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WE: AHREFEELEKBE Phaffia rhodozyma RP-306 44555 % 7 &, KB R AR B & Fovh i &) 5%
ot LR B A HAT TR, BARAELRELRALT BB, BN, MB4E. pH. BEFREKRE 6
ANB F 09046 1E, B F)F Plackett-Burman 230 ff ik T #emdk K69 3 ANBE & E4E. pH. BE, F R
RARERE R ET BEZOSETE, RERAWETD RGP @GR RATHA, LHhILL B
Sk BAE 29.93 o/L, BEH 2.0 g/L, FB4E 5.0 g/L, pH 5.27, B 199 C. EsEH THEF L~
F A 13.46 mg/L & 5 %) 17.04 mg/L, WARALFTR 5 T 26.61%. ARG K BERMAT KL B, T 5

F A5 2886 mg/L, A —FREAKRAR LR T RIFL .
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HEAT R WAL, LU A 31 7 iR 2% 04 & I 4%
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20.0 g/L BRI AR 525, 115 "C KT 30 min Ji5
%

KR IR LA N FEME 30.0 g/L, FERERY 2.0 g/L,
(NH,4),S0; 5.0 g/L, KH,PO, 1.0 g/L, MgSO47H,0
0.05 g/L, CaCl,-2H,0 0.01 g/L, 115 ‘C K 30 min /5
s H .

1.2 3#EHRFE
1.2.1 FFHIEH®

BU—=80 °CLRAF 1) B b 422 b - [f (AR OF- Al 355 37 36 0%
fk, TEALJE R T 25 W 20.0 mL A9 100.0 mL 5
/i, 25 °C, 200 r/min 5537 24~36 h,

1.2.2 BEERERER

FEARFUIEL 8.0% 45 B 4 T26 i 50.0 mL /Y

250.0 mL £&fH, 25 °C, 200 r/min $53% 72 h.

1.3 2HEXEK
P A WERE 37 Phaffia rhodozyma RP-306 HIER,
HELRRIRFN S | IR NG . AR L A HLAR
Wi CALEIERA I . pH. WEE . R X H
AP RIS R RN . S BT 3 WCPATEE
5, LI g AR ECEHME .
1.4 R & EER
1.4.1 Plackett-Burman 3CIL&
PG R IR Es e, VEPREME . BEREN . BRIR
B, pH. WA E 6 MHEEK, RANEERE K
AT IR SE B T, S HT R Phaffia rhodozyma
RP-306 817 2 B R FHF KGR 1),

%1 Plackett-Burman 3 B &K F
Tab.1 Factors and levels in the Plackett—-Burman design

CE I S s
-1 +1
R gL X, 25 35
fERlRY g/l X, 1.5 2.5
MR /L X3 4 6
pH — X, 5 6
W C X5 18 22
W mL X 30 50

142 REEEER

R4 Plackett-Burman S0 25 R, R A BENEHL
S5 2 DR 2R A Ak A BB Y TR AR O TR
I AR g rh gk 48

1.43 TN ESLE
KO A SR TR (R 2), Btk
Jr AR R Sy AT RS, SEATIRIE LR

® 2 POEASKEBREREKT

Tab.2 Factors and levels of central composite design
(iae) ER A K-
-1.68 -1 0 1 1.68
X, WEME gL 26 286 31 34 36
X5 pH — 5.0 52 54 56 58
X3 HE Cc 174 19 20 21 226

1.5 5.0L X B4

TE 5.0 L A e bl UL AL 5 & B RE 77 3 15 57,
By 3.0 L, R 8.0%, IRJE 20 'C, pH 5.3,
il 15 P A 3 R 38 A B (AR U AR SR REAE 30.0%~
50.0%.
1.6 7%
1.6.1 HfETENE

H2 50.0 mL & B 8 000 r/min, 10 min 2.0 [
5, WURTE 12 h, BAHHET 15 min, FREFEIATTE .
1.6.2 IFHFZEERN

