, a0 RNINE R
PrE SRS R AR T 27.2% 45.49%.

AT FEARAY T WA 21 BREE TS R 3R s Ik FE A A=, e T
NaAc X M A2 ZLBRE PR BT B i () 705l IRk N v kA 3k 45
e Y 52 T 6 R I A Sk, S v T A 20 R 77 B H I TR 5 1) R FH 22
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UTILIZATION CONDITION OPTIMIZATION AND
ADAPTIVE EVOLUTIONARY ANALYSIS OF ACETATE IN
HAEMATOCOCCUS PLUVIALIS

ABSTRACT

The microalga Haematococcus pluvialis, characterized by its high
natural astaxanthin content, demonstrates broad application prospects.
Although sodium acetate (NaAc) effectively promotes biomass
accumulation and astaxanthin biosynthesis in H. pluvialis, its utilization
efficiency and algal tolerance remain suboptimal. This study systematically
optimized NaAc supplementation concentrations during two-stage
cultivation (green growth and red induction phases) and investigated the
effects of multiple NaAc additions at varying concentrations on cellular
growth and astaxanthin induction. Key genes involved in acetate
metabolism, astaxanthin synthesis, carbon fixation, and lipid biosynthesis
were analyzed. Through long-term adaptive evolution, NaAc-tolerant algal
strains were developed, with their physiological characteristics thoroughly
characterized. The principal conclusions are summarized as follows:

(1) Optimization of NaAc utilization conditions: Concentration
screening revealed optimal NaAc supplementation at 1 g/L for both stages.

In the green phase, this concentration achieved cell density
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(5.58+1.37x10"5 cells/mL) and dry weight (0.73+£0.03 g/L) without
chlorophyll reduction. During red induction, dry weight and astaxanthin
content reached 0.82+0.04 g/L and 4.37+0.23 mg/L, respectively. Rapid
NaAc assimilation was observed in the green phase, whereas absorption
decreased significantly in the red phase. Supplementation with 1 g/L NaAc
on day 6 of the green phase enhanced dry weight, cell density, chlorophyll,
and carbohydrate content by 10.59%, 14.58%, 9.75%, and 30.76%,
respectively. In the red phase, 1 g/L supplementation on day 3 increased
dry weight and lipid content by 26.47% and 17.65%.

(2) Mechanistic insights into NaAc effects: Twelve acetyl-CoA
synthetase (ACS) genes (acsi-5) critical for acetate assimilation were
identified through genomic analysis and classified into five phylogenetic
clusters. In the green phase, acs2 and acs3 exhibited rapid upregulation
(9.43- and 110.42-fold, respectively) upon initial NaAc addition. During
red induction, acs4a and acs4b were predominantly upregulated (17.88-
and 77.79-fold). Subsequent NaAc supplementation in the green phase
further enhanced acs2 and acs3 expression (8.68- and 107.2-fold). Under
optimal supplementation, TCA cycle genes (malate synthase and citrate
synthase) were upregulated 9.88- and 12.15-fold in the green phase, and
2.5- and 1.9-fold in the red phase. The carbon fixation gene
phosphoenolpyruvate carboxykinase increased 14.78-fold in the green

phase. Lipid biosynthesis genes (ACP-S-malonyltransferase, 3-ketoacyl-
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CoA synthase, and long-chain acyl-CoA synthase) showed 20.96-, 11.68-,
and 9.57-fold upregulation during red induction. Astaxanthin synthesis
gene lycopene B-cyclase was upregulated 3.22-3.51-fold.

(3) Adaptive evolution for enhanced NaAc tolerance: Three
acclimated strains (HpAC25, HpAC50, HpAC75) were developed through
prolonged cultivation at progressively elevated NaAc concentrations (2.5,
5, and 7.5 g/L over 12, 6+, and 3+ months, respectively). Viability assays
demonstrated 81.22% survival for HpAC50 at 5 g/ NaAc (4.23-fold
higher than wild-type), and 43.51% survival for HpAC75 at 7.5 g/L (5.6-
fold improvement). Physiological analyses revealed concentration-
dependent growth and astaxanthin reduction in HpAC75 (1-7.5 g/L), with
performance inferior to wild-type at 1 g/L. Notably, HpAC50 exhibited
27.2% and 45.49% higher astaxanthin yield and lipid content than wild-
type during red induction at 1 g/L NaAc.

This study establishes optimized NaAc supplementation strategies,
elucidates molecular mechanisms underlying acetate metabolism in H.
pluvialis, and develops high-tolerance strains through adaptive evolution.
These findings provide theoretical foundations and practical guidance for
improving acetate utilization efficiency in H. pluvialis cultivation,

ultimately enhancing natural astaxanthin production.

KEY WORDS: Haematococcus pluvialis, astaxanthin, sodium acetate,
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acetate metabolism, culture condition optimization, adaptive evolution
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1.1 fixnE=

U AT AR DR R IR e A, TER 2 (. SR S5 AR
L R ANME . AR 2L IRV D R ORI 7 3% 14 m Bk AE SRR T 4% 52 RV
FEARIEIIFE RSB AT ERN 5% E U3, A EY kIR, SR WAL
RS DU E KB FRCRICT, 129 7 H AR R . BN (NaAc)
XY AR LD BRI AR K AR RS S R R ER, i gm il 2 i — &
5 i O HUBRIE )0 JE— D4R FE RS IR SR A FH AL 52 1) 442 i 9 AE 20 3R X TR 1R
BRI SZ 1, R A LR R AR R R A E R
111 B RFM

(1) URE R L5 5 HKUE

WRE % (Astaxanthin) & —FEIEIAE MR, 757308 CaoHs204, JE T
MR &Y, Foor 7 AR B R B-55 2 = B A, X 634 i YA
I IR, IS SO E A =R ANR G R A, B — St e
SRR (38, 3'S M1 3R, 3'R) MIANHEERIL (3R, 3'S) 7 (B[ 1.1), Hrp
WU 76 e R = BB P . DU A pis e, WAEZDBRIE & LR T 2=
TR EER AR 3S, 3'S. BTHEE, UFE R AT LALUIG B sk 5
(RFRER ) 77, HATNIEBIFE T3 b 32 B 1 5 A BRIR R 7 R AR AR S
MRS 2 B, BEAR A IR 2= R BRI A% S 4 R i, (H e T HA7
TEA BRER BRI 22 4 Tl J, NATTRERARUR S R A TR Pl RERUFFT 22 7] LR
PRS2 R A5 PR e TR AR L, SR AR B A s PR EUSA BR ) 1 KA A = 110,
H TR AR (Haematococcus pluvialis) & RARIFFF 3 810 F Bk 1,
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Dextrorotatory form

L1 MR 3 = R R b p 12

Fig 1.1 Three different optical isomers of astaxanthin

(2) BFERPUEAIENE

DRERIN T 2 DR FCRRRR (¥ 201 254 F2 R 1 2 3 M B S A Re b « oA PR O 3
PO R, PRI ANE AR (], R 2854 b id 3 F2 BRI i 3
[FIFE R a-F2 Rl e 5], X SRRV S5 AT 2 PR BRI F IS RE /). 2
LI P AT AR g T b A ) B RS T, TR XU R G d s e B e
AR E RO f o IR RSO P AL e A 20 h R s e v B B S S E
B R FLABIREE [ A, i AR A R L ST v AR e A, AT R E
FH A XS S0 A 20 A 4 PR o ) SR A o SRR MBS E RN 2, a-FR B 25 1
I L REAR ZR B R R R 3 G5 1% IR RRIE M A R &R U, IR
X EERE RS 202 H AT SRR BT R, HhTa s R 4EA 3 E LAl 2 4
RIRFEINE M 100 £ 1L,
1.1.2 SFERMNA

(1) HFE R EH

R 2R R I H Y 2 1) S B R R, A FIALAR 5 0 S 3 I T RS [ 204
el RN, Ao 0 e IR R S B i, X R A LA R S
Fepe g W, FEARMA 20, PR IR T HUIR AR R TR SRR S e Rt AE
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g Rk TP UG DU ST WY N | BE) i o i s A v i b T P I B o o3
MBI EA R . ZhSEIGUESE, i Hh TR 25 AN REAELE s 3 £ RE, i8]
PEAR SR 77K, B ZUORYT DNA G52 5 8475 180, 3k o G 88 10 R A T Rt
WRTE 2 7 FohF G e 40 A5 -5 RS 1 VA5 B 3L 1 e RIS R e T i [FIVE

(2) HFERBUMRIEH

R AT A B UL 5 S AT TR, TE DU R 503 e IR H 22 4 P52 A I AL
B FC I, R 2R P 3 I R e R RS A T P PR e B, T BEL T R 38005 5 1
G, WE B ARG AN BRI G U, AR A T A5 M AN RE S 5 B
o 200 ) B SR AT SRR, TS 3 A R VR B IR e 4 R
T WER AR SR, NS RN AR S B LR R 2
FIHIER, HPUM RO a A R B MRS h R 20, (HAEE
B, HBU R A EE e SO R RIS, AN AR R, R R
BRIeHR I BUR 0tk BRARERANE S T 0 B DA 15 fogm A8 IR o X 22 4 4
FAR A FLAE S RE TR 5 i Bl T b B R f 4 121,

(3) WF 2 1 HoAh s

WRE RIE TN TR, RRIFE R ER AN, SR E
e T B AR . s B A R S s, IR ST RO . R IR
LRI AN AR P, IR R B SO R R DR E . e,
URE R A (R s A K 5 A 1 AR B Th B o R 75 37 B MR B AR 97 B AT
Hh A G AR O SR, R 7 3 PR RE ) SR G ) RIBUms I TES & I
AR AR, Pk ol LA S S AR TLR R IS 2.5% 05 55 T AR 213K
BN R IARIE, RSB A EFE S ERE T, RN FECE A AR R
W ), LEKPEIREE DT, MR BN TRL BB S I AR, S SR
BRE 70 UL K S T R AR AR
1.1.3 RELIIKEE T

WAELTEREE AN A AR Z A Rt 124, & —Fh i ke, B T4
I (Chlorophyta) B3 H (Volvocales) A EREEFL (Haematococcaceae) 1, H
B 8 2 IR AE SEAE B 464 (I el BB YL A SR e) FRE R R m & &
MRS R, ST ER 3%-5%LL b, HHEN T SRR R Rt E
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YRR 26,
1.1.4 MAELKEEFESE

M AR ZLIREE T A BEA B S5 BB RN, FE NG O, RO AD)
M UL S 2T O B i 27280, ] 1-2 P, fEE IR AL IS B 7Kg,
R A2 2L BREE DAZR (Ui Sh A M i T2 0o E , FEAR [T A0 400 P ARt 9 AR 8 =6 3l 317,
I A R ORI A AT O R MAREMEEE ) (B SRR #h R
MBSO RS 90D IS, Vi SN 4H B ok L HEE, 40 M0BESE S, B4 gt A Sh A,
A KRG I TT U A7 N PRI VE ¥y LLS R 858 . 2 B Ba ik — Ak (nispls . &
), MpPHENLE)EEER I B, 0 EE R E IR IR E S RIS & P00, fi
M FREREL LT, T8 RCRE S K SR AR () JEL B 7 AR S 40, e B T 482
ARBHEEEABRE B K0 5EFRFMAUER, BFToKER, BR
HH U B 200 M B B R A, S L AT REIE A AR (45 &%
AT BN AL 2 B o IR R 0 AR 5 LSS A I R I S P KA TR AL
B8, ICH AL R B SO R IR R 2 R, o Tl AR R
ISP e y/P ST

o,é o°° o.‘e%:"
OS8SBPDE

1-cell 2-cell 4-cell 8-cell 16-cell

Cell division
Refresh

Germination
Encystment (aplanospore formation)

O-—©@-—0© ¥

Cyst (aplanospore) Intermediate cell Green coccoid cell Flagellated cell
(Palmelloid)

Bl 1.2 WY AR L0k A i A B2
Fig 1.2 Life Cycle of Haematococcus pluvialis
1.1.5 ELIBGEINS RAHHLHI
HRIVEY GRS N EOATHERR AR, &Mk B-THE hRAFEL
200 e N B A TR 2R DAL SRR b 1 I EOR R R W IR i 42 (MEP) AN
HL BT R R R A (MVAD 7T L& e I R EEBE IR (IPP). MEP #1252
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e H il -3-BE IR AN P A R 22 DXR B AL AR it EOR B BE R (DOXP), %%
AL Ny e R AR (TPP) A1 — WL AR Y R EEBEIR (DMAPP), 7E M AE 2L Bk
MEP &R HERL T 80% A FISEHAEE ATk BY; i MVA S48 02 W4k A
T HMG-CoA & B (HMGS) Fl HMG-CoA & J5 i (HMGR) i1k A 5l i,
B Al 9 S SO B AR R (IPP) A — R AG N AR R (DMAPP) B9, 235
IPP Fl DMAPP 7£i5£We It —BEHR & if (FDPPS ) A A -8 & I Ik B R & i (GGPS)
AL N 2R A A I R IR AR (GGPP) PO, 2 )\ A R4 & & B (PSY)
ALK \A TR, EHM B, PSY MG 2tsmifisE, mest FHEE
AT 3 A0 L B, 7 B-iHEY PRI, NEAFMALRENEAEMLE
i ZUHF (PDS) 1 -HAE N R Al (ZDS) S i A4 il A4 % (Lycopene),
FHHE LR B-FALEE (LCYB) MMULIE M B-tHEY h&, Hrh PDS Al ZDS )i%
PR AN R BT, ek, B-#A% hEdd B-#A%Y M EEA{LES (BKT)
MFEEALEE (CRTR-B) KV T AERUINE =, IEBEE B (AST) M3 T 5
el BRI AL Jo A e e T, TR R AE BUIUHR SR AT R RCR T 4.5 £, TR RUR
AREN I e TN
1.2 MELKEE KRB RESTE R
1.2.1 FBRAEZNT

IR SR A SR A AR R G B FR B R 22—, R R I e =R U
D81, S B R AR 23R8 AR K DA IR 22 AR R A sem R R IDG Sk, J6JA
177 TH )5

(1) 6B HI

FDG 206 ANE G ERHE % S0 7Y A 20 BR PR A A KRR 5 KA B . 0T A,
LG JEAE /IR T2 B R B IR B9, 7RV AR 20 BREE R L R REA 2K,
BE 8% 7 T3 52 100 9 25 Z0BRE (K0S (7] 14 2 BRI B o 20 RES (2 i3 19 2F 20 3R 7 4
AR K B 2, SR m A, T 6T DURS A s, R DG
A LLBRIR 005 SN R BRI T R R B, ARDG A& T
DA kR AR ZLBR AR K AR R IAR R, 8] ISR JOR LRI LR 2 B 1
TRA R WA R E RS R RA 2 B A TEA D TR R 19%.

(2) 6 HE 58 FE I R
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R AR ZL IRV S (0 AR K B BORIZL €05 B BRI I B KOG IR TR SRR AN A1, 7E 4%
B, EERDEIEREZTEECA 50-120 pmol/(m2s). W AHL, KoL (<30
pmol/(m?-s)) TGN LR LR, (HAN R BRI a5k (50-90
pmol/(m?-s)) FIFH1 A 1E A S A0 MIETE, (it R i M2 L (il S B,
DGR (>150 pmol/(m?+s)) & FUNE R A IR 2, ST, i & o am
291 umol/(m?-s)) £ FFOLE REIL (PSID %245, BRZAE (QA) ALK R 21,
] LA, AR S R R W) B RE s e AT R (ROS)D
BRI S R A RGEH (o B-TEE b REALED .

