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astaxanthin, a known antioxidant with large importance in the aquaculture, pharmaceutical,

and food industries. To satisfy the growing demand for astaxanthin, there are strong efforts to

develop economically viable bioprocesses alternative to the current chemical synthesis. How-

ever, up to now, natural astaxanthin from P. rhodozyma has not been cost competitive with

chemically synthesized astaxanthin, and the knowledge about the carotenogenesis regulation is

still limited in comparison to other carotenogenic fungi. The aim of this short review is to

examine the published studies concerning the biosynthetic pathway of astaxanthin and the re-

lated genes in P. rhodozyma, and describe their applications to improve the bioprocess of

astaxanthin production. It also mentions some gaps and opportunities in this field that should

be addressed or exploited in the near future.
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Fig.1 The biosynthetic pathway of isoprene pyrophosphate in Phaffia rhodozyma
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Table 1 The related enzymes and their genes of the astaxanthin biosynthetic pathway in Phaffia rhodozyma

4% i G s e b HE A BRT
Th £ th The function of related enzymes in The coding genes Accession
¢ name of the enzymes biosynthetic pathway number
3FAIE-3-FUHLIY it CoA & UMt HEMLLBEC M CoA BN 3 2E-3- B E50999
3-Hydroxy-3-methylglutaryl- CoA synthase Mt CoA e
3R 3E-3- ATk CoA i L3RRS FER M CAIRPR E50098
3-Hydroxy-3-methylglutaryl- CoA reductase  H 2R et
S B i
i EAL R R B, 5-H 2 R R B R mk E51000
Mevalonate kinase
T P 22 0 A AL 5-HIFR IR TERR & 1 5-FH 72 IR £ . .
Phosphoric mevalonate kinase Wi P o
S-FERIR R R B R Tl HEAL 5-FR R R R BRI BRI RS y Sk E
5-Pyrophosphate mevalonate decarboxylase  fEME2(IPP) " o
SIS R BRI R AL R AR A LT 1 — Y R i AB019035.1
Isopentenyl pyrophosphate isomerase N ILFE R (DMAPP) DQ235686.1
Wk )L LI M SR TR £ T IR LA . DO01%02
Geranylgeranyl pyrophosphate synthase 4 JLFEFEWERR (GGPP) - DQO129 43:1
INEFNLE A R BT SR AY177204.1
GGPP 4ia it i\ R
Phytoene synthase etk e\ BEALR crtYB AJ133646
LR L ST B TEAV I Bt AY177204.1
Lycopene cyclase AT LR IMUIE L B3 % bR crtYB IS
o S AY177424.1
= v = \ SR
NP S N AFHAEORAVREHRIE o Y15007
Phytoene dehydrogenase DQ028748.1
) » . . DQ002007.1
B-BHEN AL FRALFIE (L B8 N, B R ortS (asy) HM204708.1
B-Carotene converting enzyme Z (WA > AY946023.1
DQ202402.1
4 2 e = o
AR Pas0 KIS W) B D EIERRI pB P E om EUSS413.1

Cytochrome P450 reductase

G AP S SR MV ESI R SN SOl R W ey
Y, A, PP S i S KK P25 B
e DR AT RO, = TR ARy
BIFRPT,

Verdoes %5 Mg i A3 R B BE T 5w e HE T i
Tt IPP SeA4 I idi BElH, FFTEA RS MR
SEP S5 9 B (Schizosaccharomyces  pombe) | 53
IREEIR e B, WPREESE S IPP Y75 I IPP
7 GGPP R, G MENE b RIRTA
Yy sghn, sl gt — PPt w2 N R
Visser 2 R T = RR H I (gpd)si e 3

TV idi BENREARE, & BLEH AR RIS
BN i 50 IR B AR AR A LU R A 1T A
WARGH idi FER R s RA v DU bR
TR 1.3-3 £, Wang SF UK O 2 1K,
e NTTPEANTRE Agrobacterium aurantiacum crt %&
A~ INE 2=, Pl Rk idi M orE HHE,
AR IR R A0ME ™ %515 1.25 mg/g. Lodato
ST AR R, R REERE AT idi SRR
) mRNA FKIXBEFERIAE bR G RIHIRN TR,
JEHMIAR idi FERRIR RGNS KNS R
PR INC AR ER R . DL EORSRAE R U,

http://journals.im.ac.cn/wswxtbcn



1678 WA Y 24 Microbiol. China

2013, Vol.40, No.9

idi FE R ) FRIRIKH S 20 T e AR P A 5,
BFEAFE ARG, ATREAAEE A RE T )2,
2.2 GGPP & piEgFIEE (creE)

crtE LR gt He LI ) LIE AR R &
g, B 11 429 gk, 8 M4MEF(GenBank:
DQ012943.1), GGPP & Witk =7+ F 1Y TPP 4K
WA —4~ DMAPP 1, JE A JLIEAES- L
FLFEWERR(GGPP), 5 IPP —#f, GGPP L 21F%
e IS MR MR ERAYATIR, FTLL GGPP
A I RS A A T iU B o