S ZHETAE, B5.0 mL &R, 8 000 r/min
B0 10 min KR FVE, VRAPIK . A ZH LR (60 C
Fi)5.0 mL, 60 “C/KHA 30 min. fIA 5.0 mL PNERZ 2
B, Bl 2RO
1.6.3 UFEREEW E

KRN 66 BE TG I Y, AN ) o A
FE R IR E RARAES, MWE K 474 nm MOLE, 4
TR 2R 5O R ARt e, ARIEARE M ot 5
LN 75

2 ER5W®

2.1 32 EEHKAH Phaffia rhodozymas
RP-306 # 4 B
2.1.1  AEBREREEZ R
TETCRR IR A TSR FR L, 43 i in 20.0 g/L 2R
J% Phaffia rhodozyma RP-306, il & HAF 5 2 1k M
Hif T, AR 1,
A Y ae R BRI o B SRR AR HERE R, Ak IR
W e S AL A TAE Y B B 40 M A 2B 43, I X A A
Yl B Ee U & 1 AT LG, S A AR
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Fig. 1  Effect of different carbon sources on cell growth and
yield of astaxanthin

A . M . 22 2R NIRRT, BN 2R B VR B AN 4 A
TR A TR = K ML E AR IR, W5 2R B
SR R RN A0 T T DU B B REAIG, PTRE R T Phaffia
rhodozymaRP-306 ik = ACHFIRRINAR DG, (155
PRRT USRI TR, D AR A . R E
ME—fiel e, LR 2R TR B de e, 35 %) 13.41 mg/L,
TR, A% 3.29 g/L. Vazquez 25 5T
RINLT R EERFFIRR ATCC 24203 . ATCC 24261 767
FERRTE LTI A B KA i, Tk AR e g R
CIVERIERE AS2.1557 ffi FHEEHES 2] 1 B KIS 277 4
AR5 FIRSIIREE R 3, SRR S T KU
E i 8
2.1.2 AFEREREREMEZM

FETCRI IR & B AR B v, REREAE S PR — i e R
20.0 g/L. 25.0 g/L. 30.0 g/L, 35.0 g/L.. 40.0 g/L . 45.0 g/L
DRI . KIEEEFE Phaffia rhodozyma RP-306, JilE H:
RS 2R RV B AT i, S5 2.

FERH 30.0 g/L B, SR R FEIA B R RAE o AT

R BT AT B 400 13.92 mg/L il

3.39 /L. HEMEAE 30.0 g/L LAFE, RIS 0, iF
T R TR P RN T B B T R A
AT 30.0 g/L B, R FR BTk B A4 AT BT 4P
FEUR TR AT BE R VR R T A 3 B Y AR
AR FERAERN,
2.1.3  ARIEFEMLEEF 0

AR K BRI, i 5.0 g/L &fk
B BRIRE . WEIRET . BEbbRY . WA, FRE
KWERE SR Phaffia rhodozyma RP-306, & HAFE &
W RE AN M T B, 4R 3,

15 AR SR HIETHEE 44

YT (g L)

TER/ (g L)
B 2 A B B AR A R R TR R AR R

Fig. 2 Effect of sucrose concentrations on cell growth and
yield of astaxanthin
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Fig. 3 Effect of different nitrogen sources on cell growth
and astaxanthin yield

R TS SE A A 1 & E T THLER
TR RS R, W R TR RS 12.55 mg/L,
TR ESAR] 3.55 o/L; AHLEIRRE FRIIR 2k
VR AT B i3 i T IO AUE, P ERE Ry R TR
IR Z =ik E] 13.14 me/L, T Fahs) 4.88 g/L.
AHLEIRMAREN B, Jorh A RS B2 A R R
(1 2~3 1, HHIFEIGESER, 4 REHEFRAIRE R0
VR LB ERRM R T 0.74 me/L. ToHLAE iR
WS AR, BRRR B TR IR 2Tk B LU R RIS
T 059 mg/L, EA LMERRIRWAENE ARG FR A TOHL
o AR R N A K T, R AR
Yk EERIE
2.1.4  RE TCHLEIR G0 & 5 e

TRREAE R B — R R 3.0 g/L . 4.0 /L. 5.0 g/L .
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6.0 glL. 7.0 gL IIATCRI LEHEFHE . KRR
Phaffia rhodozyma RP-306, e HMRE 22 i & B A2
Wi, 452RANE 4.