(3) S R

N T e %o R A 21 Bk s 1 AR K SR T R AR R — e e B4, R
FRH, WAELLBREER AR CUnZn i 25 FE AN A0 M T 2D BE OGN (] 12K & 56 T
JE RS, FECEIN 16L:8D OBHE 16 N/ 8 /NED I, AW EIAS &
m, WEETESOEI (24L:0D) BUELLERE (0L:24D) K T HIAEYE ¥,
X A] BE 5 A AR I G R RS F R A Y P G . A EA
[, R 3R P G R R KR N, VLA ER A AR AN A 8 (120~
270umol/m?s) A1t J& B (5t/1% :0/24 ~24/0h) ) )t FE X B AR 20 BR i il R iR 5 2 A7
SAPUAAE LRI GEAT T, B TR A ZLEREEAE 270 pmol/m?s ¥ 54
TIESDGI 10 d BRI S R ABUEARE SR B,

1.2.2 #iERY S

R AR AR 20k BAT VR G 8 FR s 17 480, oLk AR L BRI & B 7R B
(W ZERRUE, TN (U0 CO2) FIAJTH, J& UK BE v I a & 4E I H A
Yre, (HmiRETRRINHINR S 2= & 8, WK CO. 4id mtBia &6
L rE MR CHn AR fREBEIRE AR R W G (AR EIRE
BT AT AR LR A A, IR BRI B AL (C/ND RRf R
BRI E RE R, (A ESFEOCE KRGpdng) B BRI, PR B
Fromg CEKBY Bem A DU+ ra B BUR R S0 456 200615 3 [ B s L i)
B, T3 RS R = &

1.2.3 RETRAF M
BE AR LD R A IS I OCHEE FR o R, B2 2 1 40 73 22,
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H2 RIS FURE R R, AR YURSA T (s IRt NaNOsik 2 0D,
20 R R R B PR, AT AR T GRS, A S A e e R B 2 T
HZH M YIRS 2= S o DU T BY, EUUR AN S IR 20 & 2 T AR 21 Bk s PR s Y
RURE = AR ERES P25, )2 T W AR LIREEINE A B UL IR
H A RIEIEAE RS, B 5E VR R AT IR R, B2 s 40 i AR K
A, (HIFF R R B 1.5 5, X RESBE/ERE R (ATP & HD H
(A OAE R AR G B4, ] [ e ol 280 R Bl A2 12 v 9 AR £ BRGBE P=UR 75 32 (0 5V 2
1.2.4 EERIFNT

h R R I A BRI AR K SR R RIS R 2 —, WAL BKER T
AR, TR 0T R PRI 52 BEAIG, ARMR B2 SR AN 2 R 4 R Py AR TR, 17 e ¥R
R RS0’ AR DR P AR . ), WF TR, #hE (A0 NaCD i 0.5%0,
UM ZE R I TR, 78 1.5% NaCl 26444 T, Vs AR 2 30%, 1M
3% NaCl B JL-F- 58 240 AR, Mm@ #h B (>5% NaCl) 23 T 3504 M I 4573 155 A
FERGRNG, SURAMAET: B, A IR A il A K, HA] RS SN R
B, EhRE B DL SRR E R R WA (ROS) R, X
BEBEEOE UL Z A B BT 5 a8 mT DL I 5 AT R e PR AT B [
6% S i AR L BRI B 2
1.2.5 REF pH HIS2NT

IR PR pH AR 200 N 2B 21 BR A KRR R A RN SRR IR &K . 7
BARR VSR N (20-25°C) AT AR ZLBRE A KA RBHER, TERMRIEE
(<15°C) F, AKABBEE, MaERE (>30°0) F, WaimdigmmpE KB 250
To, £ 25-30°C HIEIE T 2Rt A 20 BRPEIR 5 R AR B 81, R AR 20k Ak
K& pH TGN 6.5-8.0, ETR (<6.0) EHd (>9.0) MFREE, #H4 AT
RIS S, PRI AR . pH SRS R R AIRIECN A, — R R
) 5200 L P A 35U Jh et s Rk S B, 3 FEE 1) pHL i 25 C a5 R ek B 59 D
HAT REXTIR RIS A — B R ER B, IR A G R A pH RENS (L
N AR ZLERVE 1 AE K AIRE R R

1.3 BEEREL XTI LT TR RS2
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1.3.1 BEERELXIFRAE LI BKRE KHUE

W R ERAE A HUBR IR, R84 Y AR 20 3R E AR FH AT 5 e AR K AR NG 2
TF 75 3 AN I R 6 v 2 38 i AR S, 7EVR G B IR 1E N, TR B Ak
FIFGREE € CO2, X REMRMSUEBR EEAE AAAMIRIS , AT E— 5 it A e (1 R
16061 RN R £h o WE IR R A . RV T, ININBSER N2
PEAR ISR R 1 &, [RIET 1,5- BB AL R B R 10 BB (Rubisco ) 14 22 KR FEAIG
X WS IR £h 3 UG & AF R BB HVE P, AR O MO S B 7R U 1]
SFFRBREGE RN ARRUREE T, B A0S BOR I ERE )5 (NRD i
M, TR B ER SR POV AE . WHFLR T, IRINESERINSS, NR V&I A 1.6
i, REFREE IR Eh iRk FE R FRAIG, & U Z AR, AT PR o 2 4 P P 5 9%
ARKH B, A8 R A 2L EREE N P aE Fr B 000,
1.3.2 BEERELXIFRAE LI BCRITE ZR RN

gL HATIR R AR R AR, AR 23RN SR R I R R 2
PRI Rl . AR Ehad i H D SR RTIE ZUE#E, a0t MRS e sk
PR EERT, MR E RIS R 2, Bk, EMRMES T, W
AL BREEREE PO AT IR RN A L, ER TR AT I REAL R IR S & (), 8%
FhRZ R IE S5 A T, TS ISR £h 7T 2 25 A0 A 75 R AR B8 . BOREE N (64
RIL 45 mM BEIR£L5 450 uM EER B T (Fe ) LA AL HR, VAR L BRBETE 25°C.
6000 Ix LGN AT 24 /NS RIA] 58 R 5 2 R AR B, AHEE S 0 HE A 52
Al —AN H SO EE AN M 5E A 20 k. BRI, X R DU 5 v B T S0 o 41 A
FAGERSET, RS RS R AT TR, DRULmSER 20 8 75 (AL IR BE 5 il 5%
o BERRENIIANINIE 22 32 4 S AN A SR B (NRO v 1, DA b i ke, &
FUE IR RIRGE S =, IR A A 1,
1.3.3 M BKEERRRE A HLHI

FETOBE H I R R AR L) 2 — N BRI AR, W R 2 AN R T Rl AR A
VA o BRI I A AP )% A o RIS R R, T R BT B P B S
ERIE R G, TR, BRI pH USRS A EE R (BEM L
TRAR B AR MF B 1) LR, 5 3 T 5 3B AN MR, R A58 mT REAR IR i [eo), bk,
W R 6 REE BB ZEok VR, PIREIEI AR IR (MVAD 48, Rt M AL iR
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(IPP) FRIAE S, MTINIRERE 26, (R IR g R MALR 7, Y AR 20 sk
LR A G U Cacs) FGEETRERFAG N CBEAHEE A (Acetyl-CoA), il j5 i@ it
25 RUNR R SE BRI S T Re B & ER LR, ZBEHHEG A EN TCA 1
R AERE, SCREMMAER: MEMMNE & MF CnEDt. BRED N, BRI IR R
A REAE Gl AR DT R & B A i = H D FIIR 3 AR & i (4 R IR 444
AR R RS, R B D BB AR N 2D ML R,
B2 AR AR AT AT, HATAE A MRS (ROS) B WIS MBS 5,
ARG S E R R, T BUMRR AU -Br A AR S L B FE R, IR
KA MM (U PSY BKT. CHY %) 7ERSIR £ il 2610 F %Kik B,
HR3F XA RE & ROS WS TG, AT I IR #h (E) FE R 4% 1681,

1.4 WESEENMHK

@M (Adaptive Evolution, ALE) & ZEMUZEY) H AR FEE N\ Tk $¥
JEAT, iR AR AR R, R I PR AR A B 5 4 A0 B R
FETBE T, 3 PR R 3 i K 0 2 B T A SR T A v 32 2 B TR
BRSO TR m st il = R B Y S M I 2 ), R
NG E A, BAPEA K SO0 E R Rt nf SR KR a5, AR
SRS ) (Ul TR . IR IREISE) R B A HUR T . & Rt
B I B SR IE PRI R, 7E S0 5 vh R Rt IR B PR BE 1R ) (s kv e
ety pH 55D, IR & S 58, AT 0738 tH B H AR IR s Qe 52
Mo R IRRR B A R B AR . PSR ) AA0E A — M8 T e 1
BAD RIS S50 (U5 ik e . £h1E), e ieEE Iz 0 38 N A i 2 5
1717 5 [F) 075 a8 D0 2 45 - N R HoR (i CRISPR) BB FBr (AndEie. (b5
AR), NIEE E D Re L R AT S0k WFARE, MOEAE ALE iR Rl
GRGMA. EFRAUWEN . PUEEE Y R BT S IE R E AL U0, S A
K, 3N AL AR I N T /NEREE (Chlorella) F3EH A (Chlamydomonas
reinhardtii) S5 FEFP I MRAT 2SR, B0 Z.-Hun Kim 55 A\E S B EE S
B2 40 g/L G488/ akEE U1, Wladimir A. Fae Neto %8 A3 i id v 3k
B G T G I SR AR R U5, (B AR MY AR DR T Mt AU, LR
B ML FRO3EE S A AL A1) 1 A B AT o 308 3o I ek A R AR HR T W AR £ BRSBE X

9
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BEER BT 20, AT AR A Hoss 2 T 2R i s S A JEL i
1.5 fIRNE . BEXFRAREZ
1.5.1 ARAE

(1) RN AR LT BREE T B R 26 R FH 2% At AE

FER A LLBREE I BOAS INAS IR BEBE R A, I AR, MaRER . M &
HAL MR W CRREIREESECRA, 58 M AR LU EREE B BRI AN B
WIREAR AR P o T8 TR AN 160 B PR I B 77 AN ] B TR AN R P T R A, i —
AR AN R Sh R FH 26 1, S S (i B AR AL R B iR i 3 & &

(2) FEFR R WA N A 21 BREEA I B 20 4

TR B A 4T BRI DR A e S AL S WSO I 40 A S e A MR AR P %
HEE acs P, IRITK acs FERLE M B BB (] A R AR L. BbAh, #E—2
SrHT acs. TCA ¥ BRIEE « )& B A SR 7 35 6 R D% DR B 25k DR 7E I 1R
AN EANIMEAE T AR b, R Y AR 21 BREEES I8 3L 1 F A AR B -

(3) FYAR L1 BR L B PR s B 1 a3k A

AR e AR T BRI B R 2R (K A8, A - 2SR i I T 5, sk
FEHT g A FEE T T8 1) T A T IR, o0t I e o 15 A R S g A0 LG S5
AR ARSI A . AR IR IR E R RSy TH R
152 fARENX

FARUF T 24T AR ek ) B LAk B U 7E 22 AU 30 L = 21 T AN, W AR
LLRRFESE RIRUNTE I B FE SRR, R AR 21 BRI 1 77 U 7 R AR IR F A
TG TR 2 Hh R . BERRER AR N — R 5 s A HUBRIE, e I TR & 8 7R
BERT AR E IR RAURE R R, SR, B AR AR L BRI
R SRR FH 24K T 52 PR EL TR T T2 R AR LA AT T, R L v R A 0 BR80Tl
R 2R IR FH 2R AN S22, AR FU L WA R SR AL B 3 2 3L

S, ASHIF 7T E BT A 20 BRI S 0 A K AR 20653 S 0 O I R R R
FAFAL, BETE T 22 ORISR 5 1R ST Be i a4 0 A KR I AR K DL RS i 41 6
S WM AR ZLBREEAE PRI R &, BT RT-qPCR X Bk (Rl ik A2 4k 73
TSR SRR FH AL o e dh, JEEIE N R Ak 55 7 LT T8 2 Bk P 2 v W A 40 Bk
ST T2 R RN 52 J52 o ASHIF OB HH 1 — /4 v W A 0 3R o TR b ) P R A 7 6

-
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Jeg] P L i T TR R AL A, i o N P R A S T B L T T TRk 114 W9 A 2 Bk s
AR IR Th 7E T A2 21 Bk s o 1 o3k S FH $R AL T SR AR A EE e A
1.5.3 FiRE&Lk

AR AT BRI R 2 R H R (R I’#ﬂ;ﬁ? | P R S ) T A A BR A L) 20 |
£
KWL g

o 38 S
FUET 5

AR B 0 n .
NaAc T & Z A

TCATEIR
, |_|—> R
B NaAc 1 -
|| RERRES e

WAMIINaAcH

BORIAS M1 HY
NaAciR

-

1 7E N BT B i

WS IN NaAc iR ¥ I e
_ v
ﬂ T ’ ARSI
LR Yk ki L S fiF
BRI R AL E ML | | B PR || Nasc s
gt 3l R
%H&’#ﬂi{%

Bl 1.3 A TR s 2k
Fig 1.3 Technical Roadmap of This Study
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£ 2 E MEAkERY RERERELFI R RN L

2.1 5|18

BT B S Y AR ZLBR B A N e RN R A R 2 HRIE, 24045 THEK) 4%
PAE P, R AR LLERE AL PR R 5 — MR, EHMAEBRE S 3S-3'S
MR, XAE =R 3R BRI o B R O AR TS A e 4k U ek, R
R4 T (DCW), WALLEREE R Tl AR IR &, 68 HoAh i =
B, B0 17-45%M 8 AR 15-40%KBRKAL SR 20-37% 1057 & &
(731, g A 2L IR P8 10 5 3700 R FH A o B s 7 1 Sk e U760, T b R FH A R ) AR K 2K
PHES S FEM B R 4 I 25 R AR, R B & P e 2 1R, 9l e
ot U7 #hia U7, EUR US, (2 S0 U5, RIBUR R0 R, kb
EAEFEFMFEERRNRR.

M AEZTERE AT ARG LG, W0 SRk A ATRRH- i 081, L SR Ay
PRI B B ENLERIE, & T WA BRE NN B U], BT H IR
PRSI FRAN IR & 8 FR B I8 v DISGR s e IR ZRIR B 21, U5
(R RUR: 388 BT, BRI, 5 A AT LUR A5 FR 55 IR (M A DR A L, 7 INBRTE
INEREE. ZAWRTREE, WAL BRER AR KEEREYEKFERAZ B, XO
FA I 203K Pl EE IS TR R R ) OB TR 3R o R AR £ BRIEAE 4 28 757 (112 2 4 i <
Br IR AR U Y, XSSP G A N AR IS B A, AT 5 L i 2RI
Pok 1 A A o E T AR R NG v B R A R BV T LA 51 B IR A0 R 1 R A2
CLEREET A RRIE E 5360, jhAh, TEVIMRLLEITE, BERREANIIR N2 S 80N
A LLBREE A R AR AR TS B, BN BRI SR R . RNk, T
20 A K R TR (R B R IR BT TTIA 10 g/L 87, 3t e T 9 2B /NBREE o A FH AR IR
£ Micractinium reisseri PJREFRRIREAT, - HEOAMINES BB 2 2 52 = AE V) A IS
JRE R B2, Rk, S NI A T B 2 ek D T TR A T Y A 4T BREE B B
Fy G702 R 1) TV

ARFEXF 0-10 /L FETRANE Bl P 72 17 I A= 213k g 79 A 1 B 11 e A S T M 19
NI, T W) s AR B RN IR FE , 20 JC T NI Bl 1 77 A v 4

12
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BRI, AT 7T R A SR I WA £ W A 20 BR3P A S Bt T Sk IO
22 MRIERE
22.1 MAELIKEEFRE

2R 1) BG-11 #5778 (1 L AR & )5 i /) : NaN03 0.25 g, KeHPO4.3H20
0.045 g, KH>P040.175g, MgS04.7H20 0.1257g, CaCl.2H20 0.0266 g, F7i5
#:0.0076 g, EDTA.Na20.001 g, 4E42 B10.001 g, 4E4% biotin 0.25 ng, 4E4:
% Bi2 50 pg, H3BOs 2.86 mg, MnCL.4H:0 1.86 mg, ZnSO4.7H:0 0.22 mg,
Na:Mo004.2H20 0.39 mg, CuS04.5H20 0.08 mg, Co (NOs3) .6H200.05mg, 71
7K 1000 mL, pH 7.5 ~ 7.6, £ 121°CZAF T KB 20 min, [l 4435 75 5 W 7E 5 14
ReFRFEAMA 15 g/L B BiHg .
222 LM AR FH

AT AT A (P AR £LBR R SR AR TR AR H. pluvialis 797 T3E B ERF2ERE K
AR AT, BRI N 23 £1°C, SR BUROEHRE N 1,500 £ 300 lux,
LB B REHREE N 8,000 + 500 lux, JERIHASH 12 /MEF: 12 /N G W)
K BG-11 333G B T WAL BRI ARG 97, 7E4T (i Bl Sk RN
BRBEN BG-11 $59R3H TIRE R 55 EWAB B, 3968 250 mL #E
TAEBARRU N 200 mLo BMFERFIIN 100 mg/L R B RIEATR 7
2.2.3 EEIRFNRIEZ

PR, A3 WM SRR 1. 2,
224 LRI

(1) WY AR ZEBREE P AN I B i R T TR AR B2 11 U s

ARSI 5 R VEUT AN [R] VR B2 (0 T 1R 50 7 ) 7 2 €0 R 2L €0 ffy BRORS RS 2E 21 3R B 1)
SO, (ESREEN B, BERRANIRFEREE N 0. 0.5 1. 1.5, 2.5 Ml S5g/L. fE4
B, NaAc WEWEN 0. 1. 2.5, 5. 7.5 F1 10g/L. 0g/L EERN H FEXT I
FEGEO I BOM A3 . T (DCW). 425 & B AN 2 5 o S R ok i
AGHEATRI, fEAEMBANAIMTE (DCW). 4R SR, IR & EM
B 7 BE RSB AR FE AR

(2) A 2L IR A B B o A R B A NS 2 1 e

TERIERIN 1 g/L BEFRRENI LA b, £1 X A L BREE P AN B5 2R B (SRl

13
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BSAAMED WE T 5 IR B AU MINEE RN (I3 2-1): 4351
BLRAMIN T g/l 2 gL 3g/L, P REBRANN 1 g/L (F£2 70, LRI 3 RE
RAMIN 1 g/L (L3 Y0, Hrh g B EsM MR 756 6 K, MG B
RT3 K. IR EEE HIRMN A (0g/L BERRE)D FAVIGHERIN 1 g/L B
FRAN CANHEAT BTN AN R0 REZH o Bl b3k v B2 B H8 AR A1, bkl 1 A8 5T -
ALV R AR KA SR =

& 2-1 AMINEGRRAN I R R

Table 2-1 Culture Mode with Supplemental Sodium Acetate

Vazh R B AREANE
E 75 %] 1R AN NaAc — (Control) AN NaAc  (Control)
FEFENT IR N 1 g/L NaAc (1%9) N 1 g/L NaAc (199
ik 1 %N 1g/L NaAc 25 6 AN AN 1g/L NaAc 25 3 KAMI
1g/L NaAc (1%9+1°54) 1 g/L NaAc (1%+1%9)
K 2 AN 1g/L NaAC % 6 KAES 7N 1g/L NaAc 25 3 KNS 4
7 KAb 1 g/L NaAc (1%9+189+179) R4 1 g/L NaAc (1%9+139+144)
B3 W 1g/LNaAc 56 K. 557 0 1g/LNaAC 3 K.
RANEE 8 KAMIN 1 g/l NaAc 4 RANEE 5 RAMIN 1 g/L NaAc
(10d+16d+17d+18d) (10d+13d+14d+15d)
i 4 i 1g/L NaAc %5 6 KA i 1g/L NaAc %5 3 RAMn
2 g/L NaAc (1%4+2659) 2 g/L NaAc (199+23¢)
1 5 AN 1g/L NaAc 25 6 AN %N 1g/L NaAc 25 3 KAMI

3 g/L NaAc (1°9+35)

3 g/L NaAc (1%9+33)

22,5 MRREE R T ERNE

A KB, MRS EEE 1 mL % 0D680 {4 5 I Bk %1
XN R R BT IR, THEA T

YR (x10* cell/mL) = 16.72 x OD680 - 9.16  (R>=0.9996) (D

T-EH (DCW) &l 773%: B 10 mL %, 4500 rpm 2500 10 7080, F% B

14
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YOG 13 K B 25 B8 T K ek T I = VK o ORI M LI J5 TBON B 25 VA R T L
(&, TED THE, midREIMREEHEIRS DCW E.
2.2.6 HEFZEMEFE RN E

B 10 mL #EREZE 4500 rpm 2500 10 434805, A G (BERE, +
D B A A, B S8 IR . M R B E RS RIS ock 7% B,
HHRAXT:

42 a (mg/L) = 15.65 x A666 - 7.34 x A653 (2)
H4EE b (mg/L) =27.05 x A653 - 11.21 x A666 (3)
MITEEZE (mg/L) = MEEE a + HEEERD (4)

IFEHE (mg/L) =0.8 x (1000 x A470 - 2.86 x H4E%& a-129.2 x M4 b)/
221 (5)
2.2.7 1EFEDPERIRNKE RN E

B 1 mL 5572548 8000 rpm &0 5 0 8h, IEWGE 0.22 pm JEME S, RAS
HOEA s R4t (HPLC, B, HA) #iC Aminex HPX-87H (it (fHR4E
e, EED K. 275 Joun 5 A5k B MM 50°C, WBhAHA S mM i
%, Jii% 0.6 mL/min.

