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Al

RFEH 40 DIRILKFBEZEREHRET DT /4 FEIL, ME., Y. &)
WaE b TREA RAEMITIE /LTS, haT ) A4 REOREO —->F%
D THY, EPRFE, BEOP, BALCRRBEHOMKRAL Y| FFar b DTl
Rt b2, SRNICHREZEE DT L, HLIVVETES T LHREIZ KL
TWab, flziX, ZORBEIZT he R 2RO ETHLND T I NT
4 & Y (Cynops pyrrhogaster) OEMIOREIXE LA L Sbhiv, B BNERR AT
ETHLZEEZFEAMICRL, MEBORREZ TT L2800 THLEFLILT
WA, FTOEERIRT Y. B AFxF LTy (Fig 1) & 6 BEOH 0T
JA ROEBICLDILOTHDZ LML TS (Matui et al., 2002), F 7=,
X 75 a v (Taeniopygia guttata) DA AL T A BT XV F o 2 h 2
HE, BOARFRLEZHFRR, ARZXVFEND LI IICRoTLEDHRELH D
(Blount et al., 2003), £7-, 1 u7 /A4 FEIFEAFEL L THEHZT TER, H
. wE, —HOMEREDHEREITIOAEBIIBNTIX, Z "I EHELEHEE
BEERTHZ LT, =X F—ZRINL, 7 rr 7 ¢ LI L F—
ZPESTHHEARL L TEHWZY , BRIZEICL - ThlEEZESNDEELY
SHIEEHEAE LTHEELTWAZ EBRMLNTEY, har /A4 FREKkL<
JEE R oA DB BARIZFTI VR TOREFTNR AR TH L L OWME L H
% (Niyogi et al., 1997), T a7 /A NI X 5 AL RBH A 3B ROl 7 &
DG L > THE L HIEMEFEFE (ROS; reactive oxigen species) DOFREIZ L 5
LEZOLNTERY, ~EEEEE (0. & Rr¥ L7 I (OH), ~LAF
YT YA (ROOY) #HETHZ LM LA TS (Kobayashi & Sakamoto.,
1999; Kobayashi, 2000), £ 7= 7 ¥ BV & REAFIAERIEE O KK IZ & » TA U 5 im g
{ENEE D AR S BEE I 2, £ OHBIEEIC O W TIL, —EHHEBEHEOH
ETIE, e T A FR—EHHEBENOLZRLVX —%2 51T &0 ZHEBHERE
7D REIER BRI LVZEOZRAF—EEETHEEZ LN TN D,
FENTFHRRICHELET 2B EHEGHPIRWIEE —HEBRHERLH W Z
EMHESNTWD (Miki, 1991), ~LA XL LT P H N E L DORIGETIE, &
1445 (CAR + ROO* — CAR*" + ROO"), /K#E 75 (CAR + ROO® -»CAR® +
ROOH), 7V h Lt huT ) A4 ROk (CAR + ROO® -»>ROOCAR®) @ 3 5D
FOSMHMBESNTWDHN, EORISEATI NEIED I a7 ) A FOME, Kk
ZATHOL O, VI NVORIEHEREICLIVERZEEZLNLTWVD
(ElI-Agamey et al., 2004), — 4. BT 7 4 = U EREBER Z R WTZ DI

T /A RZERTLILETERVWD, EMRENrERLZIeT /A4 F
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WL, EETL22E08MONTVWDS, 7730303, 7, HREOK
BREIFIEDN ORI L= nT A4 REE, EMLEZLOTHY, Zhb
DEMEZDOEREZR > THE, BT LH5/IEZOHLELTIRT /A FE
B x5 ENEELERDL, £ - 0T U IZEMENTE- I T AN
FT—BIZXVHAEZZ T CLTFF—ERD SHIZLF/— (BEX I A)
~EBETLEND, TOEXIVADOKRZREEL LT, KEIE., EREOMAL, Kk
B BAEM., TEMEALRERMONTEY, B ORESCEIHICLE
RERTHLZENDND, SHIZ, BWENIZBNYTH 2T /A4 FiE ROS
D EZTEHNTW D, ROS 1T& /37 E, B, IBE. Bl L G L TAKBRS
MEEERE~EEL25 2, 25D ENEl., BRI, fL L DRFOK
IRBERICRDEEZLNTEBY, INOLOEB~O TR EFLIHEME L
T, EFHRITCHRGEERPITONL, —EOIEBHFLNTWND (Ef 5, 2006;
Semba et al., 2007),

INHOEmNG, IunT /A NEIXIF SR, BHAOAETH, EER
fn 72 SICEIAS A SN TR Y, A REZICBWTERZHE L 7t> T 5,

T AKX F 0 (3,3 -dihydroxy-B,B-carotene-4,4'-dione) [XAR DB v T )
ARO—FT, FLLTHIrO~v A, ~FARELEMT HEO AL TAH (K
B RAD) L LTHWLRTEY, FR1EUS FLEBX I FEFICKRERTS
EELTWD2, B, REOMABRBKTOREVIZHEN, TOFBEITSH
IZH K LT 5 (Johnson, 2003; Fujii et al., 2006), — 5 C., 7 A X FH o F 0%
B-HuTFroRa-bharvzua— o aT ) A REOHFTHEICENT-HIR
{EVEHZFF>Z E THHEB SN TR Y (Palozza & Krinsky, 1992; Kobayashi &
Sakamoto, 1999). ERIELIEM . PUEIEM 2 EOABERELZFO L OHE D
I TW5D (Miki, 1991; Hussein et al., 2006), B-Z BT U 2 X3 F D BEiK
ERmnied, UV VEERATOREHS EEXONTWDLINR, 7TAZFH o F
YREBT XV TFUREDFY T 4 NIFTEOREDOE Rk VD20
(Z R Ui 2N R I AFAE S D CTHENICAFAE L, R E THRAET 5 ROS DFREIC
bEx, Fo FeX IV ENLOKBIRFEEGEDITADIEO T VI NVIEERE
NEWEHEZ LN TWS (Naguib, 2000; Goto et al., 2001; Barros et al., 2001), =
oDz et BIIE, TAZXH U F ALY 7Y A v Mg & OREFER 5O
REERS, (R E~DIEHbED LN TEBY, SHIZOHGEER LD
DD,

BE, MHBICWMBLTWDE T AZXH U F e A EMEFEARLTHD
M. T OMikIE 1 kg 7= 2,500 US KLLLEEFEFICEM TH S (Fujii et al.,

2006), MEEMEMIE ., HARRGREE, REAERELR ENLELNTAEYMHKO T A F
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FHrFob, BEELROMMELRZEZPFLELTEHRNEINTETEY
(Higuera-ciapara et al., 2006; Bjerkeng et al., 2007), ¥ AR T 5 H DIZHOW0
THERENEHON, ALFZARM E B L TS bIcEMR s, FIAGENILN > T
WRW, TNHDZENLEYHRKRT A XY T oOREEE, L TaX
MU UBREIRFENTWD,

7R 4 % £ Xanthophyllomyces dendrorhous (IH4 . Phaffia rhodozyma : 584 H4X
DNVHEIBA L7-Z L Kk B4 . Golubev, 1995) 1% 1960 4E{X |2 Phaff &2k > CTH
KT T AD D@ I O KO BRI S BEES - - EEERE T (Johnson,
2003), T AXXH U F U EERBTOIME—DOBERLE L THLNTWVDEIA, TOHE
BEIIMOT A Z X FUEEAY L L Th7e, 202 ENREENIL
MO TFIZ>TnD, LaL, BIRRTEYERT A2 o F oot
Fa L 7o TV D BEfilafkse e & L ik LT, BRICH N DA E S i
mRFEWAFHATE, £, AFHLRADONKI 2 EOFe R 258 b 2L L7
W, mEEREICEL, Ka A M THEBETELLVIRERFIEREZALT
W5, D7, X.dendrorhous D7 A X X H v F L BEBELZMOT I L2 HM
E LT, BEBELMTORKRE, BRERICLDIEEEKOTEER L B2 RAFZEH
{772 T& 7= (Anetal., 1991; Chumpolkulwong et al., 1997; Sun et al., 2004),
KL OF 1 ETE, B, ABEmER TORHZHEIC AN, B HE7Rx
R EN AWM T EE WIS, X dendrorhous O 7 A X o F L id A FERER
EENETCHSETHHIELE LT L, 7a—HY A4 N A—FZ—%ZFH LA
IV —= U TIEICONW TR B,

—J7. 4RI/ X, dendrorhous D7 A & Y% F U ABSBRRKICE D D EE
FOBLFN7u—=r 780, BREOEEKB LSRRV S5oH 5 (Fig. 2),
X. dendrorhous @7 A & 4 o F o AEGEREE TlX, 7 EF L CoA 2 HBEWE
ELT, AR UBREAEBL CERLEASA Y XvT= 1Y U (IPP) M
51di (IPP A Y A7 —F) OEHICLY, ZOERMEEKTHL AT AT U LE R
U g (DMAPP) A3 %5, DMAPPIZ IPP REA L TW Z &gk, 77
=val i (GPP), 77/ x bl U (FPP) L7220 . CrE OEHIC
KXV EBIZIPP BRMbsTrI7=rrZ=rEnal U (GGPP) BEKIND,
GGPP [ CrtYB ® 7 4 NV HRRIEHEIC LV 2D 2 3 FREALT7 4 b=
\ZZE A X (Verdoes et al., 1999a)., 7 «4 b= X RALFI LS & i 9= 2 Crtl
kv 4 oo —EREEGEHFAINY a X~ BB IS (Verdoes et al.,
1999b), U =~ X CrtYB 23t 25 6 9 — O DOIG TH D EBRALK N IZ LV [
RINBAL SN TR-F a7 TR, REWNIZE Fax i uvklr MuEERE ToH

2CrS ICXV . B-I T VOMKImORBEICE Frfvovlikd r MEREA
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S, TAEXXH U FUoNERK SIS (Ojimaetal., 2006; Alvarez et al., 2006),
ik\%Am@%®$f74F:/ﬂ%)nw/’ﬁﬁéh6%® S - Y
A oz ABRT ) A RORINERITHRAICEEEM~ 7 L,
4%4%nmﬁﬁﬁ&%%%0i5ﬁﬁé(MMMmﬂﬁj%mo:@:kﬁi
DWhueTs ) A RFIZEORAEOALTETDHLIICRDIDOTH D,

T AL XY T A FEME Paracoccus sp. N81106 (IH 4 . Agrobacterium
aurantiacum) O AR & b9 5 & (Fig. 3) (Misawa et al., 1995), #fiE 23
GGPP LU T A & 4 F F TORISIZ S DOEIsF (crtl, crtY, crtB, crtw,
crtz) ML 325 o zxk LT, X. dendrorhous D7 A X x4 o F G kR
TlX 3 2O+ (crtl, crtYB, crtS) L% EE LRV, £/2, T ENDK
S e S D SR O — IR E IS BT S HHFEIMEMEW 2 & 22 5 | X, dendrorhous &
M D7 AL X o F AGERREITERNSHE LD TERnhEEZ
b, MEOCAEARRE CIEHB- I T vnb T AZXFH o F o ~DEHIT
CrtZ, CrtW @ 2 D DOEERIT L o TR <4, BRI R1TiT % < o R#E R 2 i
R E DM X, dendrorhous D &G AR TILZ ORI 1 DOEER CrtS 12 &L -
TS, 2o ORFIMEEZIZTEAEZEB LRV, BB I
ROKE BURE S 2 O T2 EBR D DA O CrtZ, CritW (T R FF B O KW EEE Th
D, INHIIFETRCOFMEKREZIEE L TEXDHZ RN 00>TWDH (Fraser et
al., 1998). X. dendrorhous @ CrtS 2B L TIIRKESHE D LT AZ XY v F U2 H
FRCERLSRD LIRS TVDLI DD, BEAY TCORBICL LT AH
XU TFUDOEESLCHBEORKRICKI L T rnizd, Eo X o %
BLTT A U F U E2ERTL2ONE N> TELT, #-oT, Lo
D B % fl e+ 2 WERE 1L 72 W (Papp et al., 2006; Martin et al., 2008),

DX, TAEXY U TFUAEAMERRT S ETCEAEEL BT
FDO—HT, ThblhuT /) A FEGHREBEFZRBELREDRMEDAWITE
AL, a7 /A4 FOKREAFE BT (Misawa & Shimada, 1998), & 7-13B-
T o EEBEBTAII—LT U IA4 AD X I, TOEYBE KON IMEEZ 5
D EWIHIE LTI TS (Yeetal, 2000), & 52, vuaT /A K&
SHEER, TOEMOBILA MLV AR ELZE WO MERHDH Z &
5., APV AMEEMOEREEELE L THLHHATEZEEZLRL TV
(Tatsuzawa et al., 2000; Jayaraj & Punja, 2008b),

KX OH 2 FIZBOWTIE, ZNETIERERLHICEIVELNA TS X
dendrorhous 7 A Z X Y% F @A EKE 7 F AW TR L, S A EL R
R LT mAEEEBEOMAZER Lz, 72, 7/ AFROERLBEN, 51
EMTFHMRNERIN, B FHRIEFRF OIS TWD | B

Saccharomyces cerevisiae (Z X. dendrorhous, & L < ITME O T A & X% o F 4
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ARELGFEZEANTDHZEWCEID, TAZXY U FUAEROS B, &K
BOG DM 2, 5O NTCIR BRI DO v T ) A RAEEMEK A b L AT
PEZ RFAm L 72,
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Fig. 1. Structure of carotenoids mentioned in this thesis.



Acetyl-CoA
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Fig. 2. Proposed astaxanthin biosynthetic pathway
in X. dendrorhous.