15 T R TR METFRR _ 4

W 2R (mg L)
4l F /(g L™

4 5 6 7
TR /(g L)
B 4 B R g v B o R kL R B 7 2 (5

Fig. 4 Effect of (NH,4),SO,4 concentrations on cell growth
and yield of astaxanthin

BRAREL T 5.0 /L i, MR 2R 540
MR B K E, 43512 13.56 mg/L Fil 3.63 g/L.
MR TR T 5.0 g/L, MR 2R 40
LT BT AR R R o R LU AT LR i e A T 2L i
G P, e — e R 4N TR R A PR
RO A BOE, fRibirE R,

2.1.5 ARFEVRBFENE KR 0E

P RERS 43 35 IR 0.5 ¢/L . 1.0 g/L . 1.5 g/L 2.0 g/L .
2.5 g/L. 3.0 g/lL MAEA 5.0 g/L HRE I ICHHLA
W& B s 3 h R BERE 57 Phaffia rhodozyma RP-306,
5 FLUR R TR R AN B, 25 SR A 5

15~ I AFT TR AR 4

i) ~
& =
= &
i #
i =
S =
i s
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BEfEAy /(g L)

Bl 5 B RRR 5 e R0 B R A I S R T 2™ B R )
Fig. 5 Effect of yeast extract powder concentrations on cell
growth and astaxanthin yield

WERERY R ETE 2.0 o/L B, FT5 R R 540
Mo B i 2R KAE, 433108 14.24 mg/L F13.67 g/L.
P BBy vl B Ak St vy, MR 3% o vk R T T
FEUR R, BERRRY R AR B IRl VR R R, (A U
W, B R Rl 2 S 8ONR T A
Koo BeRT R BN B Y B R R 7 S A K R
2.1.6 ARENEEERZE M

BT LR R R IR, JATTIREE 18 C L
20 °C .22 °C .24 °C .26 C . kK #K: 3+ Phaffia rhodozyma
RP-306, 5 HARE Rk B4+ i, 455 E 6.

15 I R R R R AMETBRE 4

g ~
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B =
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iy i
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8k =
'H'E B
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K6 IR B AR AR K B IR 27 B S R
Fig. 6 Effect of temperature on cell growth and yield of
astaxanthin

TRy 22 CH, MR 2 BT iE IR R A T BT ik
B KA, 4394 12.19 mg/L 1 3.53 /L. iR @5
M) R A — 20 52 o 4 L A QI %, el s A i
Shil*"%5 \SC56 & SR A RIHE R A g2 ek
crtYB, crtl VS cHMGI FER FiRw A o IR ARAT
FIF ARG, BESERTRENARK,
2.1.7 AR pH K

FF BIMEACECH K BRIk, B AR RS pH
WA 4.4.5.5.5.5.6 F1 6.5, KERESR Phaffia rhodozyma
RP-306, Il HAR 200 BE N4 T i, 255 s 7,

pHS.5 WPHRTE Rk B AT BT A B KAE, 4
SR 14.01 mg/L F13.38 g/L. gUffzhfy ., fRihists. 18
PR A EATE PESE I R AR AZ pH 5N, Ak
(1) pH BERSIEE AN A K, $2 0 Bbnr=4r=ti . i e
GNEI R pH AT RAZEK, (K pH FIFIRE E R,
2.1.8 ARIZEREZ M

BT LRI & B R g2 3, 43 e ) & T
K73 20.0. 30.0, 40.0, 50.0. 60.0, 70.0 mL F
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250.0 mL 3 . KRG FE Phaffia rhodozyma RP-306,
D FCHR 2R B e v B RN T i, 45 SR niA] 8.