228 FA. kL EYRERRENE

A PE S A SRR E & 250 A BCA H ks il X 6 A b s i
g ORNEEE, ED U BB INE

R A 203Kk IR o B 0 AR o R R AR AEHGE B0, RS FREL 10 mg T
5 10 mL 4 mol/L BREHIR G, SinEGIGRMRA G, ETHIRFMHT
BB N I Ko B SRR L B T KA B AT 5 A B A, STRPERRS
F-20°CARIRIA L T4 20 70 B o 8 AR RAR GE NSRRI BE A T AT 0
AR ALTE 2 ol 7E Ak . £ 6000 rpm HE B0 10 438 S, FEUHEIEE T
JZENAE . ARSI, A HUAE ISR 0.15% NaCl S AT R
B, 4500 rpm —{RESO JE SRS | T 2 o B 2000 e 25 R PR AT HLVA A,
80°CHH IR /A0 H RS K B I 2, FEHFR IR AR TR I it & .

AR S B LT AT : SRS E(%)=h B /AT HEx100%  (6)
229 EMEEMFEIT S
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i H] SPSS 26.0 BAF#AT SR04, A B Lo R E R R . A
SERWE =NMEMFERE (0=3). BEMEFELRFERTTZ2H (ANOVA)
454 Waller-Duncan % 5 LUK B FEAT HIE , A 6] = BERRTE: IO 20 1A) 22 i 39 (2 3%
PEZKSF (p<0.05). {8 H Origin 2023 #4742

RS
2.3.1 BREQSNAIIAANINE X 4R &M EZRYSZ N

TR B, 1 o/ BERRAVCERH R I = 4l e 25 5 (5.58%10° cell/mL,
2-1a) A2 R A& (15.18 mg/L, Bl 1-¢), [FBT4ERF 4t T8 (0.73 g/L,
B 2-1b). 2.5g/L AR B HS Em T8E (0.75¢/L, K 2-1b), {EEEHM &R
A RSz 2] T 30 (B 2-1¢)0 5 /L ARERZH ) 35 (i 1 4n s B . 36 K
GEGE, HETHERET B0 RA CRININBEERS) (B 2-1a-c). Hi97%k
I EEIRANIR FE AL R, 0.5-1.5 /L ACFRAL O BEFRAN vl 76 6 RN SE & k8, 1M 2.5
gL AFHFLELKZE 9K (F2-1d). 5g/L 4AE 15 RIEFFEHAMANRILL) 4 g/L BEEREN

(E2-1d). 51T, O EBIRRFER Y, RIRERR (0.5-1.5g/L)
FETT 6 P9 RT AR Y AR 2L 3R DU RS, R i (1) £ 2 Re % A R0 e 2k 4 it A= K [
AR SR S8 MRk R RN (Sg/L) BARAT LA 4 o/L BEERAN, 1B

o FE RS S AR TR AR LLER IR M ARG . M T s /N EREE (Chlorella
vulgaris) WIBOEAEKIRE 10 g/L BERREN BT, WY AR Z0BRE 0 BEBR AN A FH 58 )
F A%

=

60 b s
—3| 074
~0.61

ty

Cell densi
cells/mL)

(x10*

0 3 6 9 12 15 12 15
Time (d) Tlme (d)

L

0 3 6 9 12 15 12 15
Time (d) TllTlE (d)

NaAC (g/L)
? .— i alird

Bl 2-1 2l BOA FIBE RN AG IS IR BE X 4 . () FE (b)y MR (o) KH:
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FREEBAIRANIRIE (b KIEm. P A BRI BRI 15004300 lux. RS R IR T
HiF%. "Control" NARININEEERAN B 7R 7R 4. K b-d BB 5K a —F
Fig.2-1 Changes in cell density (a), DCW (b), chlorophyll (c) and NaAc concentration in medium
(d) under initially addition of different concentrations of NaAc during the green. All the groups
were cultured under 1,500 = 300 lux with sufficient nitrogen and phosphorus. “Control” was

autotrophic cultured without NaAc addition. The legends for “b-d” were same as for “a”.

2.3.2 BEERAIIAR N2 XL & M B AR

TR HABE G Z LM BUR IR 56 AF N, AR ZLBRE 1 SRR RE e
BB E TR (KB 2-2d). 1-10 g/L BEFRREAS INVEE Y, WRUEACA 0.54-1.72
g/L, Hoi K& HBE 7.5g/L 4H (1.72g/L), HFTAMFAEAE 15 RNBIE
SEAVHFERSIREN (Kl 2-2d). HEEMBRRL, 2.5 gL HEMEEEEY R (0.84
g/L, B 2-2b); HIFEREGE&REMIEHE (437 mg/L, & 2-2a) HIFE 1 gL
H, ZHEYENHH . (0.82g/L, F2-2b). HIMIRAAY) & HK (0.65 g/L,
2-2b), HHAFHFRSENET 5-10 g/L B4 (B 2-2a), GREH, 44
P BUR A FRIR RSN (1-2.5 /L) Al EE & 5 E R R . Z AT
WHFL EAR ARG T ISR ATE L. B BURI (R 2 AE A (R S IR IR BE AR AE 1-6 g/L
[y 25 S (8691921 AT 5T e UL AL €A B BOWT AR IR B 1 BOE VR IR BE A 1 g/L, I AE
SRAFI e A2 1) [ B SBT3 i AR 2R

a 5 b 0.9

: ~m— Control

44018l 0.8

g |-—4—2s5g1L -

:3_—"—55![, = 0.7

= T |e-rsen 2

=207 e UL Z 0.6

= @]

E 1 205

< 0] 0.4
0 3 6 9 12 15 0o 3 6 9 12 15

Time (d Time (d)

¢ @ d

»‘-\5 -

3 12

e 104 ‘/“‘\‘\4\{

g 4 ~

= = ]

z STy

= 3. O 4

3 5 4 W———v

g 2 z

= 21 ‘—_é_—‘\t\‘\‘

o Y I ————— |
l 0 3 6 9 12 15 0 3 6 9 12 15

Time (d) Time (d)
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Bl 2-2 LR B FERS RIS IR BT IR E R (a). THE (b)), MR (o) K&IEFF
EFRRNRIE () KIS, PrA ARG IR T 80004500 lux SREHIEI K AF N 5
Fto "Control" N ARANIMBSRRIN M H 7R 5774, &l b-d BIEIFI U 5K a —2.
Fig.2-2 Changes in astaxanthin (a), DCW (b), chlorophyll (c) and NaAc concentration in medium
(d) under initially addition of different concentrations of NaAc during the red stage. All the groups
were cultured under 8,000 = 500 lux with nitrogen and phosphorus deficiency. Control was

autotrophic cultured without NaAc addition. The legends for “b-d” were same as for “a”

2.3.3 BEEESAANINSRER X YA LT BRGE A B 1S 7R OS2 0

BT RERRAIN A R SR E R BN EEE A SR B U (& 2-1, 2-
2), AWFFCAENIG 1 g/L BEERANEERE b, 3t — D4R R T WM Bt a2 i 5 Rk
il

(1) BN IS 3 € B B (1 52 1

RSN B, MEE 6 KA 8 Koy 1-3 AN 1-3 o/L BEERENY (K 2-3). i
EANIR FE RN 25 SR BoR, WA 6 KRB 15 K, FrasMnimsiee (<2 gL ¥
Wl (Bl 2-3¢). 5 EFRNIRAAHLL, I A AN IS R4 (10 155 77 4L 240 %5
£ (E23a). FE (E23b). HgR (K23d Mpkiawss (823
e) ¥WRFERE . MET SO BB RIERME 1 g/L 4 (K 2-1), 2 6 KA
1 /L ATALH M2 L 2 L S 3 AR AL S 40 73 7138 00 14.58% 10.59% 9.75%
H130.76%. HeAb, FMMEEERANA B & DR & & (K 2-3 e, {HAMI12-3 g/L
HVETEER A RERIC (B 2-3 ). S5RERH, EVIIE | g/L BERRAELAS EAMn
TS ER B P] B (R S B BUEAR AR K, o3 6 RAMIN | g/L 2R et IR
&k EE FM1 (Micractinium reisseri FM1) 153 HEAMNEITE 7t 45 S — 5 821, {15
TR, BRI AN, A InE>2 o/L IS & 1 Ak (B 2-3 ).
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a —&— Contro 1 —@— 1% e 141 g | Mg b —— Control —@— 1™ —he— 1449 g 190510057 C —l—(;‘n‘a‘m\:lf‘ll““—*—nll""'ml"" =i it g
70 —O— 1M1 T g 1425 P 143 (L) —O— 1141 g 19424 P 13 (gL == 191N = 1425 P 1%439 L)
= 601 1.9; e
e 2.0
£% 50; 22| 3% 3
3 407 0.6 21.5
Eé 301 E 041 % 1.04
X 201 S Z 0.5 C
101
0.0+
0O 3 6 9 12 15 0.0 0O 3 6 9 12 15 0 3 6789 12 15
Time (d) Time (d) Time (d)
d IjK.‘.:f"ff:l‘mﬂ“:‘:,i‘z}.ﬂm:‘1 3 “M“_,'“‘, € [ Control FZZZ 1% [N 1%-+1% [ 1"+ 1+ 17 [HR] 1%+1%0+-1 701 [ 12 [I] 143" (/L)
) :g- 500 ab 2 a a
314 c o T
121 . 7 < | a
) 4 1 [ e
'5.2 = ‘§§ v/§ p 2t b2 b
: 2 200 PP\ - N\ P
S 5 : N N\ 7\
5 4 S 100 \Z§{ il Z§ é§
0 3 6 9 12 15 04 \é&! I I %A§ | é§
Time (d) Soluble protein Carbohydrate Lipid

Kl 2-3 2R B A SRR N 4 . () T (b). SR IEIS IR NI
(o) MERGE (O KMEAMAKMERSE (o M. EIFIh 7 FRoREEER R Ik
& (gL, BB Rostb k. BoE UIBMEAREZE RN (0=3). AT EHRERMEE
FoRABFERENZER (p<0.05), EIFFEETT 27 (Waller-Duncan £58) i1
Fig. 2-3 Changes in cell density (a), DCW (b), NaAc concentration in medium (c), chlorophyll
content (d), and contents of protein, carbohydrate, and lipid (e) under different NaAc supplied
modes in the green stage. The number in the legends represents the added concentration of NaAc,
and the superscript on the number represents the supplied time of NaAc. Data were presented as
means £ SD (n = 3). Bars with different letters indicate significant differences (p < 0.05),

determined by one-way ANOVA based on the Waller-Duncan test.

(2) EERREN NI 2T i B 1) 5
AL B, FE TG 1 g/L BRERAN, MZB 3 RZEZ 5 K7 1-3 IkK4MIN 1-3
g/L BERAN (F 2-4). SRR, PraRiRan CmRWIEESEMR (Bl 2-4 D,
5 1h % —8. BT B IR RA, BRI &AM r Y& (0.61-0.86
g/Lvs 0.45 g/L). B & B (360-466.67 mg/g vs 326.67 mg/g) i =& & (5.06-
5.90 mg/Lvs 3.54 mg/L) W& 2w, HAIE S H & &8 KR T R (25.20-31.40 mg/g
vs 109.42 mg/g). 514G 1 g/L AR, 55 3 RAMI 1 g/L HiAEYE (0.86 g/L

vs 0.68 g/L) Mg & & (466.67 mg/g vs 396.67 mg/g) DM, MIFE RS E
19
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(5.66 mg/L vs 5.90 mg/L) o EZR (K 2-4a,e). GRKH, AEHBALEY]
46 1 g/L &Gl b, 55 3 RAMIN 1 o/L BRRRAA AT RN R s E M E SR R, R
AN,

a —88— Control ~@— 1" —A— 1*'+1% —gp—1%41%414 b —8— Control —@— 1% == 1"+13 —ag [M41304 1% C @ Control —@— 1" —h— 1™+ e s s TR
0.9 == 144104141 = 19424 =13 (g1 = 194151 Y e 142 P 13 (1) —— 111 = 142 P 1943 (1)
6 S4.57
- EE 240
3 0.71 g4 =
= 0.61 g 2+3051
= £3 =
0 0.5 R £ 3.0
S 04 R =
2 Q 2.51
03 <0
0o 3 6 9 12 15 0O 3 6 9 12 15 o 3 6 9 12 15
Time (d) Time (d) Time (d)
d 111“':.‘.:“:'1_‘.7I‘M_q__‘_]"lﬂ‘r'z"hu_;ﬁ“lw:‘l‘d;;:‘. e [ control 22 1" RN 1+ [ 1+ 11 < [ 1 ™+ > 2 Y (gL
3.0' 600' i a
251 & 5001
%2.0- i %‘3 400 -
—1.51 < 300+
2 1.0 | § 1507 .
Z 051 g 1001
0.01 © 504 cd d bebed od bd
O_ —
4 be 6Time9( d) i 15 Soluble protein Carbohydrate Lipid

Bl 2-4 O BAFERBRAMIMERNTTE (. IFFR (b, HREEGE (o). KRk
BEERANIRE () KR AMOK/BER &8 (o) M7k, BB 3 R onBE R BN A
(g/L), EFErrZonabinix s, Bl UEEZER IR (n=3). AFRTERERERER
NI EEZE R (p<0.05), T HEF R I 27T (Waller-Duncan f58) i i
Fig. 2-4 Changes in DCW (a), astaxanthin (b), chlorophyll content (c), NaAc concentration in
medium (d), and contents of protein, carbohydrate, and lipid (f) under different NaAc supply
modes in the red stage. The number in the legends represents the added concentration of NaAc,
and the superscript on the number represents the supplied time of NaAc. Data were presented as
means = SD (n = 3). Bars with different letters indicate significant differences (p < 0.05),

determined by one-way ANOVA based on the Waller-Duncan test.