DMAPP: dimethylallyl pyrophosphate, FPP: farnesyl
pyrophosphate, GGPP: geranylgeranyl pyrophosphate,
GPP: geranyl pyrophosphate, IPP: isopentenyl
pyrophosphate.
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Fig. 3. Astaxanthin biosynthetic pathway in Paracoccus sp.
—; the reaction catalyzed by translated product of crtZ,
--»; the reaction catalyzed by translated product of crtw.
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% 1E
Za—H% A A —F—%H 7 Xanthophyllomyces dendrorhous
TAZXY U FUBEERDOHNBRIR Y Y —= 0 THEDOBHF

1-1. &

Fim Th k7= L BV | X. dendrorhous D K DK EIXT A X X4 o F o Eifk
mRDIRNZETH D, EDOTD, BUEE TIZ X. dendrorhous ® 7 A X 4> F
VEMBEAEMESEDLZLEEAME LT, BELFORFICNAZ, =t VS
T=Ur, UV, U~ EOERFTE HWemAEEKRDOEIGN, £ < O
FlzrovAAaonTEl, LrL, ERAVWLNTE T A XY FUEmt
FEMED A7 ) —=2 T, ae=—0@OHRICL 2B L THCTCOBM
NERENFETHD, B-3 /o RV TN T I RREOIRT ) A4 REK
HERZ AN TEAEERE LT3 ToED0TRLITOILIEN (Lewis et
al., 1990; Chumpolkulwong et al., 1997), K7ZICIHHIZZL < DR & FM a2 nE L
LCWiz, TOXIRUERNPLDFIEICNRDLD, X0 ERRGHEEE LT,
Ta—Y A RN A—F—FHWDLRAT U —= TIERBRF S U7 (Anetal., 1991),
L22rL, ZOMXTIEEMYEILIT AZ2XH o FoTlidn, e r /4K
THO, TREZFXY U FrOERE, lxDhaT /A FIZOWTOMRITILA
SNTWhholz, £, —INIEAEEKEZIGCEZb0D, 20 aT
JA REMEBIRKTHLBHEO 12FR_ELVPETH T2,

7a—A A= —ITHRBOREZBELE EHIEDONRT A —F —E TN
1 A0 B CHUE D IEFEIC T CE 2B TH Y | L BRICE T2 5507 O Hl
oz T&, SHICZONON L IZIERFIEEOMREN 20T 22 81
ARERENEETHD (DHEEE S T e — Y A A= —E R Y
— X —LER) , MlazBE Lo RIS V= A DR 2R &
CAERBO7n—k L~ h, EZCOREEERDL L2 R IND,
ZOEERELLLHEEDLEHL A BbsSs TR, a2 Pa—F—IZLoTE X
NI LY A NI T AEMERT S (Fig. 4a), B ZAT O BRICIZ7 o —&Lhn
LT 2 I EEley —AFMHEBH L LEFEICR D LI, IRE+% H
WT7r—tLZz E PR SED, V- — T TR S ZMaico
WT, BRI E ST I 2/ E 2 ) BBRFICHBI S s, £ L
TZOMEAE ZT Y — AP IRFEIZ /R DERNIC, Y — A|EBEEEZ EEITA
M L. F ORISR > 2RIy — A b CHbEME R bR 5,

Z D% HEEHIE£6000 V O 2 K OAF AR O Z % T L, I L 72 i 132 i
11



AN BT E L 7 AN 5l v e A OFRBRE N ~TRA THitE S D,
e L CWARWR L EEIZH T L, EEIND (Fig.4b), 72 —H A F X —
Z—13E L LTCERSEICB T 2ok 72 Cicfbh T 7225, fi &,
MILAN T VT DO, 7R h—3 X ARROYEREZ B E L TE
WEEM DT ~DIH b A TV D (Riseberg et al.,, 2001; Ibrahim & van den
Engh, 2007),

FEEo7a—H A NA—FZ—ZFHLIEAZ ) —= 70l E LTiL, BER
MR D HFIRICHFET DX F IS, AT IV LI/NRRIET TV F = & f
BIELI LT, ZHREEF L cmoMZRET 5728, Mlafimz 7~
L L7 H DX (Chen & Contreras, 2007), 7~ siniz U H o REHWT,
ZDOLETE—ERELL TWOIMIEZA 77V —OFMNL0RT 528N
VW (Chenetal., 2001), 7> FAFHBTICHFIHIND L HIZ>TWns, L
WL, ERRET I AF v 7 OFRMELTHFRINTNDEARY 3-8 K ¥ U
fie (PHB) D #il % & (Srienc et al., 1984; Kacmar et al., 2005), 4 [a H g & L TW»
LT AZFY U F DX R RREMOSAEERE AT ) —= 7 LIz
(Ll E S/

Ta—Y A NA—H =TI TEXHDORFEICHILEENTHD, TDOD
A7V ==V 7 ORELELTEDEL LD, EIEMAEZMELRITIER G2
WZ L2 D, AR O PHB @A EEM D 73t Tld. PHB 25 H 4 Y % 4Otk 3
Nile red. Nile blue, BODIPY 493/503 72 & Tt L, T DO WL A FEIE L L T,
L7 L. X.dendrorhous WD 7 A Z &% o F T NEE IS L TW D b Tld/s
<, MAREICL2EEE TNV, HOIVWIEIRROFMHIZIR#ETH L, ZD XD
PRI DA IR LB LIEF ISR ST A TS DN, T AL X
YO FUOBEBRENEHEL L, A7V —=0 72975 2 LIT LT,

1-2. Bt ik

1-2-1. B L BRI E
Xanthophyllomyces dendrorhous Y989, Y2238, Y2238-10IL, Y2342 ¥kiLBE D
F (BR) M58V % 1F 7=, X. dendrorhous ATCC24202, 66272 ¥%i% American Type
Culture Collection (Rockville, MD) 7> AN L7z, #HEZLBRKEO YOY %, AR
ZERRRD YOW #RIZ Y989 £k % 0.004% D = b1 vV 77 = (HE{b5 T¥4L)
THET 52 LI X VG (FT—2RET),
9T D X. dendrorhous ¥k D F5 2 121X YMG B # (0.3% BEERE—= % . 0.3% #

FELX A, 05% X7 hr (Bacto; HANRYZ by T 4w F 2 4k, 2% v
12



Z— A, pH 6.0 IZFAHE) = M\ ie, DI, BRNCREO R WERY 100 ml o =
A7 7 A2 YMG i 20 ml 2 AL, 18°C, 150 rpm TR & S &R A 1T o 72,
[ R B3 21T 9 BRIZ 1T YMG B5 I 2% OE R A2 CTHEMA LZ, HOHEEIT
B % (ODgeo) & b —~RMEKFHHEBR A AW EEFRNEIC X VBRI L7, %
B A BRI R ST EERER 2 ml 0oEEEZHIT LI L ICL D RE
L. ZOEREEEHEFMECIVEONTZEHEE»D LEEKHZY OREE %G
BT,

1-2-2. Z7a—H% A FA FY—

X. dendrorhous ® %1 ~ X ~ U —43#7 & 43 B2 1% Coulter flow cytometer (Epics
Elite ESP; Ny 7/~ a—Z—4) MW M L —H%—& LT 488nm 7
NI A A=Y —% Ta—k/FINEOuM DL OEH W, ORI
IZITE R Z 10 mM U > ERiRE AR K (pH 7.4) T2 BI¥EE L, 40-um F A
Hr Ay a2kl U THRMEY., BESLZ D R o, Al EGELE (FS). Ml 5K
gLt (SS).E L TA4F v v tsg i (FL525; 490-550 nm, FL575; 570-580
nm. FL610; 600-620 nm, FL675; 665-685 nm) (L3 X CRIKFIZHIE L7z, HiE
FHEBEIIDT DEIEE T A X O, KEElb Uiz, il E O
IZiHE ot ©— X (Epics DNA-Check, Ny 7 v > a— 4 —4t) Z2FfH L=, 15
BT T — X OMNTITIX EXxpo-32 (Ny 7/ v a— /L& —fk) & WinMDI
(http://facs.scripps.edu/software.html) % FHu 72,

BIEDSEIZ 7 e —H A hA—F =D~ =a T V> TITW, “T 4 L
A7 (GWMEATHIBRICT —FZBEHMI Y BRICEME DT 20 E 05 HE) 1X
SHAEATO B, TORMEFE NN E -2 HWTERE L, BV 0T b ERE
WA D YMG B i3 N o 72 7T AFRBRE 2RI L 7=,

1-2-3. w7 /A4 RO
X. dendrorhous £%# i % =043 B (800 x g, 2 43 [)) &2y, M S L= K
B fiA A KT 2 [BIPEHE L. Lyph-Lock12 Vacuum Freeze Drier (7 7 =2 24k,
Kansas, MO) # W CullfE iz L7z, i E RO —E&%Z 2-ml 7T XA F v 7 F
22— 7 (LHEWA) 1280 . 075-mIAED 2mm F T A E—X K 1.5ml D 90%
T brrEMAZ, BHEMNEXTIAE—XI N (FAFE—Xv gy h—; &
FERAL) 2 W TR Z e L 72 (2,700 rpm, ON/OFF = 40/20 £, 30 1 7
V) BOMMPWEDIZE LA 7 AL =X 2 BRWTEBREKZ 15ml 077
Fo 7 Fa—T7IZERL, 4mlD0% 7T rEMZ, HLEBHLEE,
4°C T 1 FE#E L7, R 4= 05 (2,000 x g, 10 43 f)) L. BEIRZRHE

ik sE, BEiEahueT /A M e LCTRIRL 72, 2 0% S SICH R
13



EIZAmI D90% 7Y o2z, bo 1EMBBIELHRVIRL, iK%
A, 0% TR ZANTIOMIZART v T L, TONDAml2HT
ZRBEICBEB L, mOT /SR L —&— (CVE-100D; S H b 2stki) 2 H W\
TP ERBESELEZ,. Im D 0% T hrEIA, BEATIC 12 FR#RE L
2o 2O XL TR Z 0.20-um Millex-LG Microfilter (HA I U R T
)y i@ Ll, £OWD 30 ul 2 HPLC o #Tic v 7=,

HPLC A7 A & LT D-7000 HPLC > AT A (AXANA T 7 ) 1P — Xth)
Z AV, [EEF & L TIiE SP-120-5-ODS-AP (& A Y —#k) 2 Mz, st
¥ Yokoyama & Miki (1995) O FHiEAEKE L CTHWE, T42bb, iidE%E 1
ml/min & U, [1] 0-17 43 : ¥&BEWR A (H, 0 A % 7 —)v, &FEE 5 : 95) 100%
NWOHEMERB(T e keI /7T =ML, FfEL 3:7)100%~D
V=777 vx= b, [2]17-22 5) : WHEHR B 100%, [3] 22~30 47 : &HEHR A
100% & W ) BRI CH D, IrT /A ROKHIE PD-90 Photodiode-Array
Detector (HZF1E T.4) % H V> 200-750 nm DO E Tiro7-2, ©— 27 ORE., &
BIIT7T ALY U F UGN (7~ T VR v F P ¥ 3 4h), B-h o T AR,
(B sk F4t) & DERIC K VITHo T2,

1-2-4. RAERNE

2 HIEIRG3E L 72 Y989 ¥k (ODggo = 20-25) 4 ml % =040 B (800 x g.2 47 [#]) 12
EOENRL, 4mld50mM U DY U ARER (pH 7.0) T2 BIFEE LT,
HEIKZ 3% A XU ANKURZ TN (VT ~T IR vTFth), 2% 7L a—=R
e ) VR Y U NRREER 4 mHIZRRE L 18°C T 2 RFRIfR M ICH|ER LT,
ZO%, 4 mlOABIRE LTz 10% F AL NY v ABEREMZ A X > AL
RUBRTF L ERI L, mOOBEIC IV EAEEILL, 10 mM U > ERREE
AR (pH 7.4) THRE L=, 4ml ORFEE AR KICEE LT,

1-2-5. TRAEZ XY v FUrREEERKEORIK

RN OEDAZ ) == ZIETIIERLBE LICEHAEZ YMG 7 L — MR
PR L, 7 HEER, an=—0H a2 HHECHBE L, BAEKERRD
BafFioan =—Z KL YMG KRG HICAER L .5 HREEERICEI L T,
HPLC Z# W C a7 /A4 KOS &1iT- 7=,

AWFIE TR LA )V —= 0 ZIETIIE RO L #H K% YMG R RS H
ICHERE L, 2 BREESE Mo T7 A2 F o E82 M TRER & THE
TDICHE) LeRICEIRLTZa—% A N A—X—TH#Hr L7, 675 nm ff
TOERXEBRLS OB EKET AL F U EmEEKOBEME L TE®EKL

(—RAZ V== 7)) YMG 7' L — MEFHIICHE A U 72 LARR IR0 R IE & RIERIC .
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7 B ER, BWEMKEAR IO 2o =—%2 8Kk L _KRAZ ) —=V
7). HPLC IZ L 20T &4T - 7=,

1-3. R

1-3-1. TRAEZ XV F o OENEED ST

TAAXY U F U OEFERNEAI ) - TORELT D0, T AZX
Y F UG Z 90% T N SRR L o eEOE e RN (F-7000; HNLoNA T
7/H/~/'</H:) ZRANWT IR EIToTe, TDOREEK, TAZFH o F
T D e b R R & SO RIZE A E L 350 nm & 570 nm TdH o 7= (Fig. 5a,
b). it\ T —H A FA=F = |TEHENICEH ST LT VT A F
— P —DOREWE R TH 5 488 nm THHE L72BRZ $ 570 nm U028 A B S
7z (Fig. 5¢),

1-3-2. RN OT A Z XY FrEL REHREORBR

HENT AZ XV F o BEMBEILREELNIHEEOMOMEEZTH D
DL, TAXFH U FUAKIER THLY 7 2= VT I 2T, B
BT AZ XS FUaBEORRIFREZFERL, Thbx 7o —H A1 F A —

— T+ 2ZLIC L, O7 2= AT I3 7 4 b UNBR- BT s
DEMAZHESTLIMWE T, RELTB-IuaT Do lEoN DT AX X F
> DR x> X5 (Chumpolkulwong et al., 1997),

X. dendrorhous Y2342 #% 0-50 yM DY 7 = = /L7 2 % & 1e YMG B #1C 3
AfEER L, e 7 /A4 REEEELMEZZNEN HPLC & 7 e —H 1 X
— X =TT LT, TOME, Miabiz o7 AZ XY F U8 EFHEKOR
BOBMINIY 7 ==V T I VORMEIESF L TEA L (Fig. 6), ZAubHD
Mgz 7a—Y A NA—F—ZH\THhT o6&, TAXZXH 2 F o OiE
HEEICEWEEDbND 325 nm D L—HF —Z FWVTHI LRI, Eoik
EORBEEBREL T ALY U F a8 EOHBEZ RIS 2o (T — 4R
éff) 488 nm O L —H —Thi L 7= BRIZ1X FL675 O FREEN T A X X4 F >

BEOWDITE-> TR LTV (Fig. 7). £72. ZOFRBEOY 7 2=17T 3
y%fﬁé?(mmw%¢ﬂm@@ﬁ%é%%#%%)K%mu%%mﬁﬁo
Too AT Lol 3 TN LA/ WEORNBEOEELE ML, 77 7 &2 1{E
LA LIc e 2A, FWEROENBEILS 7 = =7 IV OREKRFIC
WL, TAZXH U FUrER&ERBEOLIZRL TN, FL525, FL575

DEILIY 7 2=V 7 2 % 20-30 yM I 2 2B ER L TR Y. ZoZ{kix
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B-hmTrrEEOEAERFTML TS KXY Iclbiviz (Fig. 8), 7 A X x4
FUEREEEEORNME L OMBEBRER ZHELLLEZA TR EN0.70
(FL525), 0.84 (FL575), 0.89 (FL610), 0.92 (FL675) & 72V . 675 nm T o
SR (FL675) & 7 AXFH v F U HEEOM TR BWHBEAN RS (Fig.
9)s