15 B RFEWRE 200 F R 4

?V

TR (gL

/
/
é
é
é

R 2 R (mg L)

/
2

6.

Kl 7 pH (EA B AR AR I R IR 287 4 B 5 R
Fig. 7 Effect of pH on cell growth and yield of astaxanthin

[ P yowiiediis A 4

AT RRA(g L)

30 50
BV R /mL

P8 VRN TR A 1 MR 3R e R
Fig. 8 Effect of liquid volume in the flask on cell growth
and astaxanthin yield

% 3 Plackett-Burman L&t 54 R
Tab.3 Design and results of the Plackett—-Burman

BEWRELN 40.0 mL B, R 35T vk B R4 i
T s B R, 4390k 14.65 mg/L 1 3.60 g/L.

CLIR R RS 1 A K DL IR 20 A R i 2 41
K5 fFEIFE RN EY A RS, THAENRE
TELR A -8 b Pk A IR & R R,
FAELZ WA . IR P 2 o S8 S 7 i
HARK G, i Z MBS AR, KR
(4 it 3l 1 B AEG, DA 5% i) 8 1A A K 5 0 55 R B,
2 AR A/ T 7 i ) A B RIS

2.2 Plackett-Burman 3% 3&3%t

FRAE L 2R SRR IR ZR: MY . BRAR B
(o). BERERI(XG) . pH(XG) . IRIE(XS). B E X6 1
FAENBERTG, SRAISCEEL N=12 [1) Plackett-Burman
SERBT TS, DME RRBEEVE A, 45505 3.

FIFH Minitab17 X§3¢ 3 FRIRSEERE5 b 7404, vl
RIS LH A5 5 B35 (P<0.05), TN5E 4 FIzw, 12550
6 MEZE T, FEHEG) . pHXG) . RGN SR Es A
3, FEHES pH (HS ER0N, TR SR 2 A0,
FEEIRIOG) . TRIREL(G) . R (XS S, TEFGEESE
R EE RS 2.0 g/L, BRIREL 5.0 g/L, % 40.0 mL
AR, XERERE . pH . RS 3 MRRH Tk

XTHR T R (A) = w2 A T A A ) 1) 2 50—kl
AR 4=14.038+0.891.X,+0.083.X,—0.173X5+0.605.X,—
0.727X5-0.033 X5, ST FRITT 50T 45 FAE-N 6.29>2,
RINZBEIILE 0=0.05 K83, [FBHZT RS R
(FHSEZ B R*=88.30%).

K

SLES

HR 2 /(mg' L)

O 0 9 AN A W N =
|
—_

—_ =
)
—
|
—_
|
—_

-1 -1 -1
12 1 -1 1

16.60
13.64
14.07
13.46
12.43
13.80
12.68
13.91
17.05
13.49
12.60
14.73

LR SR AT 3 A ER
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#F 4 Plackett-Burman XR P I HF R ZEER
R 53 #f
Tab. 4 Effect analysis of various factors affecting astaxanthin
yield in the Plackett-Burman experiment

SES BN PR 22 P
X 1.781 0.214 0.009
X, 0.165 0.214 0.715
X 0.346 0.214 0.455
X, 1.211 0.214 0.037
Xs ~1.453 0.214 0.019
Xs ~0.067 0.214 0.882

2.3 mREIKEL

FHUA M e, XPmhl . pH. IR TR BENEH:
S, B ERFEARAER | I ARSI T G 5).
%5 BREHEIRETRER

Tab.5 Design and results of the steepest climbing experiment
Step HEME(gL") pH IRE/C  UFEE/(mgL')

-2 22 4.8 23 13.38
-1 25 5.0 22 14.73
0 28 5.2 21 15.81
1 31 5.4 20 16.94
2 34 5.6 19 16.17
3 37 5.8 18 15.78
4 40 6.0 17 12.57

T MBS s 3 M EE

1 S S2E 4 v RS 37 R B AR #1558
WL B RERE . pH . R EE T AR MR AR SR
2.4 RARLE ST EERIT AL R

RERE . pH. I BEEEXTIRE R R B E Y 3
ANHER, o BETC Y S 908 5 1 2% 30T i DR W O (L )
Bl pH A BEHUE, RO AL BT SRR X 88
WR LA .