PR E BT RO RS S N R G R
R BTRL AL B KA AT, R B R R
B-HAE R K BT, A R AL Bk Yy
GGPP & U FE R ok, WIZREHEE b 2= HpEh
JEORI 2%—-4%" . I HETAE KT B, bR
GGPP b, ifrfE BRI AY L, Hoanik ek
FEWEIR(FPP) & BB 1645 2] FPP 1 IPP,

PIANFEE T TR o LRI 2 3
N R AT TR ST KRB SE Tk
FERE R orE FER T FR G0, &3 AW A s T
MAFA gpd #8530 R A R IR T £ 7= =
PR3 EHE Tt . Breitenbach ZEUI7E L K e hE rhid
R onE FER, I BT MR RN T
B2 2 A5, RMR 20 & B H R R
Miao Z5U71G BUAE ARl A A Y, ok R
PRI crtE FEDR IR KF- e T 57 A U B
2-8 fif, Lodato ZF!'SIRYHFFE 45 KM, HEHRE
R FREE(YM B3R, TERALE S
FE(MM 5535380 PR SR 0 R EERE TP 1) orE ik
AKOFTE R, HAefUREZ RS MER,

ZE TR, SHEANE, ek R EERE T IS
# NEIRAl g HAETE GGPP —MRTIA, crE K
FIKAKVE GGPP LR~ 23—
FIFROCHE, PR AR orE SEORTE T GGPP
G R, AT LATR B4R —E T Bl N 4 i A 8 3R

http://journals.im.ac.cn/wswxtbcn

PENER, (HEGARR ST R0 H i,
AR EEXS ertE R IR AR e T o
23 J\SEEMLEE N/ EFmLRINMLEGF
EH(crtYB)

crtYB i —A~ W BERI B 1, 7% 5917
S0, 5 4 & F (GenBank B Sk 5
DQ016503.1), BLAEFREEA N AF LR A
TEPE, I GGPP AN EF MR, hHm
LLRIMEEE I TEYE, MR MLLR AR BT b
o crtYB S5 AL AR PR ) —— Bl 2
mRNA (Mature mRNA, mmRNA) Fl 7] A8 Pt 4%
mRNA (Alternatively spliced mRNA, amRNA), iX
FiFtFEgd, A4 mmRNA GEEIR S ACHREE 1,
1M amRNA H THFIIERZL BT, Bk
BRIk, BYHEE193] amRNA REE T4
—MNETI 55 bp B, S —AMNETFEb
T 111 6p™

Lodato ¢ WIF5E &30, 7887 AR B i 7o T
R, PIRDST W R IA I TERIA S P RG
BT AR IR B TR, AR RS I s s ;. 7EXF
BUE KR, SR ERE crfYB ) mmRNA ik
it amRNA Rk HHm TRAE R, MifEfRE
A, PR TR 0 T A BT 0 2R8I R AL T
TRAKII7K . Wozniak 25PN RIRR IR 5% 5
WERE, AR T A IR i B R 2, 7R
BEFATR A IR R 7R 554 T, amRNA Rk #
H mmRNA # )5, mmRNA FlamRNA i k778
FRBON IR BIEAE, BESEZUTREAL, M2 b
FAERAE IR TR K AR 7E Marcoleta 2512
HIRFFE AL BER S N crrY B ) mmRNA 7K
SEREHN T 4.54%, {HJ& amRNA By KK 1% 4 1
AR, [FIRERT 2R A0 i 5 RSN & BERS AH L
WA Tt

Visser 5 WEIE R BERE PN crtYB R RIR
o, BT R RE DR H AR,



FERMAF: IEREERIRT RS R AR S IE N A B 5Tt

1679

Verdose 25220 crrY B 3K &R — N [R]IE AY gpd
JAohF LT erfYB ZEH Wi sk, KE] p-
SHE N AN IR S = ) KR R, WA
& Y 0 41 2K IR TE T B o), R 2R
HDCO (A4 sk, i el il G i T3
HZL R IR 1% MR S 2 T ORI b
RIA 7, (i — D58 R B L Y R RO
WA i ok MR 7 28 77 o A A O R R . X U B AR
crtYB FEHE EFRBHT, N B-HE N EKE
IR R AT BRI 2 B A% 1%, B-EHE b
ORI AR R 2 0 A RN FT RS R IR R
() — AR IR