WIZ, FOFEBEORZ J—= ZITIEWVIRWEZ T 720 2R B 7 &
kv Eon, TAEZXV U FUOEEDOE S 8 #kd X. dendrorhous £ = H
WT, ZNHOROREITE 675 nm fFir (FL675) O IR L T A X ¥ F
VEBROMICBEWHBEN R SN S &2 MFE L7, X. dendrorhous YOW, Y9Y,
Y989, Y2238, Y2238-101L, Y2342 fk, & L T ATCC24202, ATCC66272 Ik ® 8
BZ YMGEHI T4 AMEEEL, a7 /A FELEERO®ENLREZNE L
oo 2RO 8RO TIXT AZ XV U F U EBUAMCHHIEE, Mo KE
S, BT LR T A ROFEAR Ek A BN BIE S L7z (Table 1. Fig.
10), YOWKIZaOH D a7 /) A4 REAEAETET, Y KRIZFEIIB-InT v
EEHEL, TAZXV U FUEERB Lo, TNOOEREKE 70 —H A
MA=Z—=THHL, FREOENBE L T A XY T ER®OMBEREE
845 L FL610. FL675S OME L T A X FH U F L G BOMTENEN R =
0.972, 0.973 ® B WAHEI N R &7z (Fig. 11), £72. YOY #RIZB-I v 7 > (24.7
fg/cell) LERE L2 WICHED 5T, 525 nm fiE D E (FL525) (28T,
21.2fglcel D7 22 X H o F U HRT H Y2238 R LV VLA FE L T
7z (Table 1), L2 LENLS DK (FL575-FL675) Tl Y2238 £R D J7 73 il
WHEEEFR L TV,

1-3-3. 7r—H% A b A—F—BRAWET R Z XV F U BEERD B

EEIZCREERDOA T V== T E2ATOBRIC, YA T T LD EDNEDND
I EITZ I ENICEEEREZBGON DI EREFT 5701, PR O B AR
CRAEFEMRORGWREY TV E L, TOR ML EAEEKRE BT 5 EBREIT
of:o

4 HIEEE U7c Y989 B (BPAERR) & Y2342 Bk (7 A Z X0 F & EPERR)
7 —H A NA—Z—THHrL, 14 7T A5 EIZ, Af BEKIKDZL
FET DAE, B mAEKRNS RO ZFMET HAE, C BAKRNSIZE A EFHF
fELRWLTE (0.1%), D: AN FELRWE, O 4507 4 RU &K
EL7= (Fig. 12), B4R & @A EK D 100:1 (ki) ORARE Y T &
L. ZNBHA B, C.DOY 4 v RUZHAWTHRZEITY, R EIZBR
oo =—0HEZFHBLEZLEZA COT Ly FUEHWERRICT A X FH

FUBAERER IS ECEECE—H . U4 FuDZHWEEBIZIEEA
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PERRZ 1 AIIE &5 b 727~ 72 (Table 2),

1-3-4. EFRDORI ) —=v T HEL 7 —%A NA—F—%FHAWVWBFED L

R U772 51T Y989 Kk (BFAEKK) 1T RALPR A L, 2 A%, IERE
TIEL 1.5 x 10*H DML %2 7= D £ R KEH LIz, — 5, 7a—H A b &
— X —ZHWDHETIE, STEREMHEZH L TRV YBIKEZ oL, =
DOHIfEZ 01% G X274 FU AZ, MBAHE L TRLMBEEDEWN
AT 4> Fo B &2ERL LT (Fig. 13), RICZE BB ZHi L7249 2 x 10°fH >
MRz oL, 74 K7 A BZRZERNH 1.5 x10%, 5.0 x 10° # O i fu %
SELL . FEREFH RIZHON T, ZoREE, BREH ETHK LD bRV IRAL
Rllcaes=—oKix, 7a—YA " A—%—3E (V4> KU A, (V4K
v B), fERIETENEIL, 59, 10, 18fH L 2 o>7c, T H DA T~ T HPLC
THT LIz A, BIRED 15 UEZS DT AZ XY U F U 25 LTK
IXENEI 39, 0, 7THRTHY, TOEREHM LT =—Dix7
HEEGIXZENZEN 033, 0, 0.06% &7, 7a—H A MA—F—%FHW\5F
I TITAERIE &l L TRISE D m W R TE A EK S S v/ (Table 3. Fig.
14a, b), 7=, HONTEHEEEOF TITHEOK 1500 2[FEOT A X X
Vo F U EEBRBTO2VDORRDEL KO EL DT AZXFY U FUraeEMLE
BRIZ, MBEAERL gY4720, 050 mgOT7T AL XV F U 2EHEL, £0
EILHK (0.13mglg #IREIARES) OKN 38 TH-T,

1-4, 5

1-4-1. MEANT A2 XZH U F B EHNEE
YNENENEFCTHE LImT AZ X% F o O KR 360 nm Th
S b b 59 (Fig. 5a, b), 325 nm O L — % —Z W 72 BRI 18 O 58
EHIEANOT A2 XV FUBEITHBEE RS oo, THITHMIRBANICHEET
LM BAFENMEORELEZ BT, MENICIEER % 72 B FZECWE N7
T2 ENMONTEY, SBMEBEBIE R 21T O RICITREREE L R
LZ2ENDHL, TOFRFTHLRENRLDOIXZ NADH 778X U RIETH
V. BT 1L 365 nm THIAL &4 450 nm DHE A . BE O S THDH T T
YT T =YX AT R O(FAD) X360 & 450 nm @ 2 K CTHhE &4, 520
nm OENZIHTHIERMBLATWS (Andersson et al., 1998),
AWFFETIET AZ XY o F o OENE— 27 1L570 nm AT ITIcBlg S iz (Fig.

5a, b), ZDORERIIMOLEDT —F & HFJE LAV (Anetal., 1991; Jargensen
17



etal.,,1992), L22L722 6, 7ua—H% A A —%—THildodat 2 & L 72
(21X 575 nm AF T O IR E K D 675 nm 7T O ESEIRE O S NN T A K
¥V oFUrEEBVHBEAEZRLEZ, ZTOHBLELTEZLNDLIDIE, £9°, #
fANDOT A2 FH o F o ORBICEDENRREOENTH D, —KBIITHE D
HHNXZEOWERBEMRL COWDHERBEICL - TETH I ERHLENTEY
(Lakowicz, 2006), A [El D 43 Y at WL EERH 2 FH W EBRTIZT A &2 % o F R
mDOBREEE LTT ' &2 H L Tz, X. dendrorhous iR T7 A & %
T FoNEDLIBRETHEL TVDIONE N> TELT, ZTDEWZ
XERIE—ITNREFERACC 7 PLEEAEELEZOND, B0 T L
LT, MlENOT 22X F &8O dEE) L TET oMo ENH L
TWhENEER AT LW AL H S, L L, AR LAREEREWESE
ZTCWDDIE., MENICEET DB- I uT U RN3¥ET HE LD 525, 575 nm
DENTRE T AL FH o F @ OMEANTNRY, FERELTBE75 nm T
DENRENRWEBEZ R LT, L WO bDTHD, a7 /A4 RERKAEH
ZHWZFEBROBIZY FL525, 575 OfEIIB-I v T » OZEEICHG L T L&A
LTEY (Fig.8), £/2p-IunT v OHZHET 5 YIY kD FL525 OfE L, 1%
EHEEOTAZXH U F U EERT D Y2238 KLV bEho7- (Table 1), =
DL IENHEEREHEHNCTT AZ I F U LB-h 7T 85 &5
L7ERERIZHLEELTEBY, B-I 7 03 525 nm ffric#& e —27 2 £ b,
EOHENBETT ZAZ XY F LD HELINICENZ ERbroTc, LT
600 nm ffiT & 8i & LC, HEEMTIEB-T v T o En, BElEMTIET X
X F U DENDEN E 72> Tz (Fig. 15), 2NHDZ EMMBARKDT
AEZFXY L F DB E— 27 TH D570 nm AT O G50 EE A | E L 72 BT,
ARNICHFET DB- e T URRBTHEALICID T AT F U HKD®
HRBNRE SN T LENERRELZHETE T, —J7 675 nm {13 O #G8 E
ZHELEZBICIE., TRAEZXV U Froulbte—r 0013 TWE D0,
Ta—H A NA =X —ORXBBEERNSNZEEMHEST, B-IrT D
Bro 52 eI LHOMMSEEZRETCELEE X LN D, FATLLA]
7u—HA FA—F—%FH LHMIfk5 Haematococcus pluvialis O 7 2 & %
Yo FUBAEFEMRDORA T ) —= 0 TR TV (B, EEim, BEEm
K. 2003), =DOEEEH 675 nm (T O ESERENMIBANO T A Z XH o F o me
BT 2L W) ZENRRBIN TN, FEBEOFF>7 v 7 ¢ LA 670 nm
AT FEF AT IR E G & D 723D 675 nm AT O IR ARSI LT A2 Y
—= U7 EIToTH, MAEEKOSBEZIIR Lo T,

AKkvvo—H A PA—F—FHWTRAZ I —=0 7 %975 BIZiX. BRIYE

A OLPOHFETENRBEET L2 EPABETHY ., TIFMEIALEELND
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HRENOEELZBOETEOICLEETHDL, 77—V A M A —F—3kE
THEBICLVIEFICHMBRELbRET L2 LN TE LD, 4RO XS
ENERODLFENBRVGAICIZIEOMEDOHRHEKICELIOL —D2DFX T
LN, TORIZITEAMENPLDENDOHLZ L B X D7D T RPN LEIZ
HTHA,

1-4-1. RO L 7o —HY A N A—F—F VWA ) —=v TEORE

AW CIE 7 —H A M A= —%2FHT 52 LT, WEREDOK 5 FORFE
TCTARAE XY U TFUEAEERE DT 22N TE S LICBHKOK 38 FDOT
AAXY T U EERMTOKESE LN, An BT 1991 FE O LT, EBITE
LIRS N TR, = e Y s 7=y ik gohnlcaesr
J A REEERITEED 00060 THY, —F, 7r—H% A b A—%—"T 530 nm
T DENEZ RS ETHMPEZ R LIZE Z A, B LMD 56% 25 &L pE
HThy, BRELTHEIT L HEEIoTmE LTS, EGONTEAEE
HoOFRTRLEZLS T /4 REZERE LI bOEHE (15mg/g)L v b 15% %
<oIuT /A4 F 1.76mglg) 2ZMELELTWVWD, Zha AR5 L, AR
EEHB L CHEFICHEWIRETEHEERZEONLTVWD EIICRZDN, Zh
2> CEAEKRLEERTINCI > TERARY, KD O ITITE D HuE
TR TRy, L2l b BWEAEEKPBKO 12 (5RBREOE LN B
T/A REZZFEHLTWRWEZANDL, RV DVEDO EHTHEAEEKSE LT
WHEITHD, AEOFEBRTITEEERITRAKLIY b 1I5HFEUL EZ DT A
FHUFURERETOREEEL, TOLETRERELIVL 5 EHWVHIEREES
Nic, 2026, AEOFEZ, BoNnTcEmAEEROBKRICHT T2 EHE
FEOETH R, BRMHAKDOR, TLTEDRT Y —=2 T HhRITE
WTHE Lo FEEBAzbNTEEZLND,

Flo, AEIORT ) == IV BELNTERKOT A Z X0 F o ARE
BOSMERTHLE BRO2BEREDOT AL XY TFr2HEETHbD L 3
BEBALDLOELEORICITERKENGFIE LR PoT2Z &6 (Fig. 14b), 25
2 MEOEBRKRBICEZTEERITIBRIADN=ALIZLEbDOTHLAIRENMNED
RIZE L, X.dendrorhous D7 A X W F o EAEEMELZIRD ECHMALREM
ErBHEEZBND,

LrL, SRIOEBRTFIECIELFUBORMNIS D, £7, 223010 E
FH5FED—2L L TY =T 4 ZICHWD Y 4 RUDKREIRH T b,
A8l D B TIE 2 Kefl] T 2 x 10° fH o M O s 5 1.5 x 10 8 Ok & 4y B L 7=
N, IBILTy s RuER#EibL, L0\ 4 RUTY—FT 4 VT EITZ

. SAEEROMEZ LTSk, BMEKIZRTO2MOR RS L, RO B
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TOFMAERESLSFEOL TN TEDL, o, ETEE, BMETOY —7 4
I EATOEAEN E B ORERME L (—ENIcY T romiE s Y —T «
VT OEMMEII BT D), W TRME SN T e )~y —F 4 v
7352 &L, ZORIIMEETEHMEDOE— FTE®#ETHLIZHG O D &4
FEROMEZLZ LiIFons & PEINGD, ZRICE—EL—VF—ICXoiE%x
ZAF TN REI SN T A X X TF o EmICHBI LT ED RN T D
EWOENHY, MEIPMLETH DL, T LT, SO6RIEGEEKEHFLITZD
X, BoNTEmAEEKREBHKE LT, TRICSHIZERELEAL, RO X
IV == T %TH) T ETRAICEBEENERLIEKZEGELIZ N TEDH LS
2 HND,

Ta—H%A hA—=F =2, BRZTOLONREFICEMTHL L, L—F
— T L OEEARPIERTHL L, 2070 —ROBMINLLE
LCHERAT DDA LA N — 2 =R BRI LR EORENRDH Y
— X 7R AEE LT R DG TV R WA EFEIZR Y E Ol S IR T | &
AF—FRb—%—%FHT DI EICLB/NE, SBICAVYTFAT7Y—0
LOLBETHRE, TOWHAERBEL TS, 2O ETEORIERKE, 5HT.
Gy EX DR EE  IEREPEIE M L L TR Y | IS MEOMBOSIRAITAD SO,
1M DR REEHIC 96 XK L — MZH I TELHDORELBGL, b0
EELZHONL, L= MZBATH2FMOE T, S HICERRTHRLIA
IV ==V T P75 L5220, ZThwnmbb@Ey, MAeEYMao R 7 ) —=
YA SR TN EBZbND,

20



FL3
(a) , detector

i/
i

Dichroic -
Shoath mirror FLo
eath flow ! Beam > @)  detector
splitter Fluorescence
@ FL1
- ‘- detector
Side ”
90° scatter 35
etector
3 #) N )
VS Forward FS
Laser LV scatter
beam detector
O\Sample
cell

(b)

Laser %ow cell

+3000\% it \-3ooov
- +
N
+

A Waste B

Fig. 4. Diagram of a flow cytometer.

(@) The cells are forced hydrodynamically to flow in the middle of the sheath stream, remaining there
even after effluxion from the nozzle. When the cells illuminated with a laser, some of the light is
scattered forward at a small angle out of the laser beam by each passing cell, and smaller amounts are
scattered to the side, where fluorescent light detectors also are provided. Sets of signals are stored in a
computer and the results are generally displayed on two-parameter cytograms. (b) The nozzle is
vibrated axially to cause the stream to form tiny droplets. The cell concentration in the fluid must be
adjusted so that almost all droplets contain either no cells or only one cell. The time between detection
of a cell and its incorporation into a droplet is known in advance, and during the actual run, the
computer causes such droplets to be charged electrostatically after their detection. The charge causes
the droplet to be deflected through an electrostatic field established between two charged plates (some
3000 V across) so that it enters the appropriate collection tube.
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Fig. 5. Fluorescence property of astaxanthin.