2.4 KEINE
A B T R SR FUAE I AR 2D BRI ot b B 5 2L i B B B P AT AR s n
ANINEERREN (NaAc) HISKES, fESHEAKIAAIN L - 5 /L BERRMN, L3

20



3 MR YNE2  w  VATD'E

A1 - 10 g/L BEERAN, S5 RBIAIN 1 o/L BERANA S BB e K 4t
B BUR T R A = S, RIS N 1 /L BERREA A W A 21 BRI F IS TR 5 11
AR EE . ARYEEE BRI RETE L, X U 2E 20 BREERG BR 36 P F 4 -tk it —Fb
ZHORAN FEEE RN LSS, 45 RRALEARIN 1 g/L BERRAN mREmh b, SR BEs
6 RAMI 1 g/l EERRENAZL A BES 3 RAMIN 1 g/L BERREA A mARAM A% A, 1%
WIS SRR 1 g/L BERRENAHLL, SO BN AL BREEY Eitm
14.58%, 2L BN T B4 T 26.47% WAE S EIEE T 17.65%. Lt 3
RIYIRIN 1 g/L FERAN R 7 M AR OBk 0 AR K AR R R, 7RI
R, AAMEME 1 /L NaAc (SREPTEGE 6 RELZL GBS 3 k) Al LAk —
AR AR TR AR P B R O R AR AR T B R EAIR B S AN AR 2Ot |
AL BREEAE K IR R IR B RERRANR FR II s m, IRALRIRY B R L2
PRAL T B
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£ 3 B MELIERMBURINA S HOR A NESEREE A5
b gy

3.1 5|8

TN T TR R, S IN SR R AT ik Y A 203k 1) =R IRIE I (TCAD
BoKA G BRGNS =GB, (HmmDEGER 62910, )
TS B 438 ( Chlamydomonas reinhardtid ), 7T 3538 1L 2 BRI A & B Cacs)
AL R I R T A M B SHE A Cacetyl-CoA), #EMMT S TCA fE3F. ZBEIRTE
PRFIIR AR S AR AR (390, 7E S P AC 3 rp L4858 HH =2 acs Caes1-3), HH acs2
N acs3 5 L8 ERWRIC S F 1) g S5 & UK 6 A B DA OG 3940, SR, W9 AR £ Bk
i acs IR R IRe AR B . 16 L —FMBE TR, RN 1 g/L BEIREN 3
(et 7 AR R AR K AIRE R R, B/ 1 g/L BRI (REMBEE 6 K
LM B 3 K ALt — e WAL BRI A R AR & . ATt
— 3D ER T A LT BREE IR RN %o T Rk (0 R P AL AR 2085 de Je 56 R T AT
W
I %€ & PCR (RT-qPCR) J&—Fh4i& PCR 41 5 56l AR,
AT RV PE s S 8 ) A e 0 DA B R o B 2 R 93 HT 5 A
EH TR RIE I . ARFRA RT-qPCR AT 7T Y AE 21 BRI 78 IR N s 19
IR S B acss FIRIEAAL, VLK S Z8E. TCA 1838, B e A B AN
T3 AEE U DG 10— R B GG R ) 8 AR AN, o A B I I G B i PR g R 8 A
kR T HARHRE L], D9 AR A A Y A2 20 3R8E I R A 1) B F S (3R Ak
i
32 MRIERE
3.2.1 MAELBKGEERE

SOG BT FH R AR 20 3R SR WA AR H. pluvialis 797 B35 0R 2.2.1 TR
BG11 ¥ 772k
3.2.2 LM

AR BT F RN R 2.2.1,

=
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3.2.3 LWIRAFIRIEE

PR, A WM %R 1. 2,
324 RAEEHMIBER

FELR O BN B, A RIAEREFRAE 04 0.5+ 1. 24 4. 8. 12 RN
1 /L BEFREARE TR R AR ZLERVEAE B, $RIRNA, K acs 1-5 Rk EMBIEE
. BeAh, BLOg/L BERREARTFRAEN EIRAIR, I 1 g/L BERRANIE IR G =
FReH, TEMNIN 1 g/L SEmt RAREBN BLEE 6 RAMIN 1 g/L BERREN, EMBER 3 K
NI 1 /L BERREA A I B R RS BRI TC2H, 7 IR SR B BB 7 RANAL
R BUE 4 RILEREAR, $RH RNA, Kl ZBRACH . NI & MR IR 25 il
e — R P BRI R Y RIA KT . B IR AR 2.2.2,

3.2.5 5 RNA 2B &M% R3%3%

S HIAEXT R ZH AN SR B0 2H B 50 mL #E3% 8000 r/min BS.0r 5 min, FF% HIGW,
N 10 mL JE B /K R I8 B 0 25k B 35 7R B IR S BB Ak, SRR A
PRIFTN-80°C PKF £ o 7 ) K B A o b N AR RV A,
NiE R A G PR TS, R AREAR, )58 H EasyPure® Plant RNA
Kit (&RX&AE, HED RFEHT RNA 2 FREUY RNA BEA7 53R ki
o 76 = RNA K] RTQ-204 S e 5177 6 (Torovid, 7 [ ) [ e s il 4% cDNA,
FAAEAE 3R B B AT
3.2.6 SRR F RN

MAELLERIE acs R G B P55 BT 73 Al | MEGAT7 3 58 i %,
R FERIE T AL FRE (Haematococcus pluvialis) ©.R LR 2 POFI#E 5%
HHHE BAPEAT %2 . LI 9OEER PCR (RT-gPCR) FTHEIHIH, & 5 XHiFs
ARSI S PR Ah, HoAR Y Primer 5.0 A UE. FTA 514
PEYEME L 3-1.
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*3-1 HHZER 51751

Table 3-1 Primer sequence of target gene

Genes

(BRERD

Primers

(B3

act (Reference)( %)
18s (Reference) (NZ)
acsl (LBEHEEE A &Rl 1)
acs2 (LA A & R 2)
acs3 (CIEHIEE A & RO 3)
acsda CLPEHIBE A & REE 4a)
acs4b (LEEHNE A & R 4b)
acs5 (AN A A R0 5)
aceB VIR )
cs (FPEEIR & 1)
mdh2 (E5 i D
pdhC CATATR IR E2 255
pekA IR I 1 X A T 9 R
rbeS (RZBRAE — B R R AL B /NI 36D
rbeL CRXBRKE IR AR AL L)
glgAl (YmtapE)5 &)
glgA2 (YmtspE )5 &)
accC (LEEHERE A RALE)

accDb ( LTHAHEE A FRALE)
fabD (ACP-S-TH —TR¥ T4 1)

24

f: 5’-agcgggagatagtgcgggaca-3’;
r: 5’-atgcccaccgcectceatge-3’
f: 5’-ccgtcgtagtctcaaccat-37;

r: 5’-ccttccgteaattecttta-3’

f: 5°- gggcttectcatgatecg-37;
r: 5’-cctcagaggtccecgatge-3’
f: 5°-ggaccaccacagcttcaact-3’;
r: 5’-tcttcacgcccacggact-3’
f: 5’-gctgactgeggcetggatt-3°;
r: 5’-getgeggtegtgcttett-3°
f: 5’-actgctgtgeccacaaggte-3’;
r: 5’-gcgggttgctggteatet-3°
f: 5’-gcaaccgtaagcatggage-3’;
r: 5’-gcgtgagtcagggcaaca-3’

f: 5’-cgtagcagcagcaggagtga-3’;

r: 5’-agggcggtgcatgtgaag-3’
f: 5°-ggcatcactgagaagggtttg-3’;
r: 5’-ggcgtcctccataaggttgt-3°
f: 5°-ctgggcgtgaccctttgat-37;
r: 5’-cactgcgaacagcactgtgaa-3’
f: 5’-ctgcggaggttttgaageg-3’;
r: 5’-cagcaaggggaggatggtg-3’
f: 5’-atccatcattgccatcgg-3’;

r: 5’-actgecttgagegtetge-3’

f: 5°-gacggctatgcgaactggg-3’;
r: 5’-tagcggttggctgggaagg-3’
f: 5’-cagcccatcaacaacaagca-3’;
r: 5’-ctccaggcagggaatccag-3’
f: 5’-acgaatgtttacgcggtggtct-3°;
r: 5’-ggtacacccaactccttagca-3’
f: 5’-ccttgggctgcctgacgat-3’;
r: 5’-gcacagatgatgcctgctttc-3’
f: 5’-caacaaccgcaacagcaaag-3’;
r: 5’-tgaggcttgtgggotgaggag-3’
f: 5’-actgcggagttcaagaaggtga-3’;
r: 5’-tgaggtaggagtcgctggagg-3’
f: 5°-ctgacgcggctgattgagt-3°;
r: 5’-gggctggtgaggatggaga-3’
f: 5°-gtggagccagtgcagtggga-3’;
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r: 5’-ccaagcegtcgecgtcaagt-3’
f: 5°-gagcatggcaaagactgge-3’;
r: 5’-cgttggtgggttctgaggt-3°
f: 5’-tccctgagatgggctacgatg-3;

kes (3-FIEIEAHNE A & B8

acsL (KBERRILGHNE A A R

r: 5’-ggctecaccacctccactatg-3’

. f: 5’-gtcgacggtccaaacgecaataa-3’;
psy OVATHILLE A ) slepacgglocanacs
r: 5’-gtctggtatcgagtcttatgcaaatce-3’

f: 5’-tttctegcetttgacttcecet-37;

pds O\HFAL 2 B
r: 5’-acacttcctcattgactcgg-3’

e f: 5’-aacaacgcectgectacctt-3’;
leyb (AL BIRALHE) s

r: 5’-tcctccactgecttgacctt-3°

f: 5’-ggagcaccacaaccatactg-3’;
bkt (B-BI% | ZERLHS eeas =
r: 5’-cgaagtagaagaggcggaatg-3

. f: 5’-atcttcgecacctacctgag-3’;
bhy (B-tHE N Z=ERALHE) , ¢ s
r: 5’-cgggcagtccattgatgatt-3’

LA cDNA AR, 3547 PCR #38, @i B RUKIRUEY =), BeiE5| )
K. PCR RN 95°CHIAE M 1 min, (94°C7EME 30's, 58°CiBK 60 s,
72°CHEMH 60 s) x30 MEHF, 72°C M. 10 min, F=)RAFAE 4°CUKHA -

3.2.7 RT-qPCR #&|

i ) cDNA e Al AR MR 2, 98574 cDNA R i@ £ 4. RT-
qPCR 1) MR ACHI AR 3-2, I/ HIEEFE MM ZSE =514, RT-qPCR SL¥
WSHPATATESAT, Wk 3-3 R, SERAHT71ES R He 5N BAfTA 2 ac
FiFEREAT 58T

7% 3-2 RT-qPCR /s Jo7 ¥ ) . i)
Table 3-2 Preparation of RT-qPCR reaction solution

oy 20pL S BARFR >0 (ST
TOROGreen®qPCR Master Mix 10uLxn
TRa Mo e
cDNA Fikai 2uLxn
2uM LIS 4uLxn
TRa Mo e
2uM L5119 4uLxn
Total 20 uL

25



3 MR YNE2  w  VATD'E

# 3-3 RT-qPCR J N FE 7 W E

Table 5-3 Setting of RT-qPCR reaction program

P ARG IR A
1 THA 4 95°C 3min 1 fE3R
AR 95<C 10sec
2 40 PEIR
1B KA fH 60<C 30sec

PG TR DL IEHOP BRHEAT,  WCBEI (8] AT 10sec.

3.2.8 £YIEEMGIT o

AP E R RG] 2.2.9,
3.3 BR51HE
3.3.1 FHEM RNA 2 EAYEEAR B ik )

SHTE SR B BOR LT G B AS [ I IR) B A U 2 e 4Bl A & 8l Cacs) H:EA
RIBBMHNSLHRE TR TR UKIRE FIRANNA 2R M TCA 135, 5
JF B B SR T 3R A U A% GBI R A RNA SREGR IR B RNA, i R

A R ER, B RNA SR KRS R an 3-1 B, g o e 20 fn seis
HATEH T 52841 RNA.

1 345 6 7 89 10

1 12 13 14 15 16 17 18 19 20

K 3-1 4 RNA BEIRHIKE . 38 1-5,11-12 2 B9 Gl BERS INBE B AN AL FE 0. 0.5 1.
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2. 4. 8. 12 RIFES, VKIE 6-10,13-14 NG BOA INESRNALHE 0. 0.5. 1. 2. 4.
8 12 RIFEM . ¥KIE 15, 17-18 NEEAB B A FR4L. AFALAIAMINR FR4L, JKIE 16,19-20
NACBETRH. AL TR
Fig.3-1 Gel electrophoresis of total RNA. Lanes 1-5,11-12 were the samples of the green stage
treated with sodium acetate for 0, 0.5,1, 2, 4, 8, 12 days, respectively, and lanes 6-10,13-14 were
the samples of the red stage treated with sodium acetate for 0, 0.5,1, 2, 4, 8, 12 days. Lane 15, 17-
18 is the green stage autotrophic group, heterotrophic group and supplemented heterotrophic
group, lane 16,19-20 is the red stage autotrophic group, heterotrophic group and supplemented

heterotrophic group.

3.3.2 4IRS 1R A
(1) WAEZIRE LTRGHEG A &8 Cacss) MRGKE FH15 T

FAEZLBKEE acs MR GUK B P 51 IS 41475 (Neighbor-Joining method) HEMT
BEIRR U7, S KRR 7.74130283 HIRACIEALMAIFE 3-2 Fio. H 44K
B (1000 RE D HA I BRI SRR AR T2 3055 U8, BEAL PR RS R A
e REAIREE (Maximum Composite Likelihood method) 13 1, Ff7 g4
AR RS B B AT 28 SRR HIRT A, BIRRAL R S KT 50%0H
FAT T CED SR VPN A5 0 BT 1 L SR 240 R B il S A I 50% ). B
ZHARAE I 1916 MG R AL, FEFP FUbRE: A R o BT A 234
VLRI 12 A Hpacs JEHITT 539 5 ANKAL, B acs1-5. 43 5% HpACS1 (a-e)
HpACS2. HpACS3 (a, b). HpACS5 (a, b) MIR-FRIEX it 5t E =514,
iRt B2 k. Ak, T HpACS4a 1 HpACS4b ) DNA 5 A AR AR,
Gt Sl R RS AR (R 3-1).
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34

75 HpACSla
100

100

HpACS1b
e HpACS1d
23 8 HpACSle
ACSI1 Chlorella (KA17836632.1)
72 ACS1 Chlamydomonas (XM 001700158.1)
100 ACSI1 Volvex (GIL91937.1)
100 ACS1 Pleodorina (GLC39608.1)
100 ACS2 Chlamydomonas (XM 001700178.2)
489|£ ACS2 Volvox (GIL65682.1)
HpACS2
30 ACS2 Chlorella (KA17846128.1)
" ACS2 Chromochloris (MK886789.1)
99 ACS2 Arabidopsis (NM 001036897)
97 ACS2 Mus (AB046742.1)

IiACSS Chlamydomonas (XM 001701987.2)

72|_|: HpACS3a
100

HpACS3b
HpACS4b

64 oxalate-CoA ligase Triticum (XM 044479292.1)

pres ACS Chiorella (XM 005845058.1)
62

peroxisomal-CoA synthetase Auxenochlorella (XM 011400498.1)
uncharacterized protein Chlamydomonas (XM 001697112.2)

og ACS Auxenochlorella (XM 011398764.1)
100 HpACS5a
100 HpACS5b

K 3-2 WNZEZLEREE CUHEE A 5 Cacss) IIRGUKE 810 it AL

Fig.3-2 Phylogenetic Analysis of Acetyl-CoA Synthetase (acss) Sequences in Haematococcus

pluvialis

(2) 5140 e Il

LA cDNA 1E N4 34 51 DR, T acss TCA JEFE ik [ 2 FAR 53 & R S UF
ARG OB RS OCHIEBEATY S, Wil 3-2 P, Iy 2Ry G H H K
skatr, JFHEHW AT SIS, WA & M 5| s B, BT o

PCR 325,
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Marker
5000

- 1000
acs4b 4¢3
] acs2 rs3 : 0
acs. acs3 acsda 500 we bhy bkt pds act

) aceC
= gy S 250 rbes  ©S pdnC
100 -

Marker
5000

PV leyp  glgdl gIgA2  pap;
aceB

Kl 3-3 LN A SR CacsI-5). TCA fEH . JIEFTE NG R & Bt e i ik
PCR 4 MG #E 1 LIk 18
Fig.3-3 Key genes PCR amplification gel electrophoresis images in acetyl-CoA synthetase (acs1-

5), TCA cycle, lipid synthesis, and astaxanthin synthesis pathways.

3.3.3 XBEEEMEXRIATIL S
(1) ZTh5HEE A G Cacs) W HTRIRIEZL

CTEEHEG A G RUEE Cacs) Bl CIREEN IR TE ) e 4h T A (K] 3-
6), J2& LR MSCRI FH ) R B AR R 1100, R L4l 1Y) R AE 21 BR e DR 4. PO %
AR 12, W P RAKE ST 12 % acs 78, B HDEN acsl

5%&FHD acs2 (1 Z&FFHD. acs3 (2 %751 LLEBMEIZRA acs4 (2 %7
F1) Facs5 (2 275D (E3-2).

N ZE LT ERVE acs]-5 FE R E S (i BRI 41 (5 i B 2 B2 AL N 3 i B
1812 RGBT, Bk acs4b 4, acsl-5 RKIZEWEE L. HF acs3 75 6
ANBURERS ] SR ) 5 AN B (0.5-12 ) RIUH B 5 10 LGS, RikRE4EF:
fE 60 % 150 f5 211 (B 3-4 c)o acs2 7255 4 RMZE 8 K77 £I 9.43 {541 9.89
5 B, e R B (0.5-1 KD AUHIL 2.91 £5F0 2.5 f50E R i (] 3-4
b)o acs5 EILEA R AR EER IS, 25 12 RILF) 19.22 f5 B (& 3-
40, MEZ T, acsl W FIIEEEAERE /N, 7€ 0.5-12 RIFE] EIFAEEN T 1.88
F2.79 f52 0 (B 3-4a). 7512 RGBT, B acs3 4hHA acs BRIk
EFEMERE B H acseb M acsda ZAERNEZE, ERIER A 13.88
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F 7779 58 1.18 & 17.88 15 (K] 3-4 d-e)o acsl~ acs2 1 acs5 B E K A E
SR 713 45 (55 8 KDy 5.17 1% (358 K) Al 1239 /% (%5 2 K) (& 3-4a-b,
f)o

a b ¢ 120
5 0
g 2 %g:‘:eg::ge acsi A § 12 E(“}:;c:l:’;:gr a acs2 g 115 %;:;e;:;:gc a acs3
%6 H 10 2 110
&5 8 2l
= o = 100
&= 4 B E o6 A= | .
23 R g F
-E 2 e b ¢ D = 4 b be B B = 70 ”l" d
= : drd g = = C = 65 B4l
2l W B 2 e R 2 -
2 e [ L = e SFLHEH A & 2fee fo e ccle e s
0d 0.5d 1d 2d 4d 8d 12d 0d 0.5d 1d 2d 4d 8d 12d 0d 0.5d 1d 2d 4d 8d 12d
d 2 Time (d) e Time (d) f % Time (d)
Sa1] B ot Spel B 8 | s B
218 Z 80 2
5 o
=12 B = " =15 A b
@ 9 C @ BC @ b
.é 6 ¢ .é %g c BC .% 10 B | B
= a =15 rh |+| < 5 < C e
& 3 EDI'E'Iﬂln-':—l'l')'lc'i a1l b. o gD o) e b & o.irif'l(.,.lrl'l | .C [l
0d 0.5d 1d 2d 4d 8d 12d 0d 0.5d 1d 2d 4d 8d 12d 0d 0.5d 1d 2d 4d 8d 12d
Time (d) Time (d) Time (d)

Bl 3-4 FEERENEEFRAN AT (8] R AR 2D K acs1-5 FERERIA AR M . Hidls DL B v 22 20K
(n=3). AEFEHIHERREREE (p<0.05), KHHET Waller-Duncan 56 1) B [K 2
TiZE T AE -
Fig.3-4 Changes of gene expression of acs/-5 in H. pluvialis under NaAc culture at different
times. Data were presented as means + SD (n = 3). Bars with different letters indicate significant

differences (p < 0.05), determined by one-way ANOVA based on the Waller-Duncan test.