LS IO A LRI, FERL R IR, oY B B
PR 11 2 3K 7K - B AR RE R 3198 79 AH R 2R B8 D 1)
FEi, AR T R T 2 P e N R, T AR
ANFER R FRFE D, AR AR A H A ) IR 308 X
B TS PER RS A B N R . B, 7E
W 2R A GRAE, RS MR R s i 2
24 \EEMLZBRIEGFIER (crd)

crtl FEH G N\ F ML RN AN, 05
15778 gL, 12 48T (GenBank 5% 5
DQ028748.1), &K BEhErh 43 B 15 2 1) 55 — 4
KA PRA SR, AT\ EFL R
AT ML R, 6 crfYB —FE, B erd thEE
724 mmRNA Al amRNA PiFH 3742724 . mmRNA
RERIFA B N\ F MO R ARE A, Hammgx
&4 11 NS, amRNA (8 T8RS T
80 bp MIFHI, BRI SER 2Kk
W, PRHCHEIZ ™ P A e R H e 3 —
AN sl 81 ANEIERR W TCTE M1 2 K
Lodato ZEMSIHFSE T ik R WA 7 4R T AR AR R
R PR crtl AT DL, & ortl () mmRNA
Fl amRNA BB IA S, FEXEAERD
X RIS, S5 B . AT LA
Wr, SEE AL, X R ] RR A

TERZ 1 crfl mmRNA KGR/ AF MR
fitf .

Visser S5RHL, AR\ AT ML R
SN A2 R P Z A B SE A R e T
MR R SE B-IAE R RUIT
HRO W, B2 34- " AFIHITEGA-
Didehydrolyeopene) £ i, HDCO., Verdoes Z5>If)
WIIERIIY crd FEPREERIBIS, BRI |
Z(WIanBEEE R HDCO) = A BT n, i AR
FHE MR AR B-HE N R AR E )N
S o A A R IR AR Rk S R 3R G
crfl BRI, ZEEAE MR B R TR,
ERRE B-IAE N Z AR R 1L R EERER
AR R Fe IR ord FEH, HIHEL T 25 K
R R, FREEA RN,
UL B Y el Feik i ROMAFI T RO ALL
RMRERE, WIS 2l 2= M S A
e ML R AL EE AT RE X & R A Oy I A A
PR
2.5 B-tAE NEFEEEFIEE (crS)

crtS KL Gt B-1H 88 N RALALRE, £17% 5920
A 08, 17 A4 B F (GenBank & SE 5
DQ201828.1), X T crtS KPR INRENR S, Z 45
RAFTER Gl I B-THEE N ZIE RS R Ay
th, WEE R B-TE MR 4 F1 ARINLE AT
A—HSE, AL B-01% N 3R 3 3L E
EAGIAER, FERFR I EYTh, XA
TR ¥ K 1 A T RSk ST ) R PR A
B, (H B ATREY A SRR R R T B i T
crtS FH , Ojima ZPURIGR NI P450 A
A A1 o1 50 02 SR B B2 B S R 2 S R AR
S, LUSCK creS AR B P RATK
J AT B ARG ) 380 7 REL T () S B 2 2R, 4 il A
FRALFNER AL R RERO I . SR Alvarez 251>
ARRRE L, A TPRAERBERERY creS JEH A

i —

http://journals.im.ac.cn/wswxtbcn



1680 WA Y 24 Microbiol. China

2013, Vol.40, No.9

RES™ B-SH S N 2R AR TRE R A R 1) B 2

NERIERA Y B-Bas BT FOK BT, R R
B-iHE N R LA R Y6, Bt B ATt
FARHKE, - bR VE DL K
PV IOA R AT ST

ERER A, KT EER 44, WAFAE

Rt . TR B RiE SRR TR B
B NRBRE R R A B A — 5
N, RS Sz 0B Ho i 44 9 MR35 285 i A
(Astaxanthin synthase gene)™" {H % T-1Z 3 K Ay T
REMAATEGHL, BT i A REfE(L B-TH

MR BN RS BRIE A E R, TLUEE
N, B AT 4oy B-E DR LR
(B-Carotene converting enzyme gene) ¥ b &1, 1F
e, T HSHERRNmAG—, ViR
crtS AERZHEHE TR,