3D fluorescence spectra of acetone (a) and astaxanthin (b) dissolved in acetone, and emission
spectrum of astaxanthin (c) dissolved in acetone (excitation wavelength was 488 nm are shown).
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Fig. 6. Effect of diphenylamine on the growth and carotenoid synthesis of X. dendrorhous.

Carotenoid contents in 3-day culture containing various concentrations of diphenylamine were
determined by HPLC from three independent cultures . Vertical bar represents mean =*
standard diviation for growth and contents of carotenoids : M, growth (ODg,); @,
astaxanthin; A, B-carotene. The photograph represents color of the cells after centrifugation.
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Fig. 7. Effect of diphenylamine on intensities of forward scatter and fluorescence
from X . dendrorhous cells.

The results of flow cytometrical analyses are shown for intensity of forward scatter (a)
and fluorescence intensity at around 675 nm (FL675) (b). Solid line, broken line, and
dotted line represent the values for the cells incubated with 0, 30, and 50 uM
diphenylamine, respectively.
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Fig. 8. Effect of diphenylamine on the mean intensities of fluorescence at various wavelength
from X. dendrorhous cells.

(a) The mean fluorescence intensities for 3-day cultures containing various concentrations of
diphenylamine were calculated from three independent cultures. Vertical bar represents mean %
standard diviation for FL. Symbols: <>, forward scatter; O, mean fluorescence intensity at around
525 nm (FL525); O, at around 575 nm (FL575); A, at around 610 nm (FL610); %, at around 675
nm (FL675). (b) The same graph as that in Fig. 6 are shown as a reference.
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Fig. 9. Correlation between astaxanthin contents and relative fluorescence intensities in X.
dendrorhous cell cultivated with various concentration of DPA.

Correlation between astaxanthin contents and mean fluorescence intensity at around 525 nm (a),
around 575 nm (b), around 610 nm (c), and around 675 nm (d) were shown. Every symbol
represents the fluorescence intensity and astaxanthin contents from a single culture. The
approximate formula and the correlation coefficient (R?) are shown in each figure.
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Table1l FCM analysis of carotenoid contents in cultures of different X. dendrorhous strains.

Each strain, in duplicate, was cultured for 4 days and analyzed for the fluorescence behavior by FCM and for the carotenoid

contents by HPLC.

Growth of cells

FCM analysis of cells

Carotenoid content

Mean relative fluorescence intensity at

Dry around :
weight of Mean Astaxanthin B-Carotene
. Number cells forward 525nm 575nm 610nm 675nm content content

Strain (x105mltY)  (mgmlt)  scatter (FL1) (FL2) (FL3) (FL4) (fg cell’) (fg cell'h)
Yow 158 7.0 7.4 1.8 2.3 2.7 2.3 — 2 —
Y9Y 134 8.1 8.3 6.4 4.6 4.3 2.3 — 24.7
Y989 174 8.6 8.1 3.7 3.3 3.7 2.2 4.9 5.3
Y2238 188 6.5 7.9 5.0 5.5 6.9 4.8 21.2 2.1
Y2238-10IL 59 7.6 9.4 10.5 12.1 144 9.4 76.7 8.1
Y2342 58 7.7 9.4 10.9 12.6 14.7 9.7 82.4 9.2
ATCC24202 92 8.3 7.7 34 2.9 3.3 2.0 9.8 8.2
ATCC66272 60 6.8 10.3 75 9.0 111 7.4 59.8 2.5

a not detected.
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Fig. 10. Carotenoid production of various X. dendrorhous strains.
The cells cultivated for 3 days (a) were subjected to HPLC analysis for carotenoids (b).
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Fig. 11. Correlation between astaxanthin contents and relative fluorescence intensities
in the various X. dendrorhous mutant cells.

Correlation between astaxanthin contents and mean fluorescence intensity at around 525 nm
(a), around 575 nm (b), around 610 nm (c), and around 675 nm (d) were shown. Every
symbol represents the fluorescence intensity and astaxanthin contents from a single culture.
The approximate formula and correlation coefficient (R?) are shown in each figure.
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Fig. 12. FCM sorting of different X. dendrorhous cells.

Strains Y989 (a) and Y2342 (b) were separately cultured for 3 days and analyzed by FCM for
FL1 (525 nm) vs. FL4 (675 nm). The two cultures were mixed at the ratio of 100 to 1 (c) and the
mixture was analyzed by the same method. For clarity, only the first 20,000 events are plotted in
the three cytograms. Four same windows were set in each cytogram. Numbers of the cells falling
in the windows are shown as the percentage at the right side of each figures.
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Table 2 Separation of strains Y989 and Y2342 cells by FCM sorting.
The mixture of the cultures of strains Y989 and Y2342 (100:1) were sorted as described in Fig. 12. Several-
thousand cells were sorted to give the fractions in window A and B. In the following run, half a million cells

were sorted to give fraction C and D.

Window Sorting count Number of colonies formed®  Survival rate (%) Y2342 (% the total
Y989 Y2342 number of colonies)

A 500 2 384 0 77 0

B 500 @ 468 11 96 2.3

c 203 127 13 69 9.3

D 2 3 0 150 0

a As many as 500 cells were collected.
b The cells from the sorting windows were cultured on agar plates and visually inspected by the color of the
colonies formed.
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Fig. 13. Cytogram by density plot of mutagenized Y989 cells.

In the cytogram,the red color represents the highest density of cells, followed by the orange and
then light green, green, and sky blue, and the cells occurring at the lowest frequency are navy
blue in color. 0.6 million cells are shown in this cytogram. Before analysis of mutagenaized
cells, non-mutagenized cells were analyzed and the window A was set up on the cytogram to
include the top 0.1% of non-mutagenized cells, and window B was set up on the densest area of
the non-mutagenized cells.
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Table 3 Comparison of FCM and conventional techniques in screening work for astaxanthin production.

Number of colonies (% the number of colonies formed)

Number Number  Number of
Astaxanthin formed :

Number of of cells of colonies
cells tested on colonies  from visual
screened plates formed  selection ~ 1.5-1.9-imes® 2.0-2.9-times® >3.0-times® g
FCM Window A 2x10% 15,0002 11,800 59 20 (0.17) 15 (0.13) 4 (0.03) 39 (0.33)
Window B 8000 5,000 3,900 10 0 (0) 0 (0) 0 (0) 0 (0)
Conventional 15,000 15,000 11,200 18 3 (0.03) 3 (0.03) 1 (0.01) 7 (0.06)

aNumber of cells from FCM selection.
b As compared with the amount by the parental strain Y989.
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Fig. 14. Property of mutant strains acquired by flow cytmetry from window A in Fig. 13.
(a) A photograph of mutants selected from visual selection. (b) Histgram of relative amount of
astaxanthin.
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Fig. 15. Fluorescence characteristics of astaxanthin and B-carotene.

(a) The fluorescence spectrums of B-carotene standard (solid line), astaxanthin standard
(broken line) and acetone (dotted line) were measured spectrophotometrically (excitation
was at 488 nm). The same amount (1 mg/50 ml) of the B-carotene and astaxanthin were
dissolved in acetone. (b) A subtracted spectrum of B-carotene by astaxanthin.
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w0 E
X. dendrorhous 7 A Z XYV v F U EAEELTRKICBIT S
EAEESRE O &
S. cerevisiae ~DT A EZ XV U F U AESREEFDEA

2-1. &5

INETIZEZLLDIaT ) A4 REGHREMITEB T, ZOEAGHRRK., £
LB & ZDWBHIENAMIEINTE I, TORNT, KRFP, EF
B PORBERORE, £ FuXxi Iy Vh, —EHAKBSE, BRIEAERLED
ROS., A5 WIRICLAHNEN T aT ) 4 REFEZHRIEDL I ERHES
N TWwW% (Ma & Chen, 2001; Steinbrenner & Linder, 2001; ligusa et al., 2005), %4
MZBTFTLTIeT ) A REGHROFELIZONTIER- I v T UVERMAKRE
Neurospora crassa, Phycomyces blakesleeanus, Mucor circinelloides @ 3 i T# b
WFEREA TS, T b 3 FORIRE T, R EZ T RIS EI v T
JA REGHRBIRFHOEENRBRIFEIN, TOMBRI T /A4 ROREM
THEEINTEBY, ZORAFICEDIEELZHIE L TWLHKRFE LT, FEHE
N. crassa Ti¥ WC-1, WC-2 &\ 9 5B IH (LA 123 (Talora et al., 1999), 1 %&
P. blakesleeanus ClI#iE i [K 1 CTd % carS, carD, carF 28, = L CH#AHE
DO THIGEIMFEIRFTH D crgA RN ON->TWD, ZHbOmAZ M L7=6
& LT M. circinelloides T, AL RMIEIZE D Y aRXUEEETDH LT
STERRIZBWTergA 2 RIESEDHZ LT aXU 2EAEEIEDLZ LITRIIL
T W% (Almeida & Cerda-Olmedo, 2008; Nicolas-Molina et al.,, 2008), X.
dendrorhous |28 W TliX, HHMIC L 27 A Z X W 0 F U AEGKROFEIL/HEI D
HILTWZRWA, —EHEME, BRI KBIILTTRAZXH U F U HHEEN
W45 EnmEmsitTb (Schroeder & Johnson, 1995; Liu & Wu, 2006), Z 4l
HOBG )G X dendrorhous (2B W TIL, 7 A Z FH o F U AG KR BIR T
LA R L RIRETHRFICEVHBEIA TS Z EREBTELN, 20
K FAZ DN TOMAIEES D L Z A,

#1E DI TH X dendrorhous Z# 2R E RN T 5 Z LIZL DV EZ DT A X
IV TFURMAEKRPEONT LT, BUEETIZ, 2L OEEERNERE
BAFIZEIVEOLNLTWD, ZNUDLDOEAEKRIZZEDT A Z X% F A
BT, HOWVIEZOHIEHRKNFICERNEZ o7 O T A XV U F e mik
PET DRI RoTEZBEZLNDN, TOLI R EFTH I TWARY, £

TARETIE, ZNUODOEEEKEZDOBRKOT A& X F A5 kil A%
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ZOoWT, AT FEEHNTHKRL, ZoMAZFHTL2LTEH
ROLTAZXH o FrombEKReETRET L2 ANE Lz,

Flo, IRNETICHMALTELLO R, bbb ETREFY U F U AEET
LEMELURT L2 LETHmAEELZHE TR TOND T, KiK. BERE
W7 EICT A2 F Y o F AR REBIRFEAEAL, MAEIE LIRS BT
P THH, 20X ) kAT I3 FEMEME Paracoceus sp.. & 2 W IZAEY M
7 W Pantoea ananatis (IH44 . Erwinia uredovora) O 7 A X X4 o F A SR E
BFRENBERSFAMENTND, RKIFEEZ 2D DB CTIEEIRE L 72
R, 740bxzr VaXy Brurr, BETFFxFV T BT
ZLTCTAZF Y U FUr2EBT 2 BEBRAENGEONTEY . foAEHD D
n7 /A FEGHRABREFEZMNIETLIEOEEL LTHAHIATWS (Table
4) (Misawa & Shimada, 1998), 7. ®mFMMITIIB-I v T Dk Fu F ik
FOGEAT O WRBIBILFET 20, BET7xHb o Frihlolnsr /A4 R
BT O, 7 MUBOGREAT O BERFMEL RNV DILT A XY o F o2&
T 2Tz EALERY, 22T, MAEMHBKROB-I 0T 7 MuBEFE 28
AT HZ LT, N A = (Solanum phureja) (Morris et al.,, 2006), = > ¥ v
(Daucus carota L.) (Jarayaj et al., 2008a; Jarayaj & Punja, 2008b), h 7 Ew = ¥
(Zea mays L.) (Zhu et al., 2008) 72 LB T HT AL XH o F U EERRIZKRII L
TW5, SHIT, N a0 EFETHEFENMEME Brevundimonas sp. R DB-7 1 7
b Ra xR Uk, 7 MUBERZ B SEL L A, Z N apnfokhn
T4 RD 70% IZH LT A XFH U F U2 EMIEL LIS LEED
WENH D (Hasunuma et al., 2008), 7=, EEFE Candida utilis IZHB W TH, Al
OhaT ) A RERBEFEZEATLIET)axXy B-nry, TAXF
Yo F U EEBSELILENTERLLVIRENDH D (Miuraetal., 1998), =D
KoMt RIcE v e Tr )4 ROREBAENRALND —FH T, KEES=
VB WTIH, TAEF T F R EDOIeT )4 REEBIE AR, UV,
WEELKFZE R ED R ML A EZREESL I o7z OWENH Y (Tatsuzawa
et al., 2000; Jayaraj & Punja, 2008b), 15D A M LV AfiftEZm L5 &9 H
KWTbhrT /A4 FEGHRRBLEFHEOIIENED N TS,

INHLDOZEEEER, T/ AEROBLETH. 0 FAEMTFRI RN EHE S
AU B T HRAEE & ML S TV D BERE S. cerevisiae (2 X. dendrorhous H 3k,
HOLWVITHER RO T ZZ XY U FURGRBIRFEZEANT L LI2EY [1] K
FOE 3%\ X, dendrorhous D7 A X % F U AGKEEZEDOEANIZK D S.
cerevisiae TOT A X X% F L AERE L 2 OISR DR, [2]7 TIZZ < DA

ERHAMEBROELETEZFA L. S. cerevisiae 127 A ¥ X% o F L 2L
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THZ LK DEAEEROSFER. [3] TAXXH U Fripglobas /AR
PERBIE AL LK D, S cerevisiae ~D A L AMMMEDFT S, @ 350 HEY
FERTHTEODEREITS -,

2-2. MrEkE Fik

2-2-1. Btk LR G IE
X. dendrhoshous
X. dendrorhous O I E#E & B FIEICBE L Tk, B 1EDO [1-2-1. EiE L
BEGIE] 23R,
S. cerevisiae
Saccharomyces serevisiae Y187 #& (MATa, ura3-52, his3-200, ade2-101, trp1-901,
leu2-3, 112, gal4A, gal804, met, URA3::GAL1lyas-GALlmata-LacZ MEL1), K Y
INVScl £ (MATa, ura3, leu2, trpl, his3) O3, YPDA B:H (2% ~7 k
V1% BERET R 2% Zra— A 0.003% 7T = U HilgtE). O SC B
(0.67% Yeast Nitrogen Base W/O Amino Acids (Bacto; HAXZ Fh v« F 4 v ¥
Vo), 2% sra—2Z 0 02% Fry 77U Iy 7 ZA* pH 5.8)& W,
30°C, 300 rpm TH & D K78 L7z, MIOWEIEITI®EE (ODsoo) & . b—~KiM
EREITREE A W BEHEERNEIC X v B L 7,
*Rey 77T RNy 7 AR, BETOERP R T REBERMEIZISL, LTOY
ENrbREOMELZRVERE, KV 2 X<EEGLTHELL,
75 = 05¢g, L-7 7= 209, L-7 /¥ =2 209, L-7 A/XF7F> 200, L-
TANRTX UM 209, L- AT A -HCI20g, L-Zv% 3> 209, L-Z L% 3
VM 209, 7V 209, L-EAF P 209, A /¥ h—J 209, L4 V1
{32 209, L-e A2 1009, L-U¥y 209, L-AFF=> 209, p-7 X/
ZEEm 209, L-7==177= 209, L-71 U 209, L-EU > 2.0 g.
L-ALA4=> 209, L-cU 775> 20g, L-Fa > 20g. 77/ 209,
L--SU > 2.0g
E. coli
KIFH Escherichia coli DH50 (deoR, endAl, gyrA96, hsdR17(rk’,mk™), phoA,
recAl, relAl, supE44, thi-1, A(lacZYA-argF)U169, ¢80dlacZAM15, F, 1°) Dk
X, LB £ (0.5% BERE=% A, 1% FU X R 1% HLFT B U A, pHT)
Z AN, 37°C. 250 rpm TR & DR L7, L EIZIS L. 7 B U > (50 pg/ml),
TF<A v (20 pg/ml) ZIRML 7=,