ANMSEEG R, TESREBT S 6 REVMNAI 1 g/L BARRENG, ARECT H 7%
ML, acs2 Al acs3 7255 7 R4y HIPGE Fi 8.68 {51 107.20 . TWi{AEWIUER B
ININEE RN P ACER Ly, SR AN JEDRITE S 7 R e R B2 PR (43 51k 2.06
AT 6.01 5 (B 3-5 a). HAth acs FERTEIX LEAL IS4 AR R A B AR 2
DR T EAENE, BRI INFIAN RS acs] HIAR I (1.24-
1.61 £5), 1 acs2-5 W ZILFH#EHE (K 3-5b0).
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3-5 LWHil a SR Cacsl-5) ESEHIEB (a) MLEPEBL (b) MR EE K A
X RIBARAY, B R AR B RR AN R DR, B B B AR AR R R4 1 I ik
6], HiE UIEEprfEZE R R (n=3). DNEFHMIHERREREE (p<0.05), KHAET
Waller-Duncan 46 () 5K 3 77 22 73 B i€
Fig.3-5 Relative expression changes of key genes related to acetyl-CoA synthetase (acs1-5) in
green stage (a) and red stage (b), the number in the legend represents the increased concentration
of sodium acetate, the superscript on the number represents the addition time of sodium acetate,
and the data is expressed as mean + standard deviation (n = 3). Columns with different letters

indicated significant differences (p < 0.05), which were determined by one-way ANOVA based on

Waller-Duncan test.

JUEBETREN (NaAc) 7E YA LLBREERS IR 12 B, AR R SCAR BB A v o
SE A W] o AR AR ZME S AT (C. reinhardtii) W BV 58 =25 acs HE Cacs
acs2+ acs3), FH acs2 M acs3 BEARIETE LR RS OCEEAE ] U0, AWK
PR A2 2L BRFE R A7 AE 2K acs 2D Cacs-5) (& 3-2). FERFR XA B,
FELR OB B acs2+ acs3 M acs5 .35 FI (431K 9.90 £ 110.41 £5H1 19.22 £,
3-4), H acs2 M acs3 %73 HEAMINBEE R WAL BRI Lh R i B (18] 3-5 a). &5
Ha O B CRRPGER I (B 1ds 3¢) SaapBRikgs (B 2d. 4d) 1
I, £ acs2-3 M acs5 JCH S acs2-3) 1ENAELLEKE AR R #H 2
TEF . X S5EEAIASE DI ACTE T acs2 2 M 7SR B A 2 1) S B JE TR L1020y 4 i

—H. ALK, acsda M acs4b EI5E#E FIF (17.88-77.79 1%, 5 d-e),
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H A HEAMINES BRI R IR 512K 2 8 acs FEHEE LI (B 3-5b). XATREZ
LA B TR SGE R BUR (] 3-4 ) IEERN . L 6K, Hiw him acs4
TE R AR ZT BRI LT B BRI U6 V8 I T (0 R W) P v ke D4 R

(2) TCA ¥ AHRIEE AL

N ORI CT-CoA J5, IEANZFARINERS . B T 3 A TCA 1
HAHRIEH —FRIREEE (aceB). FTEIREME (cs) FERRBEARE (mdh)
MRIERN (B 3-5). &RER, OB GE7 R 5HFERAML, &
i1 /L BERRANALFRZAAN s FERIERR 1A 1.59 £ (& 3-6 a); &AM 1 /L
BRI AL BRALHY aceB A1 cs FE Al 7p 0l . 2 13 9.88 £ A0 12.15 % (& 3-6 a). 1E
OB, BN 1 g/L BERRENAEIRLA T aceB A1 cs F2PRTY 73] FiR 2.5 A0
1.9 1% (B 3-6b), 1M1 g/L BEMANAFELE N aceB FA L 1.62 5 (K 3-6b).
PR T R B L B2 243 2R (pdhC) RSB BL 1 /L BEFREN AL T -1 1.69
i, ZLERYEL L 2.84 £ EMERIZ, FAMT BN | g/L BRI
— IR T pdhC [NFTE (B 3-6a, b).

Z AT TR B, WD BR B RE % 10 it = SR BRIB IR TR, (RIS 30 e &1
FIAHR G SN O, AT H, aceB 1 es FF M (K 3-6a, b) EH], B
BATE N AE ZBRTE P BN BO AR T TCA R RS 1. [EERME, Fish
7R 1 /L FEEERAN L R T PN B TCA 3R (Kl 3-6a, b), MIMEHRE T
R R . BEAh, MEALRETR AR AR I D R R A6 SRR A 1 pdhC FER]
RIETELON B L (1.69 %, B 3-6a), MEL GO EEZE L (2.84 %,
3-6 b)o X FIAZERABINIE | o/L BRI NS (LK 3-6 a,
b)o FRATHEN, LD B EER 1S/, FR S P R R A R 1 i £ T e
A PR, X — i AR T REAE R BR AN b 8 T A3 Bk — i
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0 r T r . 0 r T r T
aceB cs mdh2  pdhc aceB cs mdh2  pdhc

Kl 3-6 TCA PEFI R IL N CaceB, c¢s,» mdh2, pdhe) TEGEMEL (a) FIZLEFEL
(b) RIEAZM . B B AR BE BRI L, B0 LI EARARSR S BR AN (¥ 7 It
8], Bl LB 2 RoR (n=3). ARTRIER R ZREE (p<0.05), KHET

Waller-Duncan 46 () 5K 3 77 22 73 i i€
Fig.3-6 The expression of key genes related to the TCA cycle (aceB, cs, mdh2, pdhc) changed in
the green phase (a) and the red phase (b). The numbers in the legend represent the increased
concentration of sodium acetate, the superscript on the number represents the time of sodium
acetate addition, and the data is expressed as the mean + standard deviation (n = 3). Columns with
different letters indicated significant differences (p < 0.05), which were determined by one-way

ANOVA based on Waller-Duncan test.

(3) Bl & AH R FE R AR AL,

1 b—%, A ER IO RS IR A BERR AN A Il (2 oK b & A R, HAb A
BERRAN 5 RO BT 35 (] 2-4). Btk AFE AN 1 5 ANBRE € 5 5k & M O%
B (K] 3-6): BERRIAIE U ERBR RIS (pckd) RXTNE B BRAR AL g /N 1 Jk
(rbeS) FAIKWIE (rbel), CARIERCEE (glgdl. glgd2) (B 3-Ta, b). 4R
N, fEZRBEEE, SEHFENRAMI, 1 o/L BERRANCHEAN pcka FiH 1.42
B ARSI 1 g/L BEBRANAL R pekd B2 FiH 14.78 1% (B 3-7a); {HIELL
B, AR pekd ¥R N (B 3-7b). Ja8E COulf & KR
RO B 1 g/L BEFRANACBRZEL Y rbeS IR rbel TG R AL AL, MAIMM T4 rbeS
TR FEBH rbcL N (E3-7 @) HEBIIZ, ZLEHBMAAEELN rbeS Al
rbel ¥ R (B 3-7b). R glgd2 GO B EE, glgdl NIAEL (4
B BEPAN AR B S B (B 3-7b) . pekd AL BEEE 2 BR LA N R s B T

33



3 MR YNE2  w  VATD'E

BRI AR, FFRIK CO2, BEJR B R/RSCIEIAE E COI'P) (] 3-5). skia4h
REH, OB BRI IAKNIN G2 B T pekd I3RS (K 3-7a),
et 1 B LB i, It TR CO M TRk A 2 . BERTRIB TR R, o
BRI NE R = SBOCEEE R TR U, RTTURY, 1 o/L BRI
ARV AT DA HEBR 8] 58 , T ARAh 1 /L WA )b 78 00 ik [ 7 0 400 1) 4 P A BR
BN, I AR AT DL R T £ b — B R SR B P SR 4L BRI 2R
MoK EYEE (B 2-3).
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E 0d Odgy/
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3 g b
_— b - 14
il 2 aiRilil H*U
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pekA rbeS rbel glgAl glgA2 pckA rbeS  rbel glgAl glgA2
K 3-7 BRlEEAISCEILIN (pckd, rbeS, rbel, glgAl, glgd2) TELEEMEL (a) ML fh
BB (b) FRiEAM. KB A AR BE RN I IR B2, By B AR B RR N 1 7S
e, HE ISR E RN (n=3). ARFRIERREREE (p<0.05, XM
55T Waller-Duncan i 56 /) B[R 2577 22 70 A i o
Fig.3-7 The expression of key genes related to carbon fixation (pckA, rbcS, rbcL, glgAl, glgA2)
changed in green phase (a) and red phase (b). The numbers in the legend represent the increased
concentration of sodium acetate, the superscript on the number represents the time of sodium

acetate addition, and the data is expressed as the mean + standard deviation (n = 3). Columns with

different letters indicated significant differences (p < 0.05), which were determined by one-way

ANOVA based on Waller-Duncan test.

(4) JoT SURTE R A OB K AL

TEARIR A T, AL ZBE-CoA BEAHATA —HBE-CoA (1 1y OG5 [N 2, k-
CoA ¥4blE CaccC. aceD) TEGEEMEY FiH 1.41-2.49 £, {BIED MBI T
(0.71-0.89 f&%) (& 3-8a, b). T ACP-S-H _EtH M (fabD). 3-Bilfli
BE-CoA &l (kes) MHCHEEMEFE-CoA HEHME C(acsL) FELROOMIE R, (LM
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B R 2 I 8.21-9.57 £ (1K 3-8 a, b). fEUNE &R & A< 1 AN S L R
SO BRI (B 3-8¢). B, NABMLREW (psy) FIFEH
L5 B-IMLEE (leyB) TEBRIRENIN TN AR 78 2 R IE A AL, e I 2H F 1A
1.68-3.51 fi (|& 3-8 d). 1 B-#1%F REIMLEE (bke) A1 B-BE D EFALlE (bhy)
FEPIAN A ER L 35 N (] 3-8 dD.

FERAELLERIE T, IFE RV R (EREE IR AR R, BRUOAIR & 2 LA
WA AR IR DS Z AT R B, S BRAN AT LA 2 B IR 7 2 A0 IR
JR SR B0 ORI ALRE, ESEM BN RIFAEKFMAT, kE BRI
R+ O A R FESHRRE R, B TR I
FEAT MBS J 6 & R ) aceC AN aceD FERIIE L (& 3-8 a). AR,
TELT Y B A N R T, RN (0 VR IR b 70 S 35 0 1 o & B Wi 4
(fabD- kes Al acsL) HIFKIE (K 3-8d), SEERANE TS EMNSEI BT 200-
313.33 mg/g (& 2-3 &) MEINBIL KB 326.67-466.67 mg/g (K] 2-4 ¢).

Acetyl-CoA  Geranylgeranyl a 3.0{ Green Stage Control C2o Green Stage [ control
\ A ) & ] 1% = 1"g/L,
466C pyrophosphate B 19 g ik L e
g
aceDb l/i\l‘ s a:a T § “j}“ aal a%_ a
Sl | el il i
- Malonyl-CoA Phytoene S B a 8 ) b
i = & | i, b = b
H S i : 5 0.5
\ fabD pds I . & ‘
kes | N 0.0 B Uil 0.0 : =
1 alonyl-ac . ; : ) ,
i :. P Lycopene accC accDb fabD  kes  acsL psy pds Icyb bkt  bhy
4 H d
Long chain Fatty acid leyb 25 |:|(';::mrul a Red Stage 4 Red Stage E(‘:‘:u\fu'ul
/ Fatty acid §ofEEL £ R — e
f B-carotene ) bl an 23 I )
! acsL £ 10 il K £
< 5 l | m 5 a
Acyl-CoA bkt } bhy 215 } ” =2 ;
1 z a ¢ b &
H ) Z 1o{ o by H & N T
Triacylglycerol Astaxanthin & I i 1 R i I 2
52 0.5 | ‘ bb ‘.’i
| R j
o in oi 0.0 . - 0 .
Agtaxantliin ofl accC accDb fabD kes  acsL psy pds lcyb bkt  bhy

3-8 AR A AL CaccC, aceDb, fabD, kes, acsL) {ELEEIEL (a) R4
B (b) LARURE RS RAHIIER (psy, pds, leyb, bkt, bhy) GO (¢) FIL{G
BrEg (d) Finh. BB RBCrARER BRI IR R, He7 B EARGRES RN 7
e, Bl LSRR dE E R R (n=3). ARTRIHERRZREE (p<0.05), KA
$5F Waller-Duncan A5 46 [ 5. IR 35 5 2 43 MR A€
Fig.3-8 The expression of key genes related to lipid synthesis (accC, accDb, fabD, kcs, acsL)
changed in green phase (a) and red phase (b), and astaxanthin synthesis-related genes (psy, pds,

leyb, bkt, bhy) in green phase (c) and red phase (d). The numbers in the legend represent the
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increased concentration of sodium acetate, the superscript on the number represents the time of
sodium acetate addition, and the data is expressed as the mean =+ standard deviation (n = 3).
Columns with different letters indicated significant differences (p < 0.05), which were determined

by one-way ANOVA based on Waller-Duncan test.

XA B =G R, RO Bk A Bl (B 3-8¢). XTTRES
LR B RIFAERKFAA R, XK@ A5 R BEMINE R R M
2N, At B, S5 EAMLL, BERREAINAEN AL psy R lcyB BRI
B ER (B 3-8 d)o A NIRFIIRE, bkt A bhy I IKAE WA SR B Ab #1240
B (B 3-8¢, do X—RIMELAMIBIFAR, f5EMIE 2 g/L BERREIRED
R bhy HIFRIE 1621, JX P2 53 0] g 5 R AL I ) FIES BRI BE AN R A7 0% e
M5, FELLER B, BERR AN AN 78 41 Al 75 2% A Ok 55 22 R AR AR ABL 2838 7K °F
(3-8 ¢, &) AIAEMERE T 7E b — = rp LIRS R~ AU IR (B 2-4b).
3.4 KRENE

AT ATl RT-qPCR 74T, B8 7 WA LEEREE P S Fh 28RN acs, Hort acs2.
acs3 Al acs5 FEH TTaEEK Y BEEERRAN ORI, T acs4 TELL G S B
FFABEERAN AV E I PR S/ . hAh, TCA JEFAFIRR [ M < FE R ) i 2R
WA S ER AN IR 8 (2 33E T TCA FEIFRIBR [ 52, JodRAELREM B, R4
B, BETREAVNININGR 1 RE SRFIER T 22 00 & i, T BE RRAm AN inadt— 5t 1 e &
o LTI FLAE R, VR T AR SR Y AR L BRI AR FIAL I R B A
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TER AR LR I SR R K, SR Bh 40 M = R i - 8Usk, mEh e
AR SRR R B A A 0 A0 T, ARORHEE I [R5 27 R o VS vk P
BRI [FIRE bl R A 203K 50T T TR B0 PO R P SR ARV 52 BE AT, 38 3o iy 7 2 1
TR RS RRANIE A VUG, AELt I AE LD Bk BB AL &9 BARE . BE A
FIFIIR T & 1 MY Re gk 4 (078 FR i) AR G IR Re R i 2L IR R AR R,
I HIE I Z RN RRAh 00 77 3, DGR T RN R FE PR BR AN I A 4T BRI I
P, $em T RBEBRANI A A o SRTI B T ISR AN B A B, AN 5 A S R
RIS 2 g/L, iR BT AR S G I AR M K A o it v R AR 2 IR R
BRER M 52 BE, 3 BEPE R — PR E A AU U7, Z.-Hun Kim 58 85 1 B
PEREA IS B N2 40 g/L A4/ BREE U1, Wiadimir A. Fae Neto 45 A\ididi&
JSAEREA 1S B H T v 't SR B A R i U204, DR s A 7 400308 e T e M3 7
Al 0 752 T T 8 2 9 2 21 BR v

AN B I 31 2 G PR AR T T TR R Ak T X e L A T o e R
EhBE T KR AR LR AT, ST A R S AR SR B PR B VS LR T L AR
HIE . AER, VBN T ARG OO ERN B T AR, Ea. ShE.
B FIIR T R P2 25 T AL, W AE 20 BRI T IS R Sh s Pt B R Mt T 456 .
42 MRI5RE
42.1 MAELBKEERE