Ojima 9%} B-#H 2 N ZHALREI A EERT

G HATHE DG B 2o Hr, RBZER N S ff e —
Bom gk X, AR eSS, HEW B b
FRILALME R DU B AP TE T R iR,
Niklitschek SECWETERBERFHIY creS ZEDRIER,
BT — BRI D RA NS R O
o Lodato S5 22 18 A 7 WA creS FER (1
RILHIFFRLR, KIIE SRR,
crtS FEH AR 5GP iR R S R
A, Miao 26U SR 45 3 I o 7= B dk
crtS BN RFRR R AR 6-20 1. &
FiE A SERE B R T 3 MO AR R
PERETR R T oS FEI GRG0, AR
B R 7 TR oreS BRI R IR T T
BRI 2-10 £, TEA R R, oS
WA DERR, RREDCYE R 5% 4. b
TR 5 HR A TE LA 4 W 25 5 TR i 05 0] o SR T B
FEFRA BN EE R, Mo A FHAE A R IR BEHATR
Wi R EBERE IR, FE oS FEFRik i AT

http://journals.im.ac.cn/wswxtbcn

HRWEMC LW, H oS ENFRIXRES
IR A B2 A B PR B R P ]
At I R A B SR B s N 2 B 2 5 ik
KEEREH erS IFeA R FIRE R &2 n=Y,
XEEZER G, crS IRIXAKFAE—ERREE 143
SR R A A L, (R AT A — Sl & e 5
P CNBEFAMR . OBE . H &) T LR SEER
RN R AT E T IRA I
2.6 AR E P450 iEREEFIE F (crR)

crR FER G AL (0 R P4S0 i i, DNA
S 15477 bp, UEA 3140 F(GenBank % 5%
5 EU884133.1), HiT B-TH% N RILILEE T40
HfL €825 PASO SN 4EU G 3A B KA [, T2 M £
F P450 WA E RN IR H
THEHA, FFUBIIEIAR oS T B4R P450
R CPRVE A ARG R SE U B-2SH % R 2|
IS Z R,

Ojima ZFPYTERAL T HAA A1 p-53E N &K Y)
RERYIEINRE | L IRBERERY creS JEDR D) R PR Fie 1
CPR JEH M KIAFFE T, HAGI ] T — Lk Ak
) B-ZEEHE N RN, JHA R E R
# . Ukibe ZPERRA: ™= B-H2F N R ERITG LS
PRk LR R TE Y creS Tl criR JEH, 153
IR 2 TR T AR SR A AN 5 R
P450 &) FEABRRHBIE R BERER) oS & IR
#, Alvarez PN EERE: v [ H SR 40 it
B3R P450 FRAILEERYIEIN, bR E KA AE
T3 B TE R BT AR T, LK E T & hg
H1, W — UL crR FERXET B-I b RN
RINA BOR UL ANTT

T creS Fil erR ZARGHAH LAY, Alcaino %5
WFFE T crtS Fl crR [#) mRNA Fe 3k 7K P Fini Je iz
BRI R, B cerS Al erR 1EA K B FY
B mRNA 7K1 2B S I A A o crR E3E
ARG R T SRR LR RS, T ereS 1



FERMAF: IEREERIRT RS R AR S IE N A B 5Tt

1681

66 h Ze A7 ik B i K B WA T erR Frétt
AL EZR P4S0 M REGAT iEiL S 58] T kKB
K HB A (R P4AS0 BB R, FRLAX A
SEPR R AT e R AEAN R 0 5 SO L EA 71
A erR BEFE A FRIBIKTIE B L RURE G
FEASIN, H R B I
2.7 HEHEXEERNHAR

BRI S N RWAEY &SR — 1
(AR, HRTAR Z2 M0 S i PR LA 2 AR S o
B T UL BRI ML AL, BlEEE mk.
pmk. mvd., hmgr. hmgs SFHER AR IKE T
B O SURATREEy- A T

mk. pmk. mvd 55| 9i%H 2R TR .
M H YR TR VA, S-FEmEmR W R IR R, X
JUANEHR U AR AL N 2 iR 2] TPP A . A6
mk SEHDIREMTERAEAEY) . i iiE R Z, U
Arpags . Bai SECWRST T R I
BRIDHIVER, DONTE AR RERE | R B SE
PIREE T, H R DGR VR 1 175 M R i 2] 81 4
TR A A& YYEH . Martinez 450
MNEE 14 2% 1 A BE IO T 3k R B 1) R 5 TR
WA AL HG F R G RRIR  WE TR R R T, S-
BRI H R IR IR B — R C R, PRE
B, X LRI A EAR & B IS 8 N R
Ao

hmgs F hmgr FER & Fliag e iR 2 n
PIASEH, EAT15ames 3-F23-3-FH L 8 —
CoA & HiF(HMG-CoA & Jlifili)Fl 3-F55E-3-H 3t
J% Wk CoA A JFEFHMG-CoA iR JFifif), Johnson
SEPARLYE 1977 AR FE R & BE, HT HMG-CoA if
Jir AT ) ) ) 0 R W BE TR R R S D R
P o Wang %5 PV i $2 0 RLRS bk 40 2 i
HMG-CoA it J5 LR 1) mRNA 7K, i H
AR N R & A Tt . Guo EPHSY
RIR, TEBRPNEERE Rk hmgr HE AT LIR