Paracoccus sp.
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Paracoccus sp. (NBRC101723) (303247 B ik A BSR4 £ ifr FE AR A6 A% (T-38)
L OREANLT-, B2IIT LB A& vy, 25°C CTiTr - 7=,

2-2-2. %7 ) 5 DNA O
X. dendrorhous 2> & O H

YMG £ ¢ 2 AR L@ 1.5 ml Z2EL L., EO0MIC X0 #Hikz2 5
7oo 1 B Milli-Q /K TR A% PE¥ L 7% . Solution A (150 mM HE kT MU &7 A
10mM K U A-HCI (pH 8.0), 10 mM EDTA, 0.1% SDS) 200 ul Z /1 %2 CTHR/LT v
J AL, HREZZR2IIhHSE, T2ie7=/—r7aafrVvial( )T
VT v — b (25:24:1) Bk (PCIE#E) 200 ul,0.5 mm O #H Z A £ — X 500 mg
EMzTz, 159MALVT v 7 AL, Z0#% 1oBKETHEATDENI A
vz 3EME Y IR L CHERZ L7, BRI TE Ny 77— (10mM R U R
-HCI (pH 8.0). 1 mM EDTA) 200 ul # /N x CiE LB L. EEoKEZ# L
15-m BT = — 7B L7z, B L72KBICEEO PCILIEKREZMZRIVT >
JZNZXVIRM L%, BOAREL., BT E L RERIZKEZH L 1.5-ml A5 F
2— TR L, BLEAKBIZESEDO 2 F Lo —F L2z TR EHE.
EODEEL, TAEL—F —%ffio TV F Lo —FT I EE2ERELE, FEol-
KIBIZ 110 FD 3M FEfET - U 7 A 25 fFR D 100% — % / — /L&l z CH#E
PRL7ZZ, b =R CTHEL, EOOMLTEELAHBE L, 22121 ml o
0% =% /) —NLEMx TR B L%, B00BEL, EEZET, 7TAE
V=2 — 2 Wt Ao S 7o, %R L7t WIC TE SNy 7 7 — 400 pl
MR TWMN L, 7 5 DNAWIKEZ ST, WITT 7 DERICE £115 RNA %
frET D7D, 3 ul @ Ribonuclease (DNase free) Solution (10 mg/ml) (= v &~
vV —4t) A TIRE, 37°C T30 MKE L-, 0k, it E RO
PCIALEEA 1 [0], Y =F L= —F VA% 1 BTV, =& J — Likigtk. K&
B2 50 pl @ TE Ny 7 7 — ICIRR S B 1=,
S. cerevisiae INVScl 2> 6 OHIH

S. cerevisiae INVScl #£% YPDA EfHiTHEZE L. B53WK 5 ml H 5 0o B
(5,800 x g, 4°C, 1537[]) ICX o THEE ALY 7 AfiHH O 7T e L
2o HHHICIE Gen & B < A (BEREH) (1734 A 41) v, 8 0OE Y #
WL ECHE > TIT o 72,
Paracoccus sp. 7» 5 Dl

LB 35T 2 0 L2 v i iIZIE ISOPLANT (= vy Ry ¥ — v
ft)y 2T, B OBRWEAEICE > TITo 7,
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2-2-3. X. dendrorhous 7> 5 ™4 RNA i H}

4= RNA O #1212 RNeasy Mini Kit (57 %7 > 4f) 2 M, B OBV HF
A EICE > THiH 21T > 72, 2 RNA OfIHICH W2 FEIRIX, YMG 55 TE
T LTEHEER 1S5Sm0 500 B (5,800 x g, 4°C. 2 DI K - TR L 7=,
MR OB IZ, 05 mm OH T AL — XL IBHENE T I A — X3 4 —
(FNTFE—Xva vy h— BIHEEL) 2z (2,500 rpm, ON/OFF = 60/60
. 5% A7), ¥v MZE £ D RNase-Free DNase Set Z iV C. #iH & A
12 DNase ZLFE &, 17 o 7=, it L7242 RNA X, N v 7 7 — & L T MESA (20 mM
4-F )T VT AT 4 U (MOPS), 5 mM FEfig, 1 mM EDTA) %
AW, 1.2% 7 e —RX 7 V& fio>T, 100V O EE/E T 30 4, EvkE) L.
SYBRGold &% (f v Eruy=tt) 2 HWTREGT S5 &L THRR L,

4 RNA 705 @ mRNA O F5%L%, Oligotex-dT30 <Super> mRNA Purification
Kit (From Total RNA) (¥ 51 7 /3 A A1) & v, B OB OWEHEICE - T
1To7,

2-2-4, YT NVvF A A PCR

RNA 7> 5 cDNA ~® #i#i5 5 (X High-Capacity cDNA Reverse Transcription Kits
(T T T4 RAALFTV AT LAYy 304k) A0 B ORI - TT
>7, U7 /NHA LPCRIX, SYBR Green PCR Master Mix (777 A R34 %
VAT LAY oNqt) ERWTAT oo, ROGSHHAE 25 pl (& A=) O H
IKF DR FEE O Master Mix i (X1 IRE#K) (2, &% T 100 nM OIREICR 5 K 9
WCIEFmEWHEOT T A4 ~—&, 20 ng D cDNA 2z 7=, TN D&KL
FICHKTHFTIA4~—DF% v M Table 5 (2R L7z, ISSEMIE, (50°C T 2
57f). (95°C T 10 43 fl). (95°C T 15 #ff & 60°C T 1 /3f] x40) & L7z, W
M= b= LTRT 7 F BT 2V AACT B X 55HE 217 -
726

2-2-5. crtS ITHE BT A EERF DK

#ix 5K+ D £ F% 12 1% Matchmaker One-Hybrid Library Construction & Screening
Kit (517 34 F41) v, ®WEOREE A EF It > TERIEZIT o 72, BUE
WZH W=7 T A ~—I Table 5 12/~ 7,

Y989 kD7 7 N DNA %#5 7 L — k & L T KOD-plus- (TOYOBO #) %
WT PCR Z4TVY, Wil EcoR 1 & Mlu | OFRFREH 2 > 3 >DOWr A (crtS @
FWEECF1-1280 > 5-696, -948 7> 15-299, -435 225 +21 OEHE H D) &,
TN EN%Z EcoR | & Mlu | TRPFEL ., [FIFIPREER TR L 72 pHIS2 LR —#
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— R B —Dig/NT v T — L —D LRI IIA I, pHIS2-crtS-upl, 2. 3 & 1{E
B 7 (Fig. 19a), Y989. Y2238-10IL #4745 oligo-dT 7 A ~— (CDS Il
Primer) ZH T cDNA 74 77 U —%{ER L, pGADT7-Rec2 3B~ & —
pHIS2-crtS-up & [RIKFIZ S. cerevisiae Y187 #RIZ3E A L 7= (Fig. 19b, ¢), #&H 7=
WHEE#HEKZ 60 MM © 3-7 2/ -1H-12,4- ~ U 7 ¥ — ) (3-AT) % & t»
SC/-His/-Leu/-Trp R FicfiE, 3 BMONIZEBFT L C&man=—%2#
U RSO 28 KBS HICAE B L 7= (Fig. 19d, €), = O ECHEYF 17 30 |
n—L RO EFT R THREZRK L, LIREME L,

LRBEH OIS 77 A Raehlii L, E. coli DHSokRICE AR, 7 B
UL S EIcWE, B an=—nb 75 2 RemE L, BE
pHIS2-crtS-upl X 7 & — & (T S. cerevisiae Y187 FRICHE A L 7=, WERHRIKE
SC/-Leu/-Trp ZE XK #h BicHix BNz ano=—oh) b EEAIC 10 8 %2 3%k
L. # LV 70 mM 3-AT % & ¢e SC/-His/-Leu/-Trp ZE XM BICHE L=, Z D
B EICHE Lirar=—0RN, x0T 7 arba—L L0 LEFNEE
LN an=—P EdbombDEREERME LT,

2-2-6. 7T A I FHiH

E. coli

E.coli?x®b D7 F 2 3 FifiHIZ1E QlAprep Spin Miniprep Kit (% 7 % > 4f) %
flEH L. o RRE A EICHE > TEIEZIT o 72,
S. cerevisiae

S. cerevisiae "B D7 T A I Nl H 121X PrepEase Yeast Plasmid Isolation Kit
(usb #L:, Cleveland, OH) #fiH L, ®HE ORI AZICTEH L THIED &
HWTEAIEZ T o T2,

2-2-7.RT-PCR IZ kB T7 2 & XYV o F L EERRBEREMLTF (crtl, crtYB, crtS,
crtR) M IHIE
crtl, crtYB. crtS ®HHEIZ->W\ i, X. dendrorhous ATCC24202 £k A & 4 H
L7 mRNA 7 > 7 L— K & L. PrimeScript High Fidelity RT-PCR Kit (¥ 7 7
NAF ) ZHOTHRGSOIY FWFHHFICHE > TIT 272, crtR OHHIEIZ-OW
TIiX X. dendrorhous Y989 #72H i L7724 RNA #7577 L— kK& LT
PrimeScript 1l 1st Strand cDNA Synthesis Kit (¥ 7 Z /34 4 %) & KOD-plus-
(TOYOBO #ft) zMwvy, "D P VB EICIE > TIT-o72, ThEh ok
B F OHEIEIZH W7 T A ~—% Table 5 (2737,

2-2-8. BTS1. NCP1, crtZ, crtO, crtw D Iig
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BTS1, NCP1 ®#iiigl%, S. cerevisiae INVScl #k?D % 7 A DNA =7 > 7 L —
k& LT, KOD-plus- (TOYOBO #) & H W T4r-> 7=,

crtZ (Pantoea ananatis). crtO (Synechocystis sp.) @ # B 1% University of
Minnesota (USA) @ Dr. Claudia Schmidt-Dannert O #F 72 =I5 L 72 BRIZ, £
FNDBIEFZFF>7 7 A K pUCmod-crtZ, pUCmod-crtO #75 > 7' L — K &
L T Pfu DNA Polymerase (7' & #* 47 ft) ZH\W\TIiT - 7=,

crtW o 1§ 1% Paracoccus sp.® %~/ 5 DNA %7 > 7 L — k & L T KOD-plus-
(TOYOBO 1) #H\W\TiT- 7=,

FTRTOPCRKIGTIET =— U » ZiliE% 60°C & L.30 A 7 L DT
R 24T o 72, T DM O RAFT RS O RPGHIFAE U - 72, Bis T OEIEIZH]
W2 7T A ~—% Table 5 [Z” 77,

2-2-9. S. cerevisiae FIZEL T 7 X I FOBE

crtl.crtYB @ PCR PE#iZ Sal | / Sma | THLER L | [A] | BRE% & CTHLEE L 7= pAD4
R HZ—=ITHIANTE, MIANVTEE BT OB IELS| %2 DNA > — 27 = v 7T
X VR L. =1 £+ pAD-crtl, pAD-crtYB & L7z, %&IZ. pAD-crtl, pAD-crtYB
ETHZN BamH | THE L, ADH1 Yn®—X%—& ADH1 ¥ —3I % —4% —%
& B G W T ( PapHi-Crtl-Tapris PapH1i-CrtYB-Tapw: )ZEIV HH L7z, T H D
Wr i Paphi- Crtl -Tapni 13 pTV3. Paph1-CrtYB -Tapn:1 & pUV2 (IZHHIAA, £ Z
AU pTV-crtl, pUVertYB & 4 ffiF 7= (Fig. 16a),

crtS, BTS1, NCP1 @ PCR JFE#)IE Pst1/Sma | TRLBEE L | [A]Hil PR TR
L72 pAD4 <7 # —|ZHAZ~, Z L ZE 4 pAD-crtS, pAD-BTS1. pAD-NCP1 &
L7, €D, pAD-crtS % BamH | T L, ADH1 Y2 ¥ —4% — & ADH1 #
— IR =X —EELBE W (Paor-crtS-Tapns) 810 HI L7z, Z O A%
PHV3 [ZHLIA Z . pHV-crtS & 4 f11F 7=,

crtZ, crtO. crtW @ PCR FEEW X Pst | / Sac | CTALEL L, [AIfHIBRE% 38 CALEE L
72 pAD4 X7 Z —|ZHIA R EILE I pAD-crtZ, pAD-crtO, pAD-crtwW & 4 1
J7e, 20%, ENENRDOT T AI R%& BamH | TAHE L, ADH1 Yo E—%
— & ADHL # —IXxX— X —2 GBI ZO0VHLEZ, Zhbolih %
PHV3 [ZHLIA A . Z 4 pHV-crtZ, pHV-crtO, pHV-crtW & 4 £+ 17 7=,

CrtR @ PCR EY) X Hind 111/ Sma | THLEE L | [FIH|FREZ S CLBE L 7= pAD4 X
7 A —IZHLIA F» pAD-crtR & 4 417 7=,
BT AR F—

pAD-crtS, pAD-BTS1 % BamH | T/LF L | ADH1 7V u £ — 4% — & ADH1 ¥ —
IR —F = HF 0B FWA (Paoni-crtS-Tapni. Papn1-BTS1-tapn1) ZHI 0 H L

7o THHOWR 2>L BamH | CULBE L7 pHV3 LD 3FTA r—a v &
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TV, pHV-crtS-BTS1 Z 4L L 7= (Fig. 16b), R L T, pHV-crtZ-crtO,
pHV-crtZ-crtw & #4E L 7=,

2-2-10. EABLCFREAER 77 XA I FOBE

PEGFP-N1 7> & i1 L 7= EGFP @ PCR PE®) % Sma |/ Sac | CTHLERE L | [RHI R
g8 CTHLEE L 7= pAD4 <7 X% —|THLA 7~ pAD-EGFP & L 7z (Fig. 16¢),