SOG BT FH R AR 20 3R R WA AR H. pluvialis 797 B3R5 0R 2.2.1 TR
BG11 };i772k.
4.2.2 L

AR S B FH B 1R] 2.2.2.
4.2.3 LRI RILE

PTG G MR 1. 2.
4.2.4 W LTBKGEMHBRBS RIS R 1AL
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BRI A LRV MY H pluvialis 797 337 E0H04E KW, 3500 rpm &40
10 min 25 38, SR 5 S IR 30 B DI R 1 IR FE IR BS TR AT X R BG11 %E
FRH, WIEEE A 7.97%10° cell/mL, TEYGIESREE 2500 lux, i 23°CHE7 5
R, K53E 3 KJa 3500 rpm 250 10 min 25 3, PRI e R0 21 5 8 1 78 i v
PEEALIR BE RS BR AN L R BG11 85958, Wb E A, 3 R—IAE3. &
JSIE AL RIS RRARIR 2 53l 3 /MBI BL, 1 AR TE 2.5 g/L JHEAT 16 SLIRTEIR, & 10
REFIENAIN 2.5 o/L BEBREARTFREE PG FR (12 DAL D 5 N M Bokit 52
2.5 g/L YL EEIENE] 5 g/ BERRAN I IR R b AT 13 HLRPEIA S, B 10 R¥%
FRERIN 5 @/L BRI R 9 (6 MHLL L), Bs—BrBekimg sz 5 g/L i
YR 7.5 g/L IREE AT 10 #LRYIAGSS, & 10 REEFHBIRIN 7.5 g/L B
WAL FRAE PRI (3 AN 0 AR B A5 31 (6 R i 44 04T [
PRFIRAAS: T4 R B TRAT
42.5 WREEE . LLEKEREMMBTERNE

280 it 5 P2 A P AL 200 - BORR A 81 1 5 ' AU T EAT U iR AR K
HE (W HEAKXITR:

Ak (0 (@) = DT

‘
No—WIRHAIR R, Ne—3597)5 ¢ RIGHMRE L, iRt [a].

o B I IR 2.2.5,
4.2.6 HRESETLEANE

X B4 PR T 76 R 2 9 b 5 Y 2R R AR AT IS SEA I, A LR R
(FDA) YHEAMMET YL, BULAE (PD XFIE40MIEHT 9O et . B e —
FILTEAK (DMSO) f#il]%% 5 mg/mLFDA T4, 2o F ik 100 1%
Kl % FDA [ LAEMH&, B PIEUK EAEAE. K 40 pL FDA ARG
AN ImL RNFESF, R BIREYH FDA MIRZIKREN 2 ug/mL. HHEAIK
#1143 mg/mL PI HF ERESTHHTAE 4 °C FARTE. K 308 5 T B 4l K R Rg
10 7%, il s Bt (6 AR RE A DA BRI . 4% 10 uLPT LARREAMOA ] 1
mL JNFE S, 5 SORIRE R PT BRZIR N 3 ng/mL. B SR G YIFEUK
BEEIRFE 30 3 1000, 5 fm 3@ i 15 B ¢ e S A B X S 4 PR AT R SR A, e
i image j FCE0 BEALAI A R VE 41 ARAISEAH B BCIEAT T4, I B A0 A R
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IAAIER (%) =IS0I50 GEIEIEAED x100%.
427 MHRER. LPE NRFFFERNNE

-4 KA R MR VER 2.2.6. KME PERTHEARDT:

K% PESE (mg/L) =1000 x A470 -2.86 x MH4E& a-129.2x HE4E Db
42.8 BA. KLEYMEERRENE

EE BoKAEY) KRS B E TTER 2.2.8.
429 EMEEMZEIT D

AV EZ MG i E 2.2.9.
43 RS
4.3.1 WIHE LIRSS BEBR SMIE R ML

Y A 2L 35K 508 TS TR B0 P M) PRI 2 JEE AT PR, 6 AP 5 T T 21 179 S0 R WA
N1 g/L BERREN NSk B B RN N IR B, RERB (R E MU AR D BRI I ARG, TS
2.5 g/L BERRAAMEECT 1 o/L IKEE, SRS BEFI SR & 2K, (AT
s (B 2-1), ZRRMAIN 2.5 g/L BERREAXT IV AE 20 BREETE SR A B A K
B AER,  RIAHT ST Y AR ZLBR ) 28— B Bod R REAE A 2.5 o/L BEIR
BNEIREE . WK 4-1 B, ANEFAR RS2 5T 22 LRI YIML, 2-8 fkik b A K ZIR
BT, AE 8-10 B ESEE, 1EH 10 RIAEYEIARER &N 7.61%10° cel/mL,
ZJEFFURRRTE, RO ET A B P 2 & G IE R T 2.5 g/l BEBRANIAIIRE,
REWETE 2.5 /L MIRIEE R EK, ARBFFOBIERL 2.5 /L BAERAICE 13 b
5 HpAC25, FFEARIN 2.5 g/L BERRZN BG-11 Hodeh i 9%, & 10 REEM K
(12AHEBL ).

39



i N 2 T e A0S

100 1.0

0] [ Ce—mmEE [ WAKE {09

80 Hos
::é 70 Jos
% 60 /y . —-0.6 —;
S 504 / > / 405
= ) ¥
&5 ] -~ i W
e 40 /i/./ / E -/'/ 104 _L:
8 304 03 3
g 2
g 20 + 0.2

10 0.1

’ m@ﬂﬂiﬁ @ mmm ﬂﬁw

-10 -0.1

0 10 20 30 40 50 60
i a] (d)

K 4-1 MIZAEZLERIRIIML 2.5 /L IR PR L A 1 R 4 i o A b AR A
Fig.4-1 Cell Density and Specific Growth Rate of H. pluvialis Acclimated to 2.5 g/L Sodium

Acetate Concentration in Cyclic Cultivation.
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Kl 4-2 FIAEZLEREYIL 5 o/L BERRANIK BRI 4 R i s FE AL AR R
Fig.4-2 Cell Density and Specific Growth Rate of Haematococcus pluvialis Acclimated to 5 g/L

Sodium Acetate Concentration in Cyclic Cultivation

B RERIN 2, ¥ HPACSO 22080 7.5 g/L BERREARI R 7R b &l
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R, JEESE 18 IA R ik, FUILE HpACS0 fERSIERL 7.5 g/L BERRINIK
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Fig.4-3 Cell Density and Specific Growth Rate of H. pluvialis Acclimated to 7.5 g/L. Sodium

Acetate Concentration in Cyclic Cultivation

4.3.2 YIS BEER SRR I it 52 FE 46

R I6IE IE N 3R AL A5 B A i I R L TN AR 4D BR AP (HpAC25. HpACS0.
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AR TR T 28 10 REFDINIRES, 1E 7.5 gL WKE T 2B EDKAEY &,
HpAC50 Al HpAC75 Mi%:F HpAC25 ] LUE A& K G2 K, (HIHE &
TP A R R A

2.5g/L

WT HpAC75

4-4 AL BRI AR A5 YAk At AR I IR PR P R 5 10 RAEKAR L
Fig.4-4 The growth changes of wild type and domesticated species of Haematococcus pluvialis

under the corresponding sodium acetate concentration
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FEIL B m RTEE B AR R I SR T RS i T I A . TE 5 g/L (TR BAVR BE
~ (B 4-50), FFAEREAY = RACT HpACS0 AR, HA &AL
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R, 1M HpAC50 B H B I IvE T, (HAME T HpAC25, SAEYEFILTRHEL
T HpAC25. 7 7.5 g/L BETRANIREE T (K 4-5¢), B ERURYIL e i) ALY &
HBARAK, 1 HpACT75 MIEHINFE £ .
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FDA Pl Merged
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HpAC50

FDA P1 Merged
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4-5 PRSI0 ER FDA Al PT e ta7E % 0 st T i G
Fig.4-5 Image of wild type and domesticated algae species stained by FDA and PI under
fluorescence microscope
XA R EFR 5 SEA B AT T, il 4-6 o, BFAERIAE 2.5 /L B
FRAN R 2 15 RINAAIEERN 55.20%, 1T HpAC25 MIAAIEHEN 67.68%, iHILE 2.5
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G0, YA EL0 M P AR B BN RS . X P RE R BRI AR AR 10T, 4
RS T it A T BUS FR BRI SZ BR U081, 9535 R Bk OOVRD DA B B TR R 3A 11
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Fig.4-6 Cell survival rate of wild type and three domesticated algal strains after 15 days of

cultivation in the green stage.
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NG AT =R IAEE AR A2 AR, ASHIE T G 5 B A R A [ 1 1R A
WREETINSE T 10 RIS BRI 305 Bt AT X LEi o &l 4-7 o,
E 2.5 g/L BERRARRE T, B4R HpAC25 HI4HfEE FEAE 10 KRR FE
EILEE LTRSS AR, REAEX IR T P IAE R AL (K 4-6),
(BT A 2R () 20 B 2 2 2 v T HpAC25, 55 10 R AE 2 (1 4 i 2 ik B 42.89
X 10*cell/mL, T HpAC25 ¥ A 20.22 x10*cell/mL. iXF 8, HEk HpAC25 1E 2.5
g/L IBERENYIAL IR P A7 75 28 s, (R AR KRR TP A Y. 7E 5 o/L BATR
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Fig.4-7 Cell density of the wild type and three domesticated algal strains cultured for 10 days
under sodium acetate concentrations of 2.5, 5, and 7.5 g/L

el 4-8 Fiw, GG S B AR RUZEAH RS R BAVR B T I SRk B B R I
FXESR MERGFEEE 10 Ki, BAERLE 2.5 o/L BERRENIRE FHIM SRS BN 5.67
mg/L, 1M HpAC25 L~ 2.45mg/L, WEARTIAR, X—45REH, ERALE
FANIRIE T, HpAC25 N4k & AL ) BEFRAK, SEOOCAERBEZIR,
NI AE] 7 AHM AEK IF S ECOL A 2 LT B AR AL, X — IR HpAC25 7£ 2.5
g/L BEFRAN S (R BRI i 2 B AR — 55, S B LR AR B B A5 v 10 33 R AT
HARLAE S g/L BERRANIKRE T, HpACS0 FIM- 4 25 & W E P27, 1581 4.31 mg/L,
B AE AN 1.71 mg/Lo PR3 I 235 5 N3 9] HpACS0 i Yk 2 2 145 1
FER IR BRI T RO EEHIRE ST, AIARRE 7 4if A 1C, 4o 1 AR eE A Tr
% 1X 5 HpACS0 1E 5 g/L BEFREAZ&AF T 3 i 4 i 3 B (49.56 x10* cell/mL)
B PR T HHZIR B I R ) B B B A AR A #E 7.5 g/L
BETRAMIK L T, HpACTS HIMHER R & &N 2.34 mg/L, B8 & T 57 AU 1.82 mg/L.
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K2R s T HpACS0 £E /& IR IE N BT 1SRRG R AT SRAH = 1 4R
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Fig.4-8 Chlorophyll content of the wild type and three domesticated algal strains on the 10th day
of cultivation under sodium acetate concentrations of 2.5, 5, and 7.5 g/L

(2) HpACT5 7EAN 7l e R B4 2 T B9 B HA) 52 D

T I 3E N A B AT B R R T A2 7.5 /L BEEREN IV FF HpACTS5, 438 FDA
A PLYESEAIGUEIN, 25 SR YIS B M i i T 0 BERRAN M 52 B2, SR AE
R OIS R VR B T PR A B AR R, AR TR ) AR Ko HEDU AT R

TR 529 B X A AEAE — M ii&E HpACT5 SR KA i R BHIKIE .
DRI S ASHIE S0 HpACTS 43 AITE 1. 2.5+ 5 F1 7.5 g/L (RIS R AN FE 7E P B i 52
M RIHEAT TR . Al 4-9 iR, TEZREB B HpACTS i (4-9a) Sif4
ROE (49b) BERSERER BT ek, Hs AR T B AR A 1 g/ BEIR AN
WEEH . FELR ML, R HpACTS RENSIN 32 Sk FEBE IR SN, (H AT el T my il B2
T B A0 A S P8 1 B 07, > TR B R B R TR EA R v, B v G PR AE
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= 60{ ——HpACTS 2.5 gL NaAC o) —4— HpACT5 2.5 g/L NaAC
3 v+ HpACT5 5 g/L NaAC 0101 ——HpACTs 5 gL NaaC
S 504 —+ HpACIZ 15 gL NaaC g +— HpACT5 7.5 g/L NaAC
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0 2 4 6 8 0 2 4 6 8
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Kl 4-9 ZREaF B HpACTS 1E 1-7.5 g/L BSTREN IR FE AN ET A AT 1 o/L BEEREAUC B T 4R 2%
(a) FLEAMREEE (b
Fig.4-9 Cell density (a) and total chlorophyll content (b) of the green-stage HpAC75 at 1-7.5 g/L
NaAc concentrations and the wild type at 1 g/L NaAc concentration.
FELL AR B HpACTS fE 1-7.5 g/L BERRAMIR L MM T, Mgk, K
B NEAURE RS EIT TN, WK 4-10 fiR, EFEFE 8 K, xRN
i T EE A =k ) 0.49 g/L (8 4-10a), 1 HpACTS 76/ A BE PRI B N 41 i 1 56
HARTHF AR AL . a5 % 2H B 5 5 3 T V) (0 38 Iy 1K, 5 4 i = R LAY
S5 UMBL, HpACTS AEANRIBSRRANIK E S R AR T B4R 2 (&1 4-10b) 0 X T
KA NREEMIFERSE (B 4-10c, &), TAERLE 1 g/L BRI NG,
IRt T HpACTS. 45 RFW, R4 HpACTS STEERRAN N 32 B IR T, (BAEst
B B i A K DL AE LT B BUIR 7 3% & e 0 TR T B AR A o IX R ARG R T K T
BRI 2 SR SO ARG OC . PR BUE IR HpACTS B R B Tl i) &5
S IR HpARE B R T e R AR U, BB RN AR SO SRR
KHE b RA BRI R R K.
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B (a). MHEGE (b). KWF MR (o MFEFESE (D
Fig.4-10 Cell dry weight (a), total chlorophyll (b), carotenoids (c), and astaxanthin content (d) of
red-stage HpAC75 at 1-7.5 g/L NaAc concentrations and the wild type at 1 g/L NaAc
concentration
434 YMLEEREEFE SR
S 3 R A PR A B P B e i SZ I R B HpACTS 720 i AR K AT 7
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F BRI 7E o TESE — 3 FPERTT T UNINBSBR A0S T A 2L BRI B B 520, AT 903 FHVAS
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UONEFAERY, 45 R 5 HpAC50 LRE %R, 1 HpAC25 £ 6 RAIEE 10 RHAEY)
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Fig.4-11 Figures a and b show the cell density and specific growth rate of wild-type and
domesticated algal strains under 1 g/L sodium acetate supplementation on day 6 and day 10,
respectively. Bars labeled with different letters indicate statistically significant differences (p <

0.05), as determined by one-way ANOVA with Waller-Duncan post hoc test.
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Fig.4-12 Figures a and b represent the dry weight and chlorophyll content of the domesticated
algal strain and wild-type strain on day 10, respectively. Bars labeled with different letters indicate

significant differences (p < 0.05), as determined by one-way ANOVA followed by Waller-Duncan
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Fig.4-13 Morphological images of the domesticated algal strain and wild-type strain on day 10 in

green stage.
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Fig.4-14 Green stage protein, total sugar, and lipid contents of the domesticated algal strain and
wild-type strain on day 10.Bars labeled with different letters indicate significant differences (p <

0.05), as determined by one-way ANOVA followed by Waller-Duncan test.
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Fig.4-15 Cell dry weight of the domesticated and wild-type algal strains in the red phase on day
10.Bars labeled with different letters indicate significant differences (p < 0.05), as determined by

one-way ANOVA followed by Waller-Duncan test.
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Fig.4-16 Microscopic morphological images of the wild-type and domesticated algal strains

during the red phase on day 10.
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Fig.4-17 a represents astaxanthin production, and b represents astaxanthin content in the

domesticated and wild-type algal strains during the red phase on day 10..Bars labeled with
different letters indicate significant differences (p < 0.05), as determined by one-way ANOVA

followed by Waller-Duncan test.
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Fig.4-18 Red stage protein, total sugar, and lipid contents of the domesticated algal strain and
wild-type strain on day 10.Bars labeled with different letters indicate significant differences (p <

0.05), as determined by one-way ANOVA followed by Waller-Duncan test.