B MR, Gu PR 2R
N INRENEHRE S B RE A L HMG-CoA i )i il
WM, IR AT M IR RS . XA
B T R 1S Al A R RGN R
B B SE I, R At AT W] 3 -3 - R e
CoA JEMH BRILR IR IEEWE
B —ANEEEER, AR R T R
S DRI E R

3 ETREFFEE BRI

BARZ T E NI K E BN AR, &
A ek A R B RE PR R A ARG EE A, 3
XF TR R 5 s AR P, AR X
SEIL N A P A LR R TEEAETRA . H
AT 2 B o S PR R T B EAMIESE, A
DR 368 3 53R R 3 3 SR R AE 5 R A3 7 1Y)
SR T REARYE B BT IEIR 0L, BEARSE . IR
M T ik R IR A U R P L
R EIE, 8 E mF M, Efmar
B ESIPS Ak
3.1 EFSEMNEENEIRER

MIFIE R B R IR 3R A DG I, e 5
M 1 B TR R R R AR R A, AT L
A VUR PR RS (1) HIREDREIGEH | 175 5HE
R RN B MAEY e £, AL KRB
BERIR T 2R G UM I R A 77 IR R (2)
DA R B REAS B AR TR 32K, T8 i s Al
KRR | 15 T LR, SCERE R A
JRAEAR SR = R IA

KIGFFEAREG NS M &R, HESTHW
BT A2 . SRR P BRI AR S e MR
—HE, #REMILFEITIA FPP #efbimick., A&7
RIS AF BRI E SRS N ™
RN DFARA TR WS EE, fERIHT
B PR AR R R I BT 3R G U OGS R

http://journals.im.ac.cn/wswxtbcn



1682 WA Y 24 Microbiol. China

2013, Vol.40, No.9

AR IAT R L R E E . Alcaino 250K HEHE
THEREERE crR Fl crtS Fe[R cDNA 484k 3| n]
77 BB SRR, I HH ROH = A
FHETEL AT TS N Ry &, RREAT”
AR B-IHE DRI EENTEY . T, —
J5 ] B T R R hANRE RIS B b
REeALME, BRI B-IHE D RIS TR
IS 5 — 0T, 43R P45S0 R4t 5 A i fsEAH
K, KIGHFF BRSBTS N R . BRI ZAh,
ARG PP SERTIR YA BT 6E S8R FF
BRI AE A8 b R A R, R
MR e E L EEe! Wi, Tk
LR 2 8 N B8 R ROk U, B AR
KRG ATRE AT .

FLAZA P v I TR P B R A T, B
FR R EAZAE P < KA FE R . BRI B REANRE A
BEAS NER, (AR NS 2 [ R 2 5
R ARAE Y, PRI N R ETIAY T,
Ausich 25 POy —T01 5 1) 18 12K R SC EC T 19 25
3 N A I R A B R, BT AR R
FERE AR ARG T /LR . B-H % PRAE
K. Verwaal ZECTER =30 21 2 A R 1
ot kR KRR GGPP A, 151 A
tHMGI D, AL R 7= g in 2.1-3.0 1.
B2, Ojima Z5EPYRFSY 4 BUERIF BERE () CPR (400
3R P450 i J5 il ) EE R JCk i B B-SH % D R4k
it IR 2t H AT 45 o R, R R
TR A N 52 AR B e TR IR 5 R A A DG 3 R 3R
e B2 Y

BRULZ A, A A HA A P ok ik
IR R A A SR, AR TR T Boiiz
TSR TR R MR MR R (AR T
SBZ R B R BRI, A0 AR AR B 0 A 45
AEAMBEREINE R, AIIMEREER X5 3
AR B 15 L R AR M A AT TR, A A 40 e R i

http://journals.im.ac.cn/wswxtbcn

Y i/ 4, PN TR A RER R
FCER . B DL B IR R IR IS AN BRI B R
IRERE M. Bk, PR R4 03k R EE R
PR, JERPHEE AT 404, 7 ol AR &R
A R Al REEA A FT R
3.2 RihigEzs ERHEREE
VFZAY)rh, WEH0E R A 21 BREE AT RS
WKALTE A2 8 N R i R Y R P R
KK HAEBCR o 15 Wozniak PO T 94K
BERERY idi, crtE . crfl. crtYB. crtS TEF8E Fia
JEM mRNA KPR IAZES, A8 mRNA 3R
INFIREG PRI OA BAHEOCR, Mg, B RmERE
SRR IA U, HEIE R IR 5, 5%
PR AL TR S —2k . B2 HETAET
FEARRE, BT REEEEG AR R A
2 tarid e, AR ] RESZ B 2R K RS 45
i, HA S A R B2 5 2R [F] 5 20 B8
o, RN ROl Z G R, KASCEAT]
AR MRV E A Ry it — 2P 015
MEEATK- EXFZEEHE D 2R A U LR Y
W E & BIF, Wang PRI RARLL R Y-S
WA 20 AHHOCHE, A T —FPREXT R I
DRI (1) 2/ S) 7K P25 A 7[R 9458 19 75 3 (MAGE), 52
BT XS A ER L PR SRk T R AR A 4, ISR IR
3 d ZWELIHIER] T — MR R eIt 5
DL RIGFTF RSB R . XA R IR IR R
B MR SCEE A Y BRI T 2%, IR aExy
1 IR AN S B N R A 0 2% 1) B PR R AT
GRT BARAE, B AR e A SR A
BCRE T B B s o