&1k = Ko &2 Friz 2208 AN s 1 (ertl, crtYB, crtS, BTS1, NCP1, crtZ, crtO,
crtW) X, TN 08 AN EIE % pADA [THIAALTE R Z — &ML L, %
SANBLEFOKIEa R E2RELE T T4 ~—%HT KOD-plus- (TOYOBO
Y ICK0IE L7, & FOIEICH WS- F A ~—% Table5 12”7,

HEIE L 7= crtl, crtYB @ PCR EE# % Sal | / Sma | TRLEE L. [FHIRE:SE AL
B L7 pAD-EGFP X7 % —|Z#HiA %, pAD-crtl-GFP, pAD-crtYB-GFP & 4 f}
\J 7= (Fig. 16¢),

crtS. BTS1. NCP1, crtZ, crtO, crtW @ PCR ¥ % Pst1/Sma | TRLEE L |
A )[R B 3% CHALER L 7= pAD-EGFP X 7 ¥ — (ZHHIA #~ . pAD-crtS-GFP .
pAD-BTS1-GFP, pAD-NCP1-GFP, pAD-crtZ-GFP, pAD-crtO-GFP, pAD-crtW-GFP
AT T,

2-2-11. S. cerevisiae T Eix#afk o fE L
S. cerevisiae INVScl kDB Zinfalx, Hifg ) F 7 AEIC X Vit 72,

2-2-12. a7 ) A K44
S. cerevisiae JE Bz Kb DT J A4 FHiH . & OVHPLC I X 2 fi##T1X
w1 [1-2-3. v T /) A Nohr) ICiid Lz HFiBICH# T 72,

2-2-13. U = A X RHT
TWERHAR NS O & R 7B ORI TR T HETIT -7, SC Pf& 5
ml, 20°C T~ H 3 L2 B3 80 b0 or B (5,800 x g, 4°C, 2 43 f#]) |
TEHERZFEI Lz, ZOFKEZ 10% VU 27 ool (TCA) T— EZ%EEL\ZOO
ul @ 10% TCA, 500 pul D H T A —X (CEHE 0.5 mm)E Iz, mEES &4
FAE—RAIFH— (AL FE—X 3 vh—, %#%ﬁﬁj‘éfﬁi) T L 72
(2,500 rpm, ON/OFF =30/30 ¥, 8 %A 7 /), M##% O EIKIZ (2 200 pl @
10% TCA ZMx. Ta2a—7 ORI ZHIT TELoBEdT 5 2 <E rhe—X
ZhRrEL, WHRZEIL L 72, BUL7ZEEZ 200 ul %> 73y 77— (50
mM bk U Z—HCI (pH 6.8), 2% SDS., 4.5% 7V tuo—/ 001% Yo7 =/

LT N—, 0T M2-ANHT hZH ) —I205 M kYU Z-HCI (pH8.0)% i)
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(Z Rk L | 65°C T 15 /oy HIALBE L 7=, .00 M (17,800 x g, 25°C. 10 7y fH]) #.
& EL L, Bio-Rad Protein Assay (/XA 47 v Rtk) Z HWTH o7 H &
ZHE LT,

BIEEHAE NGO Z 7 Btz 10.5% SDS AU T 27 U7
IR (90x70x1mm) IZZFNEN100ug T 27 774 L, 120V O EEE
THEXUKE) 21T - 7= (Laemmli, 1970),

BERIKEZEOF NV E= ke —RA X7 L (Hybond-C, GE ~/L A /7
THE) EER,. TRy T 4NNy Ty — (48mM R U A 385mM 7Y v
0.1% SDS.20% A% / —/L) HT. Ay 0 EEA LT L ~EE LT (115 V,
400 mA, 60 53ff), 7Ry T 4 VTR TIR, AT L ETRYyFX TNy T
7— (3% AFAINLZADTBS-T Ay 77— 25mM kU %, 137 mM
fEF RUPA 27mM BB Y A 03% kv oA —> 20, (pH8.0)) I L.
1M 7 ey 7 Lz, WT, Anti-GFP (R v = « XA T V7 ) AT 4 w7 A
1) % —IR$FLIK Horseradish peroxidase (HRP) @& H1~ 7 & 1gG HL{K (Amersham
ECL Plus Western Blotting Reagent Pack : GE ~/L 2 /7 7 4f) % —&k¥HifkL L. %
nNEnz7uvyx 73y 77 —7T1000 {%.25000 fFIZAR L CTHEHLE,
PUARISIZENZN 1 KR T 29T -7, ¥ 7 F v O f i3 K (ECL Plus
Western Blotting Detection System : GE ~/L 2 & 7 )& H vy, 85 o B Y Hau i
HEICE - TITo T2,

2-2-14. EABICFRBEEY O REEORHETR
GFP # 7 ft & DZ BT 2B A LI B HESIKZ | SC/-Leu K5 H1 5 ml [ZHE
L. 20°C T2 HE3 L7z, BB, b Loy BE (5,800 x g, 24°C, 2 4yfi)ic &
STHEHEEREIL, VgAY 77— (10mM U U@gF Y oA pHT.5) I
PR L CH ot BHMMEE (Axiovert 200M, 1 — VY vy A A~w A 7 aAf A —T T
) TEIZR L, RIEOY® X, ER-Tracker Blue-White DPX (f B ¥
x4k AV, B OBEREAEICHE S TIT o 72,

2-2-15. BTFHEMEIC L H8E
B HAR DO Z 2% MUER LA 2 S 7 A2 &0 [EE L, S0E B E 51
EOBE~UE L7, BEUROER, BIXWE FHME COBIZIL. 5% &
W AR SRS B ITfTo T2 v,

2-2-16. A F LV RAEZMT X |
% dinHi (k% SC-His/-Leu/-Trp/-Ura 55 HICHEE L. 20°C T 48 BRI ES3E L

7=, WEEFHL=%, 10°-10° MO #ipH T, SC-His/-Leu/-Trp/-Ura %& K 55 1l |
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0.85. 1.7 mM D fg{lk/k 3 % & ¢ SC-His/-Leu/-Trp/-Ura Z2 K51, 5. 10% D
T & ) —)V%& & e SC-His/-Leu/-Trp/-Ura ZEXE M LI AR~ ML, UV AERX
TIZ UV &2 1 RIS L7-%, 20°C T3 HEL CAEBFTLBE L,

2-3. FER

2-3-1. BERLEBEEROT A XY U FUARRBRERL T OB LB

X. dendrorhous Y989 k & Y2238-10IL £k, ATCC24202 £k & ATCC66272 #Rix %
NENHKE (BEKR)EZENDLBBONTEERK (T AZXY U F U mEE
) EWOBRKRICH D, D 2 DORMKOBFAEKRE BHAEEKROM TT A X
XY F U AEARRREZ E T idi. crtE, crtl, crtYB. crtS O ELEL A % Hi
L7z, TORER, Y989 Rkt & ATCC24202 AM CTH T ORI O ERITH - 7=
2. B EEREKOBTIZ, EiE 5 Mo roiddliieic—% L (7
—HRET) TOZEMNLERKRIZBIT DT AZ XV F U mAE ORI
TAZXY U FUAERROEHBFEEBETFEHOERICEL DO TIE RN &
N BMNE RS T2,

2-3-2. TREX Y UV FUERRERELTOESEREDOLE

BERE S AEEROB T, 7T AZ XY o F AR E s+ idi, crtE, crtYB,
crtl, crtS O IELEANIIEL F—Th o720, WA E BAEKE CIZFOT
AL XY FUEFEEIZRN 100G bOENRH LHZ s (Fig. 17), RIZE
NENDOEETFOEEERA2 Y 7 /LE A5 PCR ZHWTHIEL,

Fig. 18 ™ (a) (b) IXBFAERR & mAEFERRZ ILE L O XS FE ] (24 WEfE) D
BEAZ 1 LT, TN OEFH (72 Kifl]) OBEEZMASHICELEZLO
ThHU ., (c)(d) IFHAEKOEIEW & EFHOENENDOIEGTEZ 1 & LT
B AETER DX L ER M OBEESZ R LT 77 ThHbH, ZOREND,
TRTCOBEBTOBEREIIRN BBV THEFHICENTH, b0 X
THD2L00, BAELERKOFNTFAKI D LETZ o720 (Fig. 18¢, d).
ATCC24202 ¥k (BFAERR) 13t B 2> & & 5 HIZ 221 T ertE D55 & 25K 6
2 R4 5 Z &= (Fig. 18b). Y2238-10IL (&4 FERR) @ crtl O ¥ 5 &N & i H
IZBWTEAKROR 14 (51275 2 L7 Y (Fig. 18¢). 2 DD R 5 RHER TD
BRI EDN O, TNUHDEWVNLL, TAX DFEKRTHZENLENLD
R TIEBER2BERHTZ L TCVDIENBLLN, OB AEELBRKIC
BWTHLRRLIERNPEZTTVWDLEEX LN, LL, 240D O EAEEREN

TRAEFYLF U EGAET D LD HSRORI 2R T b, I & T
45



WHRERLEFDLIITTHY, 202 00RFKIHBICHAONDLEEE LR &
CAHVEFMICEBWTEAEEKRD crtS OIRGEENBFAK LY X5 L0 )
SLH A B DT (Fig. 18c, d), T ORFAERK & & AEFERE O O crtS o i F & 0
=1L, B AR O cortS OBRE & )5 % EE FE B 2 6 E W WHT 0 TR T S oSkt
LC.@mAEERTIEENS WX 0EEZMRFET252 & TAHELU T (Fig. 183,
b).

2-3-4. TREXH U FUERRICBOLLIEBERFDORER

U7 NVEALPCRDFERNL, MAEKTITEFIIZB VTS crtS OfEE
BN SN R T AEZXH U F U DOEEEICEN > TEY | EAEEKT
% crtS OEREHIEIC LN E TV DHDO TRV EEZ LN, LM LN
5. BAEFETIC ortS OERGEHIEBS L OFORFICE L T AR Rnw &
225, One-hybrid ¥£12 X % crtS DB K DERR &2 ik I 1=,

ViR—H =7 X —L LT pHIS2-crtS-upl #HW/=AZ V—=2 7|2 LD
(Fig. 19). 60 mM 3-AT % & ¢¢ SC/-His/-Leu/-Trp 51 EC, "Y' T 47 ar b
— LV ERIBREDERT 2 RT 78D a0 =—%%7 (Fig. 20a), S obhi-oo=
—® 3-AT HEN 77 AI FHKTHD Z 2RI L0, TGN
apn=—2577AI &M L, E. coli DHSalZE AL, T EVY v &E
o LB i ECAHEFBIHESHZ LITL D, pGADT7-Rec2 ~27 % —% £ > E. coli
ZE L, Bilcae=—n1677 2 REedii L, BE pHIS2-crtS-upl X
7 & — L ILT S, cerevisiae ICE A LTz, EOREE. 78 BRI EEHIK D 72 7))
5 8 £k 3-AT (it MERE 2338k L7= (Fig. 20b), Z4 5 8 kDt > pGADT7-Rec2
R BZ—IZFHASINTBYNEMIT LI Z A, GALY 77 F_X—F— KA A4
EDO@MELZ L NRIEHEELTHRIALTWDLT I/ BOHERF]IL Table 6 (272 L
ThdHEY Thole, 2O BB RERT I /L LTHILL TV YI-R7
NHEBLIESIE BLAST BB E2NT s ZARCHTERMETH D
Cryptococcus neoformans @ Rdsl &9 % /X7 F EAHEIMEDS @V 2 & 2355 0
- 7= (Fig. 21) (Identity = 287/385 74%), 7=, YO-RIS I KA A UK T 0 7 Z
L SMART IZ X DT DRGSR, v 7 74 T — RAL T VWESZ S > T
WD EMWbhol, L2 L.Y9-R7 ® ORF L HfEE TIZE LN TV 5D YI-R15
OEEFNT A BIH WP AERR & @ AERD S 7 A ECRERICFE—-Th o1z,

2-3-5. B%HE S. cerevisiae ~DT RAEZ XY U F U EESRRERELTF (crtl, crtYB.
crtS) OEA
X. dendrorhous BFA4:#k (ATCC 24202) kW /7 u—=0 LT AZXH o F
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VAR REFR BT (ertl crtYB. crtS) # F5-> 77 A I K pTV-crtl, pUV-crtYB,
pHV-crtS % S. cerevisiae INVScl #RIZEHEA L, JBEHIEREBAZ(ER L2, BE
WEARII I e T /A ROEREEZRT I ORan=—DEx 230 o7 (Fig.
22a), L2 L723 5 HPLC fEfr ofs . crtl & crtYB Z RIERFICE A L 72 W AR
(IIYB, I/YB/S) CTIHIIMETIEOINFAOEY— IS, 0o —7
TS EDHRICEVB-Ia T ThhHZ RS (Fig. 22¢), £7-. 7
AL XY F U DEEIIKHEL B DN LD T X TOERKRABERBLE T crtl,
crtYB, crtS 3 A L= EHHKR (I/YBIS) 2B W TH, p-Iasror—7
Lo TE ., 722XV F oo’ —r (IR 8.6 43) TR TE A
No T2,

2-3-6. BTS1 (GGPP & B¢ R BIET) DEBAIL LB uT /4 FERFK DML

R ENTEB- I aT o DE—I DBEBENLERTLHE, TALXAFY U F OB
DIMETHY , HPLC OBRHEBHRLU T ThHo7 W AIEMENRZ X bivle, £
T, w7 A RERROHBEWE THD GGPP o AWM, AFEIN
LT ) A ROBEZELTZ & & HAIZ, S. cerevisiae KD GGPP & ik
fi% 35 & /= 1 BTS1 (Jiang et al., 1995) % ADH1 7' o & — & — O |l T CTHERRHIIZ
FESEm, ZTORE, crtl, crtYB, BTS1 % [A FF (23 A L 7= JB & s 2 K
(I/YB/BTS1) X, 2uv=—0@ARHAL N 2E A% /R LT (Fig. 233), ZDEE
R /K D HPLC fRHT OFEH % crtl & crtYB O A % BB S - BT iin ik
(I/YB) &t 2L =7 HECHKRIE SN E— 27 A HEML TH Y, BTS1
ERERAICHBL S ZETR- I T V&2 22 (FICETHEMEED Z &M
T& 7= (45— 100 ng/g #IRE A E) (Fig. 23¢), £72. p-hu s v & R_dE—7
OMIZH E—7 BDBRHIN, 2O 1D FEREDOKICEIY ) aXThHhd 2
EMRRENT, LU 6 crtl, crtYB, crtS, BTS1 %3 A L 7~ B & s H (K
(I'YB/SIBTS1) iZBWTH, TAXXH U FUOEEEZRTE—ZIXRALNR
Mo T,

2-3-7. BABBT ORBFENT
INETORBENS  B-IaT oMb T AZXFH T U ~OEBRPITHOILT
WRWZ ERBONERY | OIS E MBS S ertS B F 233 HL L T,
FIXFORREDDPEEL TWRWE W) FTREMENRE 2 Sz,
Z 2T, EAEET ertl, crtYB, crtS, BTS1 @ S. cerevisiae PN T D 38 i % fife
WYL, BABILT & EGFP Of@E Z v XV BEERESELTTAI NE
RESE L. PLGFP MR X 2 N B DRIAMBIT 21T o712, TORE, 45D

BofZEALLLKIXTTTPRIATESTFRESE BT L5 FRERS N
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7= (Fig. 24).