Xt 6 0SB el UA 23 B A 2 1] UR 05 R

A=16.775-0.398 7X,—0.332 4X,—0.075 7X5—0.506 4X,>~
0.246 6X,°—0.304 9X3>—0.054X,.X>+0.105X,.X;—0.083X:.X5,

Hoh, 4 (REIRE Z 00U . [BIE Ry 22 70 Wi Al
B, PARER SR R=89.88%), KA
1.3 (P=0.440>0.05) 5 /% i #2A Phaffia rhodozyma
RP-306 KA =IRE 2R A8 e fit 7 — N 5id
B,

ME 9 AT LAY H 451 BT 1o () AE fh ks
B AR AR KAE . I Mintab17 30 mi R
At me B AT O, A5 20T Y a2 16.96 mg/L.

x 6 PULESRITREEER

Tab. 6 Design and results of the central composite ex-

periments
SHe X X, Xy U #/(mgL™)
| 1 -1 -1 16.79
’ . -1 1 16.47
3 - 1 -1 16.22
4 4 1 1 15.56
5 ! -1 -1 15.98
6 1 -1 -1 15.35
7 | 1 -1 14.93
3 1 1 1 14.70
9 -1.68 0 0 15.74
10 1.68 0 0 14.79
11 0 -1.68 0 16.34
12 0 1.68 0 15.66
13 0 0 —1.68 15.81
14 0 0 1.68 15.86
15 0 0 0 16.56
16 0 0 0 16.95
17 0 0 0 16.37
18 0 0 0 16.97
19 0 0 0 16.73
20 0 0 0 17.12

T MBSt 3 M EE

BUES RERE A 29.93 /L, pH A 5.27, HEEHR 19.9 'C. LA
IR SR AR SE S, SEES = RAS B IR R
9 17.04 mg/L, SEISTMEAH2EA K (P>0.05), HIESE
BRI RL, N R R AR AT & T 26.61%.

2.5 5.0L ABHE&

PSSR FR AR pH (B 5 WA EUR TR I Y,
SR pH (H 5 MR L0 REERE P IR R LN H
B PRSI A R MR AR A R R B Y B AR
WA I 225, e 3% 3 N A ] PR A 0 0 52 3
s 8. b T #E—E 5 Phaffia rhodozyma RP-306
AR RAURE ST, R 5.0 L A BRI T 041t & 18,
Rl pHS.5 54 30.0%~50.0%

AL TR, (] 5.0 L R BERERT FRL1 1 R BERERT,
AR ETL, pH REEORER, MRYBIEAI, I
R, k%) 28.86 mg/L(& 10), 55£ 7
HAWAF T SZIG LS AL, Phaffia rhodozyma RP-306 7E
oyt K BT R R ARk B AL M KT, B TR
RERE R AR R S, AR LT
RPN AE = T2
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17.5
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Fig. 9 Response surface and contour lines of the interaction of various factors with the astaxanthin yield

—— AT —— AR —— EFT R

30 430
25t 125 &
—
= o0
D20 120 E
o2 =
_-OL\IEIS— -15:%
?%*10- -10“‘3
RE= 4
5 fz
5t 15 &