4 BRERE

UTAESK, MRE R DSBS RE ) S
KA DiRe 2 2 E N SMARL Prfdanh | B2y
A A S AT T o AR IEREAT i — B



FERMAF: IEREERIRT RS R AR S IE N A B 5Tt

1683

I F Z PP RN IR A ) 5 IR 7 2 e RE, 3L
AR P A ERT R AT S H 25 i, AR
W EFER . KBS A6 5345 T3¢
RS R e, i mE e w R IMU-MVP14 11
IR MM = AT 1k 4.94 mg/g 7,

RAEENINEZTF R T — R IE R EER:
ARURT Z AT, (BRI FH 2 N TR R AR
AR T BRI RS R A YA OISR A8 IR
A, EZELEELT LA maE: (1) f i
FIERGARE =, YA A B R E
M2, BHIEFEURE R &7 AR ALY
(R Je B 7 R TR B ORI, (2) IFE R A
BLZ 2 SE R A4, BN JE DR A 8 AR B
AT LI 0 F-HR VR ARME el 7= 2 K B 4 /=i, (3) R
H RGBT T AL YIRS, I AR S
5 F iR AR, R TR
MERE; (4) PR A Rl S5 W A AR
R R ED, IhE RA G SR
FURA AR Z AN LT, X EeHR R g — 2 (1)
9% o

ZE LR, SRS RAE RIS R A
BRI & e TR e B, i 2R e
AV AN R G BGEE, #RU 4 IR
AH T iR R REAR 5 2 A iU AR R P L,
FLIF SZHU AR R B Bl v . MRS RE S 1k
FEREEE R Sk . AR AT R R, IFE R A
BCARAE (A RAE AL A2 B B, R 3 R TR A
PR F 1 T B T 0 S W B9 1) 7 ol 2L
A R R BRSO A R I Y
LR EE

2 % X M

[1] Maoka T, Etoh T, Osawa A, et al. Characterization
and singlet oxygen quenching activity of (3R)-3-
(3R)-3-hydroxy-4-

hydroxy-4-ketotorulene  and

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

keto-y-carotene from the yeast Xanthophyllomyces
dendrorhrous[J]. Journal of Oleo Science, 2012,
61(7): 401-406.

Rodriguez-Séiz M, Juan LF, Jos¢ LB.
Xanthophyllomyces dendrorhous for the industrial
astaxanthin [J1.  Applied

2010, 88(3):

production  of
Microbiology and Biotechnology,
645—-658.

Martin JF, Gudifia E, Barredo JL. Conversion of
beta-carotene into astaxanthin: two separate
enzymes or a bifunctional hydroxylase-ketolase
protein?[J]. Microbial Cell Factories, 2008, 7(1),
doi:10.1186/1475-2859-7-3.
Mcd P. Biogeography of Xanthophyllomyces
with  biotechnological
host
associations[D]. Portugal: Universidade de Lisboa,
2011: 1-35.

de la Fuente JL, Rodriguez-Saiz M, Schleissner C,

et al. High-titer production of astaxanthin by the

dendrorhous, a yeast

potential:population mapping and

semi-industrial fermentation of Xanthophyllomyces
dendrorhous[J]. Journal of Biotechnology, 2010,
148(2/3): 144—146.

Yuan JP, Peng J, Yin K, et al
effects of
high-value carotenoid mostly from microalgae[J].
Molecular Nutrition & Food Research, 2011, 55(1):
150—-165.

Verdoes JC, Sandmann G, Visser H, et al. Metabolic

engineering of the carotenoid biosynthetic pathway

Potential

health-promoting astaxanthin: a

in the yeast Xanthophyllomyces dendrorhous
(Phaffia rhodozyma)[J]. Applied and Environmental
Microbiology, 2003, 69(7): 3728—3738.

Schmidt 1, H, Gassel S, et al
Biotechnological production of astaxanthin with
Phaffia rhodozymal/Xanthophyllomyces
dendrorhous[J].  Applied Microbiology  and
Biotechnology, 2011, 89(3): 555-571.