2-3-8. NCP1 DBEHIRBLIZ X 5 CrtS DEEREAL

TR TOEANBIE T crtl, crtYB, crtS, BTS1 DN EEEKN THELL T\ 5D
ZEDMRINTZZ D, BEEBRBEICEWTT A X U FUNEEIN
ZRWRERNE, BB L7 CrtS EEELE L THEL W w2 tThorEEZL
i,

CrSIZZ DHEE —RIEEIZ, ~2HEET A NOME[BER T v Mo k<
RESHEEEEZHESZ NS b7 0 —LAP450 3A 7 772U —ZET
HEFEZxBHBITWS (Ojimaetal, 2006), > k7 @ — A PASOEEF 1F, — KA
B ZELT 23 M7 m— APASOE LR & X L TEIK 2 LM b6NTH
v (van den Brink et al., 1998) (Fig. 25), =D 7= ® ., CrSZHEERBLI T H7-0DIC
ILPA50iE Ll F O LI BV E TH 5 L HER S 25 23, S. cerevisiaelFP4503% Jt
FEFENCplZE > Z E BTV 5 (Yabusaki et al., 1988), Z L2 b b b
T, CrtSA3S. cerevisiaeDMIfENIZEB W THE TE 72 WEB IR & LT, [1] Ncpl
DAMBLAN DFFAE RN D IR NTZDIZNTEMED > b 7 v — APAS0EEE T 5 S 41,
CrtS 7289 £ HERETE T2, [2] Nepl & CriSA AN THe T & 2 W ir &
WCHEELTWD, BIEE LR 5B- 07 ECrSH G TE HALEIZ 720, [4]
BEREDNCpLl TIXCIHSZVE ML TE R\, LW IA4 DD AREMEDNE 2 b LT,

Z ZTEF. S. cerevisiae®ONCP1Z R E ALK (1/YB/S/IBTSL) (Z# 72128 A
L. ADH1 7o & —Z — Ol T THEMICHETE S &7, HEALZNCPLO R
BliX, EGFP # V& WU = A& UfEHTIC X 0 RS L7 (Fig. 24), fER L 7=
B din#a{k (I/YB/S/IBTS1/NCP1) ZHPLC (X VN LR, o/~ b
77 LEINCPLZE AL TWRWEEERAEADO LD LFREET, B-uarr ., U
ARCOEEEZRTE—ZIIHRBTELEN, TRV F U OAEEZRTE
— 7 T 52 LixTc&E oo 7= (Fig. 26b),

2-3-9. B ABEFEY O RIEEDBFIT

Ncpl D FTEEIT CrtS RN CTHRE CE R WRRI TIE R W Z &g o 7o
DT, WIZ, Ncpl & CrtS NfaN CTHAE TE WAL IT/FTE L TV 5 AR
Z 7z, Nepl l/MaRICRET 2 2 b, £7-. S. cerevisiae Fllfd N
T Nepl &% LTI < & SN TWDHNTIEMED > F 7 v — A P450 Ergll (Ott et
al., 2005) L/NRRICRET DI ENMBLNTWVWD Z DB, CrtSIZBWVW T
IREKRICRET 2 Z BRI ETH D LB %, S. cerevisiae HMIfEN TO
CrtS & Ncpl O RTEMEZ, EGFP L ZNENDOBBTOEA ¥ /37 B % 3Bl

T oW EERHAR 2 VDT, dOBEMET TR L -,
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Z D . Nepl-EGFP XAV B O #BR D w32 — &Rk U, /PR E o
BRI AR TH D ER Tracker CFHPI LI NRNF = ZR LT LD,
Nepl (F/MEEIZHIEL TWAD Z & AR S (Fig. 27), —J7 . CrtS-EGFP 1
Nepl &HIL 7o e & — 2 -3 Mk (Fig. 27, CrtS-GFP(1)) & . &
DR TEEITIZH > TW D X9 Rpai & — v 2R3 Hifd (CrtS-GFP(2)) @ 2
AR TE . Nepl IZEEHETIZZRWVWE DD, D72 &% CrtS @O —EB 1T/
FARIZAFAE L, Nepl & TE AL EICH DL EZE XD,

F7-. FOMOEAELETFEDITHONT S EEICHENTZ LS. Crtl-GFP
X, MBI TOFEM R RBES NI D2y, MR O h TEEFTICE - T
RAEL TW/e, CrtYB-GFP [TV T A VIR CHEO® X ¥ —> %R L., ER
Tracker CHERL L7-HmAENRF = BR) L2 2 &6 CrtYB I3/MEERIZRBIEL T
W5 EBEZ BT, Bts1-GFP IFMIfAE AN o TWDH Z &b | MIE 2R
ICFEELTWD Ebhz, LaL, MilmEOF THRICIES > TW DA
HY . RITHREELE X LN,

2-3-10. ETHEMBEIC L2 EBEHREOBIE

Iz, S. cerevisiae MIANIZB W T ER S NTZB- I T BN EZICERE S,
ZTLTEND CS ERIETE LG ONEMET LD, 2 hr—)bx
72 —DFHEBHNLIERE crtl, crtYB, crtS, BTSLZEALB- I T &%
&9 5 R s (1/YB/S/IBTS1), & 5(Z X. dendrorhous Y989 £k (&4 #k) &
Y2238-10IL ¥k (7 A X Vo F v @A EKR) OMIE A2 B 7 HEKEIIC L v #5
L., e L7z,

ZTORER B-h T EFER (IIYBISIBTSL) (2B WT, T /A RIEAFE
BRICIZR G720 BFHE O WREA bl R OB IR E 2RI R T
X 7= (Fig. 28b), ¥ > FNIFARAI T AICE Y REESNT NS0, BEFEE
DEWVERSY (BDOEWED) IZEBUKENE WS E WS Z il b, o7
JWVICHWEFEKOEWNI, 1aT A4 NEEOAFBROATHDL EEZILIL, £
TehivaT ) A RIERFBE A0 Do RH5BKEOHVVWETHDLZ b, BV
wilkowEixAEEIh i has /4 ReETPTREINT, £/, X. dendrorhous @
AR ESEEROEBICEB VT LT BAEKO FIZBRWIEN S < Bl
Ehi- (Fig. 28c, d), ZDORROMEN T /A RThd LT5HL, LS
nihvs /A4 Rk, RN RN Z2EBICER-T 0TI, ignT
INEREED ERSOTHEELTWVDHDOTIERAWNEEZ BN, £7-. T
J A REEKROFDMBEBEOE FEERGW ENL, AESREIaT /A
NFMEEIC A ET 2B b,
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2-3-11. X. dendrorhous Hi3& P450 3& 0EE# crtR Di#E A
BFHEMBEBIEOR RN, huT /A4 NITME2RICHFET 5 TSN
7o CrtS & [RERIC/NERICRE L TWep- a7 Ak Z i3 % CrtYB 23,
TORIGEATATWDHZ b, ZORXEOREMED CrtS DBHERE L 22 &

OHHBTIERNWEZ T,
INETORMENS, AR CrtS 2588 L 72y 4 Do Al EetE, [1]. [2]. [3]
DATREMEITIER N E WD Z E R0 o 72D T, [4]DEERED Nepl TiX CrtS % i
fET&ERWE WD AIREM 2 5 7212 X. dendrorhous B & @ P450 & e %
REAZ ) —=v 7L EonEtBEXLTnWREZA, BEFED 10 1T X
dendrorhous @ P450 iZ CEEE R SN & WO MED H - 72 (Alcaino et al.,
2008), £ Z T, ZO@mX THWZ I 7 X. dendrorhous Hi2k d P450 & il 55
a— N9 5 crtR %2 Y89 ko7 m—=2 27 L. crtl, crtYB, BTS1, crtS %
FfoB-h v 7 U EME (IIYB/S/IBTSL) [ZEA L7z, RFFICHEBMBH 7 23
ROMERIL, U AZ UENTORER, CORBLDHER I, £ 728 BRMEEE
ZORERENG, BBLLT CrR IZ/MERICRIEL TWVWD &EF 2 bitle (Fig. 29,
b), 5 BN T- I EEHAAR O AIXR- v T o EREM (IYB/BTS1) L&D LAV L
IR Z 72D (Fig. 30a), HPLC 3 Hr OfE R, ME TIEH 20, - v 7 &
PR O(VYB/SIBTSL) L IFHIONCE R =7 DB 20 ue~ M7 T 4RI
Blesh, ZOFORFFRFH 8.6 wffiflICBlES N — 2 X T A Z X H o F
Db O E B bz (Fig. 30c),

2-3-12. MEMRIvT ) A4 FEGREBRETF crtZ, crtO, crtw DFEA
X. dendrorhou Hk DT X & X4 F G pkEEFRE CrtS Oreb 2 B+ —F
T, TCICEMEAY T HERIO®RE N LD H Pantoea ananatis H K DB- W
o7 b ReXx i fbEE %2 =2 — R % crtZ, Synechocystis sp.FlHKDB-7 17
Y MEBESR 2 a2 — K9 % crtO, ¥ L O Paracoccus sp.HH K DB-m a7 >4 K
fbBEEZa— RT 25 crntW Z VWi 7 A X X% v F o OAFE AT,
crtl, crtYB, BTS1 ZE A L7ZB-F v 7 &K (I/YB/BTS1)IZ pHV-crtZ,
pHV-crtO, pHV-crtW, £ L Ct Ruex U biE# L 7 MeBEZE 2 A A bE T
BEIEDHEDDOH T LT X —pHV-crtZ-crtO, pHV-crtZ-crtW % Z £
BALTHRE, TENENOREERERIEIB- I T VSR EITR R 021,
ZTOMIE 30°C THREELEZKELV B, 20°C THEE LZRO T NEN 7= (Fig.
31) F - RBUERMN 77 A I Fa2/FR L HOLBMERBLIEE 217 - 7ok . CrtZ,
CrtW (Z/MaEIZBEL TWbH &EE X b, CrtO ILMaENIZHL & 72 o THAE
LTWbEEz2 b= (Fig. 32), HPLC oM o fEH . crtz %238 A L 7= £k

(I'YB/BTS1/Z) IZBWTIEH LW E—7 RNEE SN, TOEEE— 7 3L L
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DHBOFER, B-TuT 42250 Rax kiR fnshi-fHEor 7+
b Frov—rEE 2L (Fig. 33), L2 L., crtO %= & A L 7= #k
(/YB/BTS1/0) TiIH L WE— 27 I 3BlE SN rol, = TentW 28 A L 72
Bk (IYBIBTSL/W) TiIEHT LWE— 27 BN S 4L, Ed & OB ORER, £ 0
FHER 20O =7, B-Ia T rilETENETNT MER -2 L T oftmEni
BiED, =X 3x ) Ao FroThdrEELNT, £7-. crtZ, crtO
ZE N U728k (I/YB/BTS1/Z/0) Tik.crtz D% E A L7-# (I/YB/BTS1/Z) &
RO E—27 LBl I o 722 (Fig. 34), crtZ, crtW %3 A L 7= £
(I'YB/BTS1/Z/W) TIiE (I/YB/BTS1/Z) X (I/YB/BTS1/W) TR LN/ E—7IZ
Mz, BIELTWETAZ XY U Frov—r 252 LN Tk,

2-3-13. AvnT7 ) A FAEEKRDOR MV ARZHET X b

AR THER L2, TAEZXH U F Lo ORBELT frohaT ) A4 RiE
BT 2B EEBERELZHWT, TOoEBEINTIaT /A F3E EFERIC A
%vxmﬁ%ﬁﬁﬁéﬂgbﬂ%ﬁﬁbto

ZORER, UV BB, =% 7 — LEiz %%i%%*%@%%f%io
BN o =2, BB /KB IRINEE < ;’cﬁﬁ BIRR T L ICEBICENRRD
., her /A4 FEEBELR2VWay ba— ARk LT, ELLTETSY
YF U EERT D (IYBIBTSUZ), =%/ e XY o FrazgdT
L8 (WYB/BTSLIW), ZNHIMATCT A U F U 2ERBT DK
(I/'YB/BTS1/Z/W) 1% 1.7 mM O fg{b Kk F Mm% % 7% L7 (Fig. 35), 2D Z &
DHBERICBWTHOMBENICER-B IR T /A4 FidEECBiA L2
Mz 53252 ERH LN ERoTe, —HFTELELTB- I T U 2ERLE
¥k (WYB/IBTSL) 1%, 22> b —/b L0 LML /K FITEESZ ML 7o Tz,

2-4. B

2-4-1. X. dendrorhous BF ¥k & A EKR D B
A LE 1B THWET AZ XV F U IEAEFEMELREE, YOW £E. YOY £k
IZZFN L., crtYB, crtS Lo 1 HEBEHICKE S 7T IV BEHAZKLZ LTS5
ZEDRENDOLENTEY, TAXXIH U F UOERAREBIIINALNa—RT 5
é%%%%@%%ﬁé%éwik%_ié%@fkék%z%MRo_@io
CHEPT AEXY T UEAEERKROER R LT A X XY T ARGk B
ﬁLﬁ%L HDHETHL TN, EEIZIEEAEFERDOZ IS OBLFIT B

DHDEFREIZ—HLTEY, ZRIMOMETICEZTZbDTHLZ ENRHL
51



meleole, £ . ARIOT A XV F U EREBMR T OBRSILEDORE RN,
B R HOKTITZOMEICEEIBRNEEDbDNR2b 00, KBFEOT I
FEBCANC D DERNH D Z LN bhotz, 2O Enb, FVELLDRKED
BCH 2 fEAT T, A DO RESE & Dl L IXBIORRMR T, £ BEHE OHEE R A
A v, BRI SIS T A MmA RSB O RS EEZLND,

TAL XY F UEGRRERER ORI OR R, A2 20%
TokicHmEm L <, AR TIREFEHITE W T ertS OIREEN D T2 — 77,
FAEEEBRTIIZOBEENHERF SN TWALZ ERH LN EZRD (Fig. 18),
TOZEN, BAEEKNEFHICBONTCHLTAZIY U F U2 LT D —
T, BAERTIIEEEN MO, BEENICRDIZEHEKRE GAEEKEOT
AL XY FUEBBOENENDIRKERTH S EE 2 bt (Fig. 17), X
dendrorhous @7 A & X4 o F G RCREER BE T OWREHENICE T 2 5
XD 722023, 2007 AR IC R S T2 X0 T E A BERR TIZ B A RR & el L TR
BHRIITYH crtS OIBEERDHERFIND &\ ) 5 EIOEBRERZ XRS5 6%
N S 7z (Lodato et al., 2007), =D — 5 T, ERICHWEZRHK DO — 5 TIE
EHBICB W TEHAKRD crtE DiGEEN KLY £ ClkeEHick
WTEAEEKRD crtl OEzGENM K L7Z0 & RO, [ R 2RI
IZBWTHZDOBGE T OEBERIEIXE L > TV D RS RIE SNz,