55



TR RE R S 22 S

4.4 KREING

A 22 308 3 P 2 St VR 1 ORI 2 20 BRE E AT TR I R A VAL, BT
AETIEERITE 2.5 /L B 5 g/L BRI 7.5 /L MBS ERANIKIE N HETKIE 4 AN H ik
1, BN H i S AR B B R B AR P () T T PR BN v AP HpAC25 (2.5 g/L)-
HpAC50 (5g/L) Fl HpAC75 (7.5¢g/L). il FDA 1 PI X} & 040 Hu kAT 2% e 4
EIE B T DI E R 7E re AR P P R BV A B3 v RE 8 A7 T AR

DR DI ol R0 AR AL FERR LRI 1 /L B EEBS FRANIR FE A B B bl sk
B AT DUR I, ARk (AR I, e 0 235 2 L B AR QRN AE A2 73 1l i€ HpAC50
FESR A BB (et B M A, JUHAE G, AR K e i TRFAE Y, [
fRBE 7 SRR A, AT B AR T 25.5%. ELLEMEL, S &HEY R,
WRE R A S R DA I E , &I HpACS0 MR T- B AR, IR G &=
BT 272%, IFE RS EIRS T 17.8%, MBS ERE T 45.49%. K@D
T T 22 3 17 1 A B 0% 0 — 20 (8 3ot 45 € o BB A4 i A K AR 2 B o B 75 3 PO AR

56



TR RE R S 22 S

E5E FiLERE

5.1 £518

A i R AR ZL IR AR 2R (R AT 3 = AR ) R AR AR R, A A
OIS P ) B e A R VAR B AR R AR HH 2 2RI I TR M 114 SR S 0] B 1 W A 20 BR X
FEERANI 7R/ R, JFiEIE RT-qPCR #RFT T MY A2 LRI R #h ) FH AR 4L
ilo Wb, 3 I R - 22 0 BA R T TR B S A R D T 52 e R R T TR
BT R AR ZLBREE RN, SEBSUE A YA Rl AT LA — PRI R AR . AN
MR

(D) I 1 g/L BERREART S R B A % AT R B 75 2R 77 B f e
RGN AN 1 /L TR R A 2T 3R FH e 12 2h i) e R 2 FE RS RRANBE FE AL
SRR, S5 SREAE T R B R ISR (1 R R REAE KIS 6 KA
PR IIEE 3 R AAMN 1 g/L BN, Lt BUEYEIE ] 6.39x10° cell/mL
CRAIRANIN 1 g/L BEBRANEE = 14.58%), L FH ST HIRTT 26.47%, M
Me & B 17.65%, IFH &R B e 4ERFTE 4.37 mg/L DA b X —45 1R, %)
TS BR AN e 08 (1 2 R AR ZLBRBEXT IS IR B IR FH A S0 i v iR PE 1R R vl B 4
ol Ik RNy G R R YN ES o S VA

(2) L RT-qPCR X ¥ DA IR S B A0 /9 A2 2Bk i B B 9 A= 1<
WRTE 2 A AR R R AL AT, SR E K, acs2 I acs3 LRI TRH i B
BE LW, 7EAMINE ) i 8.68 5 A 107.2 £, 45K acs2 F acs3 15 5
CBEAEE A AT . MRSERERRIF acs 7[RI BN (8] 1) = BRI 2R3k 3 77 2
W LA B, acsda T acs4b FERIH) 23 B (53 0ik 17.88 581 77.79 £5),
SERLW OB B acs4 SIRBARIWSCR A A2 QB E R, 48R iz By SRR
WL B AU AT B, AN HEmE B E 58 T TCA 13 CaceB Fl cs HEH]
TESR T B B 9.88 541 12.15 %) Skl &1t (pekd HEH FiH 14.78 £5),
RHABEBRINAUEAIRIE S S Re B, ErliEid i TCA 1§ Mk s, 5
DGE AR 5 ANERRIE B IR o e, EERRAN 0 7 AN #h 78 52 e 7 AR R
E R TFIFHER (fabD- kes A acsL) 2RI

57



i N 2 T e A0S

(3) AHIF 525 A 1A 2 HE RO B 138 R PR A SR M, B h 9L R 52 7.5 /L
BERANAY HpACTS BEbE. Dottt @R, YIMKRTE 5 o/L M1 7.5 g/L BEER%N
38 R HIAEIE Bk 81.22%H1 43.51%, HEFA RIS 4.23 580 5.6 fi5, K
T AL R DASE ) B W AR LD ERE T B MR b 10 B 7). AR TR, HpACS0
YIRS A B 35 1 b SR I AR K IR R R34 SR B A K id s
BTt 23%, MALERES B E 19%; 40657 SRS £/ B8 5.56 mg/L (B
HERIRTE 27.2%), TGS B E 45.49%, 3 W i EEwR £ 1 N 1tk k4 RE % i3k
— DR AR B BN A KR AL B BiR T R IR R
52 REE

AN FE 0T R AR 2T 3R R FH I R 6 BV 7E 2 6 AR K A 40 68 15 5 B 1)
A DL SR 7 R AR R A 70 DA AT o 32— P A B TR SRR SR, SRR
AN T A MU, 8 N R B T i RS R SR A, JRREE— DR
IFE R & AR AGRS LU LA T AT IRAR A -

(1) ARFEIRAF I Y AL 20 BRI PR b A el , B R s 2, AR50
BB BRI A WL R 52 3& RV AL

(2) BFFFURT AR LLBRE 5 77 B R 36 8 (W L A AR R S e Repli b 4h . R T
JRIKACEE, AR e =4 .

58



TR RE R S 22 S

S 300k

[1] Gherabli A, Grimi N , Lemaire J , et al.Extraction of valuable biomolecules from
the microalga Haematococcus pluvialis assisted by electrotechnologies
[J].Molecules, 2023, 28(5): 2089.

[2] Ashokkumar V, Chen W-H, Kumar G, et al. A biorefinery approach for high value-
added bioproduct (astaxanthin) from alga Haematococcus sp. and residue
pyrolysis for biochar synthesis and metallic iron production from hematite (Fe203)
[J]. Fuel, 2021, 304: 121150.

[3] Liyanaarachchi V C, Nishshanka G, Premaratne R, et al. Astaxanthin accumulation
in the green microalga Haematococcus pluvialis: Effect of initial phosphate
concentration and stepwise/continuous light stress [J]. Biotechnology reports,
2020, 28: e00538.

[4] Jeon Y-C, Cho C-W, Yun Y-S. Combined effects of light intensity and acetate
concentration on the growth of unicellular microalga Haematococcus pluvialis [J].
Enzyme and microbial technology, 2006, 39(3): 490-495.

[5] Lv R, Liu K, Chen F, et al. Buffering culture solution significantly improves
astaxanthin production efficiency of mixotrophic Haematococcus pluvialis [J].
Bioresource Technology, 2022, 354: 127175.

[6] Debnath T, Bandyopadhyay T K, Vanitha K, et al. Astaxanthin from microalgae: A
review on structure, biosynthesis, production strategies and application [J]. Food
research international, 2024, 176: 113841.

[7] Yu W, Liu J. Astaxanthin isomers: Selective distribution and isomerization in
aquatic animals [J]. Aquaculture, 2020, 520: 734915.

[8] Patel A K, Tambat V S, Chen C-W, et al. Recent advancements in astaxanthin
production from microalgae: A review [J]. Bioresource Technology, 2022, 364:
128030.

[9] Panis G, Carreon J R. Commercial astaxanthin production derived by green alga
Haematococcus pluvialis : A microalgae process model and a techno-economic

assessment all through production line [J]. Algal Research, 2016, 18: 175-190.

59



TR RE R S 22 S

[10] Zhou D, Yang X, Wang H, et al. Biosynthesis of astaxanthin by using industrial
yeast [J]. Biofuels, Bioproducts and Biorefining, 2023, 17(3): 602-615.

[11] Kang C D, Lee J S, Park T H, et al. Comparison of heterotrophic and
photoautotrophic induction on astaxanthin production by Haematococcus
pluvialis [J]. Applied microbiology and biotechnology, 2005, 68(2): 237-241.

[12] Cui H, Zhu X, Yu X, et al. Advancements of astaxanthin production in
Haematococcus pluvialis: Update insight and way forward [J]. Biotechnology
advances, 2025, 79: 108519.

[13] Xu J, Gu J, Li X, et al. Influence of molecular structure of astaxanthin esters on
their stability and bioavailability [J]. Food Chemistry, 2021, 343: 128497.

[14] BrE, JHPENY, Mtat, 55 WAELLBRE RRINE R HBEE [J]. £l
TREHA, 2023, 43(15): 76-77.

[15] Park S'Y, Binkley R M, Kim W J, et al. Metabolic engineering of Escherichia coli
for high-level astaxanthin production with high productivity [J]. Metabolic
engineering, 2018, 49: 105-115.

[16] Singh K N, Patil S, Barkate H. Protective effects of astaxanthin on skin: Recent
scientific evidence, possible mechanisms, and potential indications [J]. J Cosmet
Dermatol, 2020, 19(1): 22-27.

[17] Harumi J, Sining S, Yoshifumi T, et al. Astaxanthin, a carotenoid without vitamin
A activity, augments antibody responses in cultures including T-helper cell clones
and suboptimal doses of antigen [J]. Journal of Nutrition, 1995, (10): 2483-2492.

[18] Fkmgae, XiIfH, JMEIR. RIRMFH R RE o BHIu stk (1] &5l
%, 2012, 28(01): 264-267.

[19] #h5-F, IL7, K&, & RARIFE RGN et it ie [J]. LIrk
AR, 2021, 49(08): 56-60.

[20] Palozza P, Torelli C, Boninsegna A, et al. Growth-inhibitory effects of the
astaxanthin-rich alga Haematococcus pluvialis in human colon cancer cells [J].
Cancer Letters, 2009, 283(1): 108-117.

[21] Xiaoming G, Joshua S, Haley S, et al. Carotenoid lutein selectively inhibits breast

60



TR RE R S 22 S

cancer cell growth and potentiates the effect of chemotherapeutic agents through
ROS-Mediated mechanisms [J]. Molecules, 2018, 23(4): 905.

[22] £/, FhETG, 5KICHH, %5, IFERMIKRERN T 2R [J]. WILRHE, 2021,
42(12): 110-111.

[23] Carballo D E, Javier Giraldez F, Andres S, et al. Effects of dietary astaxanthin
supplementation on the oxidative stability of meat from suckling lambs fed a
commercial milk-replacer containing butylated hydroxytoluene [J]. Meat Science,
2019, 156(OCT.): 68-74.

[24] Shah M M R, Yuanmei L, Cheng J J, et al. Astaxanthin-producing green microalga
Haematococcus pluvialis: From single cell to high value commercial products [J].
Frontiers in Plant Science, 2016, 7: 531.

[25] Z&¥. AR MMERME—WALBRE (1], R 5FshY, 2014,
17(3): 1.

[26] Yan H, Ma H, LiY, et al. Oxidative stress facilitates infection of the unicellular
alga Haematococcus pluvialis by the fungus Paraphysoderma sedebokerense [J].
Biotechnology for biofuels and bioproducts, 2022, 15(1): 56.

[27] 3KS18, HIER, K&, & WALBRETIRE RM A SNH 0]+
A MW, 2019, 038(2): 72-77.

[28] Wayama M, Ota S, Matsuura H, et al. Three-dimensional ultrastructural study of
oil and astaxanthin accumulation during encystment in the green alga
Haematococcus pluvialis [J]. PLOS ONE, 2013, 8(1):e53618.

[29] Acheampong A, Wang R, Elsherbiny S M, et al. Exogenous arginine promotes the
coproduction of biomass and astaxanthin under high-light conditions in
Haematococcus pluvialis [J]. Bioresource Technology, 2024, 393: 130001.

[30] Teng Z, Zheng L, Yang Z, et al. Biomass production and astaxanthin accumulation
of Haematococcus pluvialis in large-scale outdoor culture based on year-round
survey: Influencing factors and physiological response [J]. Algal Research, 2023,
71:103070.

[31] Singh P, Kumari S, Guldhe A, et al. Trends and novel strategies for enhancing lipid

61



TR RE R S 22 S

accumulation and quality in microalgae [J]. Renewable and Sustainable Energy
Reviews, 2016, 55: 1-16.

[32] Kobayashi M, Katsuragi T, Tani Y. Enlarged and astaxanthin-accumulating cyst
cells of the green alga Haematococcus pluvialis [J]. Journal of Bioscience &
Bioengineering, 2001, 92(6): 565-568.

[33] Jose B, Carlos G-E, Katarina K, et al. Biosynthesis of astaxanthin as a main
carotenoid in the Heterobasidiomycetous Yeast Xanthophyllomyces dendrorhous
[J]. Journal of Fungi, 2017, 3(3):44.

[34] #REZE, BREE, #RARH, %5, microRNA /3 WA LI EREEAE S ehiE ~ IRk
YT BE T NN i R AR R I AL [J]. e ST, 2023, 54(3): 763-772.

[35] BJh. WOAEZLERE: PN 3R & RO DS Bl 2 DR R s R PR 21 20 M [D]; o
BREBEwt 7 E B GEFEDTFTNT) |, 2006.

[36] Athanasakoglou A, Grypioti E, Michailidou S, et al. Isoprenoid biosynthesis in the
diatom Haslea ostrearia [J]. New Phytologist, 2019, 222(1): 230-243.

[37] i, 229, T8, 5. PrHaseft PERRE T W AELEREINT R e [7].
i SAEMEARER, 2020, 39(6): 15-21.

[38] Maltsev Y, Maltseva K, Kulikovskiy M, et al. Influence of light conditions on
microalgae growth and content of lipids, carotenoids, and fatty acid composition
[J]. Biology, 2021, 10(10): 1060.

[39] Li D, Yuan Y, Cheng D, et al. Effect of light quality on growth rate, carbohydrate
accumulation, fatty acid profile and lutein biosynthesis of Chlorella sp. AE10 [J].
Bioresource Technology, 2019, 291: 121783.

[40] Xi T, Kim D G, Roh S W, et al. Enhancement of astaxanthin production using
Haematococcus pluvialis with novel LED wavelength shift strategy [J]. Applied
microbiology and biotechnology, 2016, 100: 6231-6238.

[41] Li K, Ye Q, Li Q, et al. Effects of the spatial and spectral distribution of red and
blue light on Haematococcus pluvialis growth [J]. Algal Research, 2020, 51:
102045.

[42] BIXOME, EWI2%, MRaofE. FYAEZLBRVEAR - IRE ROt (] 2Rk

62



TR RE R S 22 S

AR, 2013, 000(026): 10579-10583.

[43] R4S, He0e. bR X Y AR 20 BRI S 3K VOURF IR IR &= & E 1Y
W [J]. B77K77, 2009, 5(1): 1-8.

[44] Pereira N M D O, Silva D C D, Viana W K R, et al. Effect of carrot juice on
Haematococcus pluvialis growth and astaxanthin production [J]. Algal Research,
81: 103590.

[45] TTLLEE, MBET, |z, 55 M N AERRE A E . IR R

PUEALRE T [J]. ZKP2FEE, 2015, 34(9): 5.

[46] TLLLE, W8 =, WHET, &5 JelRha xS M AR ZLBREEAN 7 3R AR R AT AL
TR (1], BURE MR, 2015, 031(010): 215-221,233.

[47] Kobayashi M, Kakizono T, Yamaguchi K, et al. Growth and astaxanthin formation
of Haematococcus pluvialis in heterotrophic and mixotrophic conditions [J].
Journal of Fermentation & Bioengineering, 1992, 74(1): 17-20.

[48] Kang C D, Lee J S, Park T H, et al. Comparison of heterotrophic and
photoautotrophic induction on astaxanthin production by Haematococcus
pluvialis [J]. Applied Microbiology & Biotechnology, 2005, 68(2): 237-241.

[49] W38, ELHrE, WIRARA, 5. CO2 AN PR R AE Z0 3R AR G S LR 75 R AR
KM [J]. AR, 2021, 3: 613-622.

[50] Leticia.Biscaia W, Miyawaki B, Mello T C D, et al. Biofixation of air emissions
and eiomass valorization-evaluation of microalgal biotechnology [J]. Applied
biochemistry and biotechnology, 2022, 194(9): 4033-4048.

[51] Solovchenko A, Chivkunova O, Maslova I. Pigment composition, optical
properties, and resistance to photodamage of the microalga Haematococcus
pluvialis cultivated under high light [J]. Russian Journal of Plant Physiology, 2011,
58:9-17.

[52] Boussiba S. Carotenogenesis in the green alga Haematococcus pluvialis: cellular
physiology and stress response [J]. Physiologia Plantarum, 2000, 108(2): 111-117.

[53] Scibilia L, Girolomoni L, Berteotti S, et al. Photosynthetic response to nitrogen

starvation and high light in Haematococcus pluvialis [J]. Algal research, 2015, 12:

63



TR RE R S 22 S

170-181.

[54] RN, WF5E, e, S5 E IR IA X W AR LRGN R R AR
[0]. KAEAYER, 2000, 24(3): 5.

[55] Liu W, Guo C, Huang D, et al. The papain-like cysteine protease HpXBCP3 from
Haematococcus pluvialisinvolved in the regulation of growth, salt stress tolerance
and chlorophyll synthesis in microalgae [J]. International journal of molecular
sciences, 2021, 22(21):11539.

[56] BCHHak, XIEEE. FALLEREEMERN T R OWEIT (1], el i @4k, 1998,
38(2): 53-62.

[57] B2 WZELLRRIEEING R R R R R E [D]; o ERE R R

[58] Tjahjono A E, Hayama Y, Kakizono T, et al. Hyper-accumulation of astaxanthin in
a green alga Haematococcus pluvialis at elevated temperatures [J]. Biotechnology
Letters, 1994, 16(2): 133-138.

[59] Huang A, Sun L, Wu S, et al. Utilization of glucose and acetate by Chlorella and
the effect of multiple factors on cell composition [J]. Journal of Applied Phycology,
2017, 29: 23-33.

[60] Lin D Q, University T, Tanjin. Inducing mechanism of acetate on astaxanthin
synthesis in Haematococcus pluvialis [J]. Microbiology, 2007,34(2): 256-260.

[61] LiY, Tao Y, Wang Q, et al. Effects of organic carbon source and pH on growth,
astaxanthin accumulation and endogenous phytohormone secretion of
Haematococcus pluvialis [J]. Journal of Applied Phycology, 2023, 35(6): 2815-
2828.

[62] He B, Hou L, Dong M, et al. Transcriptome analysis in Haematococcus pluvialis:
astaxanthin induction by high light with acetate and Fe?" [J]. International Journal
of Molecular Sciences, 2018, 19(1): 175.