Verdoes JC, Van Ooyen AJJ. Isolation of the
isopentenyl diphosphate isomerase encoding gene
of  Phaffia
production in Escherichia coli[J]. Acta Botanica
Gallica, 1999, 146(1): 43-53.

X, 0L, AR, . S R AR DRI (IPP)

Schewe

rhodozyma; improved carotenoid

http://journals.im.ac.cn/wswxtbcn



1684

WY FE 4 Microbiol. China

2013, Vol.40, No.9

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S A0 TR A W0 AE R e AT D). RO B
2007, 35(20): 6018—6019, 6023.

Visser H, van Ooyen AJ, Verdoes JC. Metabolic
the
pathway of Xanthophyllomyces dendrorhous[J].
FEMS Yeast Research, 2003, 4(3): 221-231.

Wang CW, Oh MK, Liao JC. Engineered isoprenoid
pathway

engineering  of astaxanthin-biosynthetic

enhances astaxanthin production in
coli[]]. Biotechnology
Bioengineering, 1999, 62(2): 235-241.
Lodato P, Alcaino J, Barahona S, et al. Expression
of the carotenoid biosynthesis
Xanthophyllomyces  dendrorhous[J].
Research, 2007, 40(1): 73—84.

P2, ok LRE, IREN, %KY N RSB
ARG R S HE R T R[], 2B TRE2E4R, 2002,
18(3): 276-281.

REL. 4T % REEEE GGPP 4 pl il i ft 3 1 4 R iy

Escherichia and

genes  in

Biological

R [D]. Rt RER AL #0083,

2010: 1-60.
Breitenbach J, Visser H, Verdoes JC, et al.
Engineering of geranylgeranyl pyrophosphate

synthase levels and physiological conditions for
enhanced carotenoid and astaxanthin synthesis in
Xanthophyllomyces dendrorhous[J]. Biotechnology
Letters, 2011, 33(4): 755-761.

Miao L, Chi Y, et al
biosynthesis is enhanced by high carotenogenic

S, Tang Astaxanthin
gene expression and decrease of fatty acids and
ergosterol in a Phaffia rhodozyma mutant strain[J].
FEMS Yeast Research, 2011, 11(2): 192—-201.
Lodato P, Alcaino J, Barahona S, et al. Study of the
expression of carotenoid biosynthesis genes in
strains of
Xanthophyllomyces (Ex.:  Phaffia
rhodozyma)[J]. Biological Research, 2004, 37(1):
83-93.

Lodato P, Alcaino J, Barahona S, et al. Alternative

wild-type and deregulated

dendrorhous

splicing of transcripts from crtl and crtYB genes of
Xanthophyllomyces dendrorhous[J]. Applied and
Environmental 2003,  69(8):
4676—4682.

Wozniak A, Lozano C, Barahona S, et al.

Microbiology,

http://journals.im.ac.cn/wswxtbcn

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Differential carotenoid production and gene

expression in Xanthophyllomyces dendrorhous
grown in a nonfermentable carbon source[J]. FEMS
Yeast Research, 2011, 11(3): 252-262.

Marcoleta A, Niklitschek M, Wozniak A, et al.
“Glucose and ethanol-dependent transcriptional
regulation of the astaxanthin biosynthesis pathway
in  Xanthophyllomyces dendrorhous”[J]. BMC
Microbiology, 2011, 11(1): 190. doi:10.1186/1471-
2180-11-190.

Verdoes JC, Krubasik KP, Sandmann G, et al.
Isolation and functional characterisation of a novel
type of carotenoid biosynthetic gene from
Xanthophyllomyces dendrorhous[J]. Molecular &

General Genetics: MGG, 1999, 262(3): 453—461.
BINOH:, FEamil, ABHE. L0k KR R AR
EIEAME NG R BE T e I T G 7/ S K
2008, 35(1): 103—106.

Ojima K, Breitenbach J, Visser H, et al. Cloning of
the
Xanthophyllomyces

from
(Phatffia
rhodozyma) and its assignment as a beta-carotene
3-hydroxylase/4-ketolase[J].
and Genomics, 2006, 275(2): 148—158.
Alvarez V, Rodriguez-Saiz M, de la Fuente JL, et al.

astaxanthin synthase gene

dendrorhous

Molecular Genetics

The crtS gene of Xanthophyllomyces dendrorhous
encodes a novel cytochrome-P450 hydroxylase
involved in the conversion of p-carotene into
astaxanthin and other xanthophylls[J].

Genetics and Biology, 2006, 43(4): 261-272.
Niklitschek M, Alcaino J, Barahona S, et al.