ofF J0

0 12 24 36 48 60 72 84 96 108120
I i) /h

Kl 10  Phaffia rhodozyma RP-306 st & W= iF & &

Fig. 10 Astaxanthin yield in Phaffia rhodozyma RP-306
batch fermentation

3 i
U 2 TR LA R, T LI

BRI A LU BRE AR 7= 1), O PR HOR R Y
IR RS Bk SR, ALIEREE A IR E £ A
AW (15~20 d Z247) . IRBEEER & L A= A = 4
B, AR RS . TS NR R . 20K
BERE R A A, RERIH 2R E IR, T e R RN
B R R A, R R A PR R B N AR 4T
BRI 4~6 £, HRIFE R RIFMAEYRIE, 2075k
FERF R R o ZFE AT . 4 R YIRS, i
BE b 3 J0 75 A B 4R 4l B AT B 38 2 3h B AR
MR 2 FE LI MR BRI TR, 5T
WO, B AR 2T R B R OR R A IR AR 5 H SR,
BRZAWFIRE R, L0852 A T
L e A AR, BT R
IKFEFEIE LT 2 A . B4 FE PSP IE TR HE BhL0 A R
BEUR T 2 BT 6 o JEOR A B R TAE, KRR H e R
d e HAL L TRFEEAT L LA RN R AR
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R T TRLERBSEKRSHABTITERER

Tab.7 Astaxanthin yield by batch fermentation of different Phaffia rhodozyma strains

bk R R /(mgL ) 51

Phaffia rhodozyma RP-306 28.86 NAFSE
Phaffia rhodozyma 7B12 7.71 [23]
Phaffia rhodozyma NRRLY-17268 10.40 [24]
Phaffia rhodozyma ZJUT46 32.48 [25]
Phaffia rhodozyma AS 2.1557 14.32 [26]
Phaffia rhodozyma MTCC 7536 8.60 [27]
Phaffia rhodozyma CSR19 25.30 [28]
Phaffia rhodozyma 5308 4.94 [29]

ARIWFFEX} Phaffia rhodozyma RP-306 R4 AR K
RICHRE Z = R T R A, 38 T RS &
Fra . WERRAS SRR, TEERE R Al R, SRR
BE . pH IR BE RN G R m i F 2R E . ik
G RSN ERE 29.93 o/L. BERRRY 2.0 g/L. B
fR% 5.0 g/L. pH 527, #&BE 19.9 C, IFEHE"&
17.04 mg/L, HHILILILHTEE S 26.61%. 7E 5.0 L &K J#
W, It pH SRR, IR R i
i, 1K) 28.86 mg/L, HAF Tl AR 7™ TR Ak Y & 1 7K
- AN, Phaffia rhodozyma RP-306 4= F= IR 28 Al
ERBEREE N 19.9 C, ZETEA =l #2 vl jd >
FERERE . P4 R R, SRR B h R R
PR IR BB KO, SR A R R R I 43k
FRWELEAE Py AT AL FRARKT- . R T5 BEAE A T
R IRE R SRS LT, k2 b Rmg
PR AR AE YR, DRI Z A 25K
R FH % S R} A T SR s R Ao A B, B S (]
WA BRI IR, 456 T R RE R i TR
B R, DIEsh 27k R BRI 7 Y AR AL il
25 LA KN HIF % o

& 3CHk:
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Abstract: To improve the yield of astaxanthin produced by Phaffia rhodozyma RP-306, fermentation conditions
were optimized through single-factor and response surface methodology. Moreover, a single-factor experiment was
designed for each factor during fermentation. First, initial values of six factors, including sucrose, yeast powder,
ammonium sulfate, pH, temperature, and liquid volume, were determined by a single-factor experiment. Second, the
Plackett—Burman design was employed to screen out influential factors, such as sucrose, pH, and temperature. The
steepest climbing experiment was utilized to determine the reasonable range of the three factors. Finally, optimal
fermentation conditions were obtained by central composite design in response surface methodology. The final re-
sults were as follows: sucrose 29.93 g/L, yeast powder 2.0 g/, ammonium sulfate 5.0 g/L, pH 5.27, and tempera-
ture 19.9°C. Under these conditions, astaxanthin yield increased from 13.46 to 17.04 mg/L, which was 26.61%
higher than that before optimization. Moreover, astaxanthin yield reached 28.86 mg/L via batch fermentation in a

5.0-L fermenter, which encouraged further fermentation scale-up research.
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