[63] Hu Q, Song M, Huang D, et al. Haematococcus pluvialis accumulated lipid and
astaxanthin in a moderate and sustainable way by the self-protection mechanism
of salicylic acid under sodium acetate stress [J]. Front Plant Sci, 2021, 12: 763742.

[64] E#k, =B FFRR. Fe®', BRI AN /K NS B AEZLEREA RN R

64



TR RE R S 22 S

M [J]. K K5k, 2007, 16(4): 334-340.

[65] FEPRAK, BB, TR sE. LAY 3 MY AR LD BRVE & AR & R HLEE (7).
AR, 2007, 34(2): 256-260.

[66] Orr J S, Christensen D G, Wolfe A J, et al. Extracellular acidic pH inhibits acetate
consumption by decreasing gene transcription of the tricarboxylic acid cycle and
the glyoxylate shunt [J]. American Society for Microbiology, 2019, 201(2):
e00410-18.

[67] BKYE, FF23, 28, & JUAtaE 77 200 FY AR 2D BRE A R AR5 2R 520 )
WA TT (3], HWFERFFEET, 2008, 000(001): 144-151.

[68] Cray R, Levine I. Oxidative stress modulates astaxanthin synthesis in
Haematococcus pluvialis [J]. Journal of Applied Phycology, 2022, 34(5): 2327-
2338.

[69] Hu X, Tang X, Bi Z, et al. Adaptive evolution of microalgae Schizochytrium sp.
under high temperature for efficient production of docosahexaeonic acid [J]. Algal
Research, 2021, 54: 102212.

[70] Song K, Zhou Z, Huang Y, et al. Multi-omics insights into the mechanism of the
high-temperature tolerance in a thermotolerant Chlorella sorokiniana [J].
Bioresource Technology, 2023, 390: 129859.

[71] Kim Z H, Kim K, Park H, et al. Enhanced fatty acid productivity by Parachlorella
sp., a Freshwater Microalga, via adaptive laboratory evolution under salt stress
[J]. Biotechnology and Bioprocess Engineering, 2021, 26(2): 223-231.

[72] Fae N W A, Tomkins J L, Jason K W. Improved biomass production of a microalga
through adaptative laboratory evolution to a high light environment [J]. Journal of
Applied Phycology, 2023, (3): 35.

[73] Wan M, Zhang Z, Wang J, et al. Sequential heterotrophy—dilution—photoinduction
cultivation of Haematococcus pluvialis for efficient production of astaxanthin [J].
Bioresource Technology, 2015, 198: 557-563.

[74] Jannel S, Caro Y, Bermudes M, et al. Novel insights into the biotechnological

production of Haematococcus pluvialis-derived Astaxanthin: Advances and key

65



TR RE R S 22 S

challenges to allow its industrial use as novel food ingredient [J]. Journal of
Marine Science and Engineering, 2020, 8(10): 789.

[75] Mota G C P, Moraes L B S D, Oliveira C Y B, et al. Astaxanthin from
Haematococcus pluvialis: processes, applications, and market [J]. Preparative
Biochemistry & Biotechnology, 2022, 52(5): 598-609.

[76] Oslan S N H, Shoparwe N F, Yusoff A H, et al. A review on Haematococcus
pluvialis bioprocess optimization of green and red stage culture conditions for the
production of natural astaxanthin [J]. Biomolecules, 2021, 11(2): 256.

[77] Li X, Wang X, Duan C, et al. Biotechnological production of astaxanthin from the
microalga Haematococcus pluvialis [J]. Biotechnology advances, 2020, 43:
107602.

[78] Zhao Y, Hou Y, Chai W, et al. Transcriptome analysis of Haematococcus pluvialis
of multiple defensive systems against nitrogen starvation [J]. Enzyme and
microbial technology, 2020, 134: 109487.

[79] LiQ, Li L, Zhang Y, et al. Chemical inducers regulate ROS signalling to stimulate
astaxanthin production in Haematococcus pluvialis under environmental stresses:
A review [J]. Trends in Food Science & Technology, 2023, 136: 181-193.

[80] Marella H K, Kothadia J P, Saleem N, et al. A patient with eosinophilic esophagitis
and herpes simplex esophagitis: A case report and literature review [J]. Case
reports in gastrointestinal medicine, 2021, 2021: 5519635.

[81] Joun J, Sirohi R, Sim S J. The effects of acetate and glucose on carbon fixation and
carbon utilization in mixotrophy of Haematococcus pluvialis [J]. Bioresource
Technology, 2023, 367: 128218.

[82] CaoY, Xu J, Tong Y, et al. Sodium acetate promotes the production of biomass and
intracellular biochemical components by Micractinium reisseri FM1 under batch
and fed-batch cultivation [J]. Journal of Applied Phycology, 2022, 34(6): 2857-
2868.

[83] Proietti Tocca G, Agostino V, Menin B, et al. Mixotrophic and heterotrophic

growth of microalgae using acetate from different production processes [J].

66



TR RE R S 22 S

Reviews in Environmental Science and Bio/Technology, 2024, 23(1): 93-132.

[84] Han D, Wang J, Sommerfeld M, et al. Susceptibility and protective mechanisms of
motile and non motile cells of Haematococcus pluvialis (Chlorophyceae) to
photooxidative stress 1 [J]. Journal of Phycology, 2012, 48(3): 693-705.

[85] Kobayashi M, Kakizono T, Nagai S. Astaxanthin production by a green alga,
Haematococcus pluvialis accompanied with morphological changes in acetate
media [J]. Journal of Fermentation and Bioengineering, 1991, 71(5): 335-339.

[86] Zhang C, Zhang L, Liu J. Exogenous sodium acetate enhances astaxanthin
accumulation and photoprotection in Haematococcus pluvialis at the non-motile
stage [J]. Journal of Applied Phycology, 2019, 31: 1001-1008.

[87] Peng S, Cao Y, Xie Z, et al. Effects of sodium acetate and ammonium acetate on
the growth and production of cellular components of Chlorella vulgaris 31 [J].
Journal of Applied Phycology, 2024, 36(1): 1-14.

[88] Wellburn A R. The Spectral determination of chlorophylls a and b, as well as total
carotenoids, using various solvents with spectrophotometers of different
resolution [J]. Journal of Plant Physiology, 1994, 144(3): 307-313.

[89] Orosa M, Franqueira D, Cid A, et al. Analysis and enhancement of astaxanthin
accumulation in Haematococcus pluvialis [J]. Bioresource Technology, 2005,
96(3): 373-378.

[90] Wang S, Zhu J, Dai L, et al. A novel process on lipid extraction from microalgae
for biodiesel production [J]. Energy, 2016, 115: 963-968.

[91] Yu X, Ye X, Hu C, et al. Sodium acetate can promote the growth and astaxanthin
accumulation in the unicellular green alga Haematococcus pluvialis as revealed
by a proteomics approach [J]. Journal of Oceanology and Limnology, 2022, 40(5):
2052-2067.

[92] Cong X, Zang X, Dong M, et al. Accumulation of phytoene and astaxanthin and
related genes expression in Haematococcus pluvialis under sodium acetate stress
[J]. Aquatic Biology, 2020, 29: 155-164.

[93] Goodenough U, Blaby I, Casero D, et al. The path to triacylglyceride obesity in

67



TR RE R S 22 S

the sta6 strain of Chlamydomonas reinhardtii [J]. Eukaryotic cell, 2014, 13(5):
591-613.

[94] Rengel R, Smith R T, Haslam R P, et al. Overexpression of acetyl-CoA synthetase
(ACS) enhances the biosynthesis of neutral lipids and starch in the green microalga
Chlamydomonas reinhardtii [J]. Algal Research, 2018, 31: 183-193.

[95] Sudhir K, Glen S, Koichiro T. MEGA7: Molecular evolutionary genetics analysis
version 7.0 for bigger datasets [J]. Molecular Biology & Evolution, 2016, (7):
1870.

[96] Bian C, Liu C, Zhang G, et al. A chromosome-level genome assembly for the
astaxanthin-producing microalga Haematococcus pluvialis [J]. Scientific Data,
2023, 10(1): 511.

[97] Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing
phylogenetic trees [J]. Molecular Biology & Evolution, 1987, 4(4): 406-425.

[98] Felsenstein, Joseph. Confidence limits on phylogenies: An approach using the
ootstrap [J]. Evolution, 1985, 39(4): 783-791.

[99] Tamura K, Nei M, Kumar S. Prospects for inferring very large phylogenies by
using the Neighbor-Joining method [J]. Proceedings of the National Academy of
Sciences, 2004, 101(30): 11030-11035.

[100] Kim Y, Lama S, Agrawal D, et al. Acetate as a potential feedstock for the
production of value-added chemicals: Metabolism and applications [J].
Biotechnology advances, 2021, 49: 107736.

[101] Lauersen K J, Willamme R, Coosemans N, et al. Peroxisomal microbodies are at
the crossroads of acetate assimilation in the green microalga Chlamydomonas
reinhardtii [J]. Algal Research, 2016, 16: 266-274.

[102] Rengel R, Smith R T, Haslam R P, et al. Overexpression of acetyl-CoA synthetase
(ACS) enhances the biosynthesis of neutral lipids and starch in the green microalga
Chlamydomonas reinhardtii [J]. Algal Research, 2018, 31: 183-193.

[103] Yang J, Pan Y, Bowler C, et al. Knockdown of phosphoenolpyruvate

carboxykinase increases carbon flux to lipid synthesis in Phaeodactylum

68



TR RE R S 22 S

tricornutum [J]. Algal research, 2016, 15: 50-58.

[104] Zhang C, Zhang L, Liu J. Exogenous sodium acetate enhances astaxanthin
accumulation and photoprotection in Haematococcus pluvialis at the non-motile
stage [J]. Journal of Applied Phycology, 2018, 31(2): 1001-1008.

[105] Wayama M, Ota S, Matsuura H, et al. Three-dimensional ultrastructural study of
oil and astaxanthin accumulation during encystment in the green alga
Haematococcus pluvialis [J]. Public Library of Science ONE, 2013, 8(1): e53618.

[106] Yewalkar S, Wu T, Kuan D, et al. Applicability of differential fluorescein
diacetate and propidium iodide fluorescence staining for monitoring algal growth
and viability [J]. Waste Disposal & Sustainable Energy, 2019, 1(3): 8.

[107] Bogaert, Perez, Rumin, et al. Metabolic, physiological, and transcriptomics
analysis of batch cultures of the green microalga Chlamydomonas grown on
different acetate concentrations [J]. Cells, 2019, 8(11): 1367.

[108] Zhao X, Jarboe L, Wen Z. Utilization of pyrolytic substrate by microalga
Chlamydomonas reinhardtii: cell membrane property change as a response of the
substrate toxicity [J]. Applied microbiology and biotechnology, 2016, 100(9):
4241-4251.

[109] Almeida A C, Gomes T, Langford K, et al. Oxidative stress potential of the
herbicides bifenox and metribuzin in the microalgae Chlamydomonas reinhardtii
[J]. Aquatic Toxicology, 2019, 210: 117-128.

[110] Guo Y, Cao Y, Yang R, et al. Effects of three exogenous phytohormones on the
growth, selenium absorption, and metabolism of the microalga Parachlorella
kessleri under sodium selenite stress [J]. Algal Research, 2024, 79: 103477.

[111] Mondal S, Kumar V, Singh S P. Oxidative stress measurement in different
morphological forms of wild-type and mutant cyanobacterial strains: Overcoming
the limitation of fluorescence microscope-based method [J]. Ecotoxicology and
Environmental Safety, 2020, 200: 110730.

[112] Nair A, Chakraborty S. Synergistic effects between autotrophy and heterotrophy

in optimization of mixotrophic cultivation of Chlorella sorokiniana in bubble-

69



TR RE R S 22 S

column photobioreactors [J]. Algal Research, 2020, 46(440): 101799.

[113] Li Z, Zheng Y, Ma H, et al. Microcystin-LR (MC-LR) inhibits green algae growth
by regulating antioxidant and photosynthetic systems [J]. Harmful algae, 2024,
134: 102623.

[114] De Bhowmick G, Koduru L, Sen R. Metabolic pathway engineering towards
enhancing microalgal lipid biosynthesis for biofuel application—A review [J].
Renewable & Sustainable Energy Reviews, 2015, 50(oct.): 1239-1253.

[115] Rathod J P, Prakash G, Vira C, et al. Trehalose phosphate synthase overexpression
in Parachlorella kessleri improves growth and photosynthetic performance under
high light conditions [J]. Preparative Biochemistry & Biotechnology, 2016, 46(8):
803-809.

[116] Karthikaichamy A, Beardall J, Coppel R, et al. Data-independent-acquisition-
based proteomic approach towards understanding the acclimation strategy of
oleaginous microalga Microchloropsis gaditana CCMP526 in hypersaline
conditions [J]. ACS omega, 2021, 6(34): 22151-22164.

[117] Ji C, Mao X, Hao J, et al. Analysis of bZIP transcription factor family and their
expressions under salt Stress in [J]. International Journal of Molecular Sciences,
2018, 19(9): 2800.

[118] Zhao Y, Hou Y, Chai W, et al. Transcriptome analysis of Haematococcus pluvialis
of multiple defensive systems against nitrogen starvation [J]. Enzyme and
microbial technology, 2020, 134: 109487.

[119] Huang L, Du X, Jin Z, et al. Accumulation of astaxanthin in Microcystis
aeruginosa under NaCl and KCl stresses [J]. Bioresource Technology, 2024, 403:
130898.

[120] Qiu W, Chen R, Wang X, et al. Quantitative proteomics of Chromochloris
zofingiensis reveals the key proteins involved in cell growth and bioactive
compound biosynthesis [J]. Plants, 2022, 11(14): 1851.

[121] Zhekisheva M, Zarka A, Khozin oldberg I, et al. Inhibition of astaxanthin

synthesis under high irradiance does not abolish triacylglycerol accumulation in

70



TR RE R S 22 S

the green alga Haematococcus pluvialis (Chlorophyceae)l [J]. Journal of
Phycology, 2010, 41(4): 819-826.

[122] Song X, Diao J, Yao J, et al. Engineering a central carbon metabolism pathway
to increase the intracellular acetyl-coA pool in Synechocystis sp. PCC 6803 grown

under photomixotrophic conditions [J] ACS Synthetic Biology, 2021, 10(4): 836-

846.

71



TR RE R S 22 S

MR
1 IR
I 4 K HA CIIE
A Bk AR AT
it PR 4 AR 7 ik
TR AN AR Pk
A AR P
KRR A AR AT
EDTA2Na AR AT
LIKBR IR AR AT
KA AR PR
VYK EA SR AR AT
KB ER 2k AR Pk
BHIR AR ik
FHIRN AR Pk
T 7K Tt PR 4l AR Pk
N IKE A AR ik
T Rl AR itk
A AR AT
e AR AT
IR EE AR /RRTLY
BRI AR AT
i i AR BN
R AR AT
LR bE AR AT
EhIR AR /AREY
R AR Pk
Y43 By AR 7 ik
445 2 biotin AR E Al N
YEE R Bro AR ik
SEAN AR 7 ik
T R A $ B / X%
BCA L& H & & IMA S / B ED)
SOpEE ENR A / BHGAEY)
& RNA $ A & / o W
S I sl / Toroivd
7t BRI & / Toroivd
10xTBE / AT
6xLoading Buffer / AT
ek AR P

72



TR RE R S 22 S

R 2 SRR BER

SEIG EIIE
SR R AR TROK B R T AR
e TIES WL E 7 B A IR A
HL AR T R AR B RBHE AR A
S HR B 246 A NEA R 28 B %A PR A
IR B R AR A A
CFX96 %7€ 7 PCR il % AR A A IR 227 A PR A A
AN WL R T SR AR A IR A F]
PCR 1% HRAE R () BRAF
FHLKAY AR RS () ARAF
LR JUBH A PR 2 7]
T Jr JUBH A A BR 2 7]
B BB AX fBR A A A (R A RA ]
HLF R i RBH A B A F
VKAE IR B A F]

e IR AL
o UR TR 5 Lo
181 B 50 &
P EEK S B Ao T X
e RSB L X
e IOt
EVALIPITIe niid

TR A ST R A TR =
RIE RS AX e B 2 7]
H A B LA PR 7]

Hi -t A PR A
HA B A IR A F
H A7 R ]

H A B A R A #

73



TR RE R S 22 S

BUEM T RABIFE AR IR L RIFT R

[1] Physiological and molecular responses to sodium acetate addition and

supplementation in the two stages of Haematococcus pluvialis. ¥3T|: Journal of

Oceanology and Limnology. 2 {E (‘)i 1 fF) (MRS =, =&ENE

74



i N 2 T e A0S

B

ITCAEN, BT T . M, BIR=FEAA A ERR R, e
T I

HG, BE AN I AR B R R R O AER E
AL WETCHEZREA LA G B TR 28 T ROE IR S 5 R E . BRI
SRR 5 ST FERE I 1 5 ). B BRI S I AT A,
AR ST TR A SE Nt . sRIRId R h 248 T IR T S e, DLRAE R
SRS 52X BUR R B TR AR o . STk R TR A S LR
5 g HET o

[ It B A TR AL B 2 AT ) 2, SR URATTIR R A LB
TERI— b fE . XBOLRBRKME 025,

e, WRIARBERII KN . RARMTTER IR Z SEREAT O HOR  #
b S JE A ETEE B 7T .

LIS, P RD. HIERMANRERARNTEE. RARZH, &
RO PR, RAI HTAT -

i
20255 H7H

75