Genomic organization of the

Fungal

structural genes
controlling the astaxanthin biosynthesis pathway of
Xanthophyllomyces  dendrorhous[J].
Research, 2008, 41(1): 93—108.

Tao L, Wilczek J, Odom JM, et al. Engineering a
B-carotene ketolase for astaxanthin production[J].
Metabolic Engineering, 2006, 8(6): 523—531.

Ukibe K, Hashida K, Yoshida N, et al. Metabolic

engineering

Biological

of Saccharomyces cerevisiae for

astaxanthin production and oxidative stress

tolerance[J]. Applied and Environmental
Microbiology, 2009, 75(22): 7205-7211.

Alcaino J, Barahona S, Carmona M, et al. Cloning



ZERANAE: B REEFINE RA BB H 5 J I 5T 1t e 1685

of the cytochrome p450 reductase (crtR) gene and ergosterol biosynthesis inhibitors in recombinant
its involvement in the astaxanthin biosynthesis of Saccharomyces cerevisiae[J]. Current Microbiology,
Xanthophyllomyces dendrorhous[J]. BMC 2012, 64(2): 159—-163.
Microbiology, 2008, 8(1), doi:10.1186/1471- [35] Gu WL, An GH, Johnson EA. Ethanol increases
2180-8-169. carotenoid production in Phaffia rhodozymall].
[30] Bai R, Wyss M. IMPROVED MEVALONATE Journal  of  Industrial  Microbiology &
KINASE. WO02006063752:  United  States, Biotechnology, 1997, 19(2): 114—117.
EP2005013282 [P]. 2005,12. [36] Ausich RL, Brinkhaus FL, Mukharji I, et al.
[31] Martinez-Moya P, Watt SA, Niehaus K, et al. Biosynthesis of carotenoids in  genetically
Proteomic analysis of the carotenogenic yeast engineered hosts, WO1991013078: United States,
Xanthophyllomyces dendrorhous[J]. BMC US1991001458[P]. 1991, 4.
Microbiology, 2011, 11(1): 131. doi:10.1186/1471- [37] Verwaal R, Wang J, Meijnen JP, et al. High-level
2180-11-131.

production of beta-carotene in Saccharomyces
[32] Johnson EA, Conklin DE, Lewis MJ. The yeast

Phaffia rhodozyma as a dietary pigment source for

cerevisiae by successive transformation with

carotenogenic genes from Xanthophyllomyces

salmonids and crustaceans[J]. Journal of the dendrorhous[J]. Applied and Environmental
Fisheries Research Board of Canada, 1977, 34(12): Microbiology, 2007, 73(13): 4342—4350.
2417-2421.

[38] Wang HH, Isaacs FJ, Carr PA, et al. Programming
[33] Wang GY, Keasling JD. Amplification of

HMG-CoA  reductase  production  enhances

cells by multiplex genome engineering and

accelerated evolution[J]. Nature, 2009, 460(7257):
carotenoid accumulation in Neurospora crassa[l].

894-898.
Metabolic Engineering, 2002, 4(3): 193—201. . §
391 GifE, BEEAR, BRI, A — PRk H
[34] Yan GL, Wen KR, Duan CQ. Enhancement of (397 e OLES # PRIRR R AR
B-carotene production by over-expression of FE PRI PR RELT]. A T AR, 2011,
HMG-CoA reductase coupled with addition of 27(7): 1065-1075.

AR oY oY SR Y Y SR R Y SR R RY R R RY R R RY R R RY R R RY RY R Y Y R RY R SR Y Y R Y Y SR R Y R R R R R Y R R RY R R RY RY R RY R RY R

B ERHR
TR A RIS B ST A DR INF R A

J7RA RIS WS T T 5 R R SUTE A0 SRR A ) TR AT BN, AE AN I B ) 7 5 AR 5
TS — ROV EZEIE R, W ST R DI BESE R4 . FL TR AL . AR 4 S A {5 B it T 5 5
TR, I TE T XA Py 2R IR

P43, MLARIT N R AE R B A I G W e i ARy =, BRI | A 5 BT T 5 R I — e
B o MAMTIR B T de S, 2 MO AT I 5 (% DG RISE Al o JEIUA: AT BA R 3 T — PR ERIE SRR SgZ-3T, Jf:
B HANE R E LRHE, A& NPEOEREER S, ferrireducens Fifh, SgZ-3T WIMKIER K LR AT L5
A UHTE Rhodobacter J& 43 AHIE, (AAREHREDGS (AR SN BEREN, LDIBRIR M DIae R T AR X —
B AEE ST T Rhodobacter T K FAMFY & .

—W A (B 2013/8/27
http://news.sciencenet.cn/htmlnews/2013/8/281680.shtm

http://journals.im.ac.cn/wswxtbcn