2-4-2. TARAEZ XY U F U ERERBELT crtS DEBERTFOHRR

A (B BRI W 72 B9 AR bR & AR PERR T ertS @ B3 1,200 bp. i 300 bp
FTIH, BERCFE—THLHZLRHEIDOLNLTEY, TAXXH U F ALK
OILEN CrtS HH DEE | & 2 WX EiRE S 0L RIZ X 25 K155 HE D
B EIZED2bDTIERNEZEZOLND, 2OZENDBER T crtS DIEE %
S HEGRFICEZ LD TH L ETHEL, crtS O REINIZH AT 2 4
PRI E O E LCARIY9-R7T EWVWI ORFA 7 r—=27 L7, Z® Y9-R7
@ ORF % Cryptococcus neoformans @ Rdsl & FE# 2 & WHRIEME 2 H - Tz
(Fig. 21), Rdsl i Schizosaccharomyces pombe (23T, 77 = DR Z, K5
LA, @R, SR AREREICEV ZOWREEN/H KT DL 0D T LR
HIVTND N EEOKRER EIZ oW TIWE LI T 720 (Ludin et
al., 1995), L2 L. D X 5 REFEOZELIIH L TIERILHEIND 2 LD,
MNP LHEDA N LRIGEICEHED TWHZENTHRIND, 5 Thik <718
D, FllxDHaT ) A4 REGHRAENIZBNT, ARLRCRELTAIRT /A
NEMEN LA T2 E08MoNTEY ., £ X. dendrorhous (23T (b
APMVAIEELTT AL XY o FUFEREN LR 5205, YI-RT ORF

OFIFREY & crtS ORR G & 0 BALRITIEH ITBIRR VY, F 2 FARICHEM & L
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T SN2 YO-RIS IZZFDEAININICY 7 7 4 H— I WBELHI BN BLE S 1,
DNA AL b O2X "7 L LTHIREESNS, 7272 L., YI-R7T D ORF &,
B E TICHO Lo TV D YI-RI5 Oy ECHIIL., 4] AV 72 BF A Kk &
EEERD T ) A ETERICFE—THY, 26D ertS DGR - Tho7- &
LCH, BMAEERICAOND T AXXH U FroEEERIT IS o E#iEl
LD LD TIEZRV, TN, Y9-RI5 OEEMIT, YL 7 v T vk AIT
KM & X7 ED certS EBlFI~DFEAREDOMER, £Tp-IF7 7 v —+E
FEMEEREL LV AR —2—T v A I K 2EGEEMACRE DORER e & 21T,
TARZXH U FUEmARENELEDOBEDY ZHITW TETH D,

2-4-3. X. dendrorhous 37 R &# % F U E B RREER & 72 S. cerevisiae T
DT RAE XY FUAERE L ZORIGHERE DRI

crtl, crtYB @EAIZ L W B EEMBARIIB- I o T v 2B L=, TORIIK
B TH o7 (Fig. 22), = Z THWFIE=E Tl EIZ1TH 7= S. cerevisiae D~ A 7
BT LA OREREFHSNTHD E, GGPP G ikFEFEIZ T BTSL ORG &ILZ D
AT Be P D PO 2 il 9~ % FPP & RiE# A B s 1 ERG20 LV & 7 fFREE . %
7z, BTS1 NEET DSOS EHAET D, FPP 2 H X 7 7 L 2~ D2 % fil g4
HAIT VA RBER B ERGY LV b 5 ERRERNZ &N ghoTc, 2D
Z LB BTS1I OERGEEMEWZ ENB-huT OB EEND RN L OJFIK
72 LI L, BTSL ZMERAICHBL S B/ R, TOEFRMEITN 22 568U
72 (Fig. 23), L2 L., &R iz, ZTOEREIT-> TV D ET O 2007 I
A L RO T4 T S, cerevisiae TOPR-D T U EEEICKII Lz &V o
ERHY, TOB- T UEBEIABILOBRIVEZNVE DO THS T
(Verwaal et al., 2007), L/2L., ZDOB-T T o ORE 22 FICHMEE 52 LN
TEMEWVIFERIT, 4 F TICEME I L2 S. cerevisiae DT — X BNEFED 47 1
BREWZAENSNTEHERETHY . CNUBL ORI RT—F % LA X
I EBHL TN Z LT, SORD2EEEKOSTFEENARTHDL EB X
Hb,

A el L7= X. dendrorhous &7 A% 4% o F U AGKBERBELRTD I b,
crtl & crtYB (IZ oW TlE, T TICKRIGE TOREL & EREMRIIThh T\,
— 5, FERFFC 2 OO 7NV — 1L oTR-IaT oML T AXFTH U F o
DEMEITHIOBREL L THRASINZ S IZOoOWTIZ. 2O ELELDO 7V —T1
X. dendrorhous ®B-T v 7 o ERHEREIC CrS ZRBLSH 25 Z L TEOREM
ZRIE ST ZLICEMBH LWL 00, BFEAEY CTORBITITHRS L TE
5. T OMREICIZEBA N WZEETH -7 (Ojimaetal., 2006; Alvarez et

al., 2006), A IEOEBRTH Z D CrtS OREHE( 13 IH % Hi b 7=
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Vx AZUHTICL Y T RTOEANERRTORBLDHER S (Fig. 24),
SICEEEBARN- I T o 2ER L T2 &6 (Fig. 23). TEE LK
TAZFY U F 2 EEGRTERWERRIZ, B-I e T T AZFH o F
~OEMEITH CrtS DAL TH D Z LRI IRB I Tz, CrtS 238
REL7Z2WBEH & LT, S. cerevisiae M@ T CrtS NRFEREAICHELL, S.
cerevisiae D W TEME P450 i JCl% 3R Nepl & &% T 72\, Nepl O R BLEN D 72
<. WNIEME PASO R E OBEAIC L Y CrtS & B TE 720, BEIALOMET
BETHLB-Iu T EfTcEhhn, R EOKELRBERNEI LN, T %
MDD DIZ L D1 OEREIT ST, BENIZZN o OEE S NTEREIZ T
AT HERR & 41, X. dendrorhous D NTEME: P450 & Ll B & s T H crtR O A
12 &> T, S. cerevisiae WIZFB T CrtS 23 HEREIL S, MMETIZIH 20T A
X F oG Sz (Fig. 30), Z OfEHRIL. X. dendrorhou H3ED 7 2 % %
P FUEGKRBETFEHWTERBEEYTOT AZ X U F U ERICHKII L
D TORITHD , ZDOREL > TCrS BB-Tu7 DOk Rux ke
7 MED W T OfEIEMEE2 6 > T D 2 ERHID TREA S i,

L2vL., £7%ERIZ5E 5, S. cerevisiae @ P450 & TE%3E Nepl (XML D IF
T _XTCO P40 FEE L T D2 ENMBHNTEY (van den Brink et al.,
1998), = DOHFFBEMEIZIEF IRV E VWX D, FhocentS ZRA LI V—T D —
Fix, p-aT o EAETDHRIGEIC crtS ZE AL, & 5|2 NCP1 #E A9
HE.B-IuT 200 NEBMMENT o E X T UoEEFELRE L
WELTWAZ &5 (Ojimaetal, 2006), Z Z CTIEARET AZFH L F T
IR B ZXRF U F oD BIEE D2, CrtS IX Nepl & H[A] T,
SEATIERWIZLAHKETE I EEZLND, LML, SRIOEBRTIIZE X
Nepl OFRBIEAZHEMEIGETHLTAXIY U F 3SRt LTH U X
P FUobERBINL o7 (Fig. 26), JALiE, wECBMBEBLE O L 51X,
—HD CrtS B/NEKRIZHEL TWDH L2 ICBEZ I =n (Fig. 27), REFL £
NIEXTAZ X U TFUE2RKTHICE3DRTE, 20T LA ERERETE 2N
GATZHBLL TWELrD TIERWONEEZ I bND, U = XX URITORE R
2B CrtS OFEEBRIBMOBEARFERZICHTHnZ &AMy (Fig.
23). ZHICT XV /PRIKIZBITTE 2o 72 CrtS SN T fE ST\ Af
REMELEZ BNz, - o T oK (IIYB/IBTS1/S) 12 crtR & A L 7ZBRIC
EHENET AV FUrOBRVETH-T22 LY (Fig. 29). CrtS O FE1E
BENDR, TORTHHEEILTEZ CtS REDITHMETH 722 & B HIKA
ThdEEbhd, ZORMEEERT H7-OI121ES. cerevisiae TI TITHH S M
2725 TWA/NEEBITY 7 v % CrS [T 27 o REEEE 2 53

HWMETHDLEEZOND, T LB DORIBE TOERTHI 2 XV F
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MEREINTZ LB, 1LY Nepl TIE CrtS OREBEZ 522125 & HER2nw 2
EHLTREND, CriSIEB-A T D Rux b s 7y MEEITHI0, =0
MR LE RN EINTESIERLHERT L E oL b, £
DS — BB N ThdEEx N5, OjimabDELRIZLD L,
ZO—mBFIR MG Z 3EHEY KT Z & TR FORMEIZT MEE e Fr¥x
U EMINTE D EEZ BN TWD (Fig. 36), X. dendrorhous @ P450 3% e %
F# CrtR & S. cerevisiae @ P450 = %3 Ncpl OFHFEIMEIL 38% (identity =
273/706, BLASTP score = 459) & LGRS, Z ORERE K A A L& IR
FEINTWS, 26D L5, Nepl TIIHERE KA A LA DB D ZIZ
LV CrtS L DMAAEMICEENAEL., £ORE Nepl 226 CrtS ~DE F{ni#
ICXEEE L, TORIGDEFETCLEE 2o b EZHBND, L
LocertS #8A L7 NV—T0OMGIL, B-I a7 MR TH LK IKE Mucor
circinelloides IZ crtS # 8 A3 5 L 7 A XX H U F o TIEIRLIB-TaT 2 2D
Db FaXx  VERNENEZET XV FUrazERBLEEHRELTVD
(Alvarez et al., 2006), M. circinelloides PN T % @O WNTEME P450 3% TS5 2% CrtS
EHFBLTEEEBZONDND, 2D END CS ICKXAMILTH il e
Rax v EoEbLENMMEN20EZ OB THRICHKT S, L)
HLYYTHNDLN, BFWMARTHY, SBROMELF 2T R LR,
AEDEBRICE Y CrtS #F3HL9 5 S. cerevisiae & W ) HEFICEFH Y — L &
FIZANDZENTEZ, UMK Z O CrtS O fliE M Az 2 81028 B 2
ATDHZ LR, Ao E2FHoFr bO50NEETFI o F o EoR#ET
MR LD ERTERWERKEEDL Z LN TENIE., 2 OBERIC X D OSHE
DFFTIZIHEFICAERHTHL L EEZE X BN D,

2-4-4. MEDO I T ) A FEARBLEFOEAZLDZIvnT /) A4 RERE

B-F1 w7 v EE MY DI A AR (I/YB/BTSL) ([CHiLHKRDOB-T Tt
Ru v U bfEsE CrtZz & 7 MEBER CritW 2 BBLSE D5 2 LIk »ThH, 7T A
XY FUEERBMIEDLZ LN TE (Fig. 33, 34), BIEE CICHIE OB
+ZMHWTH S, cerevisiae T7T AZFH U F U 2ERBIEMIEL, Z b
WD TOH|E & 72D,

AR D S. cerevisiae D EWMEFHIEE 1L 30°C THIHN, huT /) A Fa L
T LR EERHAZ 20°C & 30°C TR LEKOan=—DAZ k5L H5
AT 20°C THEFER LT T NGB - 7= (Fig. 30), 9 X T A B s FI1E
ADH1 v E—Z — Ol FIZH Y, ZO7TrE—F—DOEENREICL - T
EbLDHEVWIMEIIMNZ ED, ZHIERIALEEEOLEMEN 30°C Tl

BT EEZOND, EBE KB DR A N TH D X. dendrorhous &
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Paracoccus sp.?D R 55 &% IR X Z €4 18°C, 25°C Th VY, ZD Xk H 7, B
FORST—HEMEFROBETERT LB I0T ) A4 ROEEIZITHER
HThHDHEBEZBINI,

INOOREEGIKIL, HPLC TR SN E— 7 OEBENLZE LD &, #
a7 ) A ROETIET TIZ X dendrorhous DEFARKEI D L L VWEEZEREL T
WHEBZON, TAZXY U FUrORAEEEELE L TCHERIESTHDLES
25, LU, EEFHMNRMED THIB- I T o RELEBINTND I &,
EREAETCOANKITCLE> Yar=—0b52 0, @B ot —4—0D
R, F8IETOBERYT ) LA~OMIARIC L2 ZEE EhldmL T, &
LB ON LA HETVEND D, £, FHEINNL XX, B
ZXH U FUOOERICHERT, BTV UFUroERNDRWI EnE, CitwW &
g LT Crtiz OFEMENMENWZ L bFmARND, 202 L b4 RIFERF TR
EHEZ R L TWD CritW @ K —T& % Paracoccus sp.H KD CrtZ (28] 0 # 2
LBREDHTELRENTHLEZEZOND, SHIC, T TICEHBHRHEELZ LT
AuT A RERON RN D LHRESNTND, IPP 4V AT —F
(Misawa & Shimada., 1998) <°. A /N1 V&R EE N O HMG-CoA & TE:#E (Wang
& Keasling et al., 2002) O EFEBUCE Y I, T AZ XY F o OEEEL H
BT TETHD, TTIZ, AR D S. cerevisiae D~ A 7 a7 LA DT —HNnb,
S. cerevisiae ® HMG-CoA iE it R B xF HMGL & £ DR FEENRWZ & 2357
Mo TWD, 7o, BERHIZB W T IPP O A AL A N e VR TiThbiu T
HZERMOLNTWA N, KIFETIEA UV =Y 2 Y F—L VU 2 (MEP) %
FEMABEY &35 MEP BREETHKEINATWVWD, ZoEWEFIHA L., KIBE
K%NDVMﬁ%@?&T®E%%%§AL\%NHVMﬁ%%%@Lk%%\
UaxXyzhET 5 KIBEEEEBEERICBN T, Y axXUEEEL 11.8 512
RNLTEEVIRENH D Z LD (Haradaetal., 2009), = O FiED %ﬁb\@%
FHZ MEP BRIEAZBIET 2L WO Z b T AEZ XV U F U OEAEFEIZ DR D
EEZIBND,

T, cntZ EARTIZE T XV F o 0ERBICELY, p-haTs o —rn
WAL TWER ertWEAKTEI XX o Foroontr/ o —70E
ALTHLB-IaT7 o —7 B Uo7z (Fig. 33, 34), ZHUIET X4
VFUDOERBIZEIVB-Ia Tl EROBRERN T 4 — Ry JILEER
7AiM Z R L TWD, F X FoRomd /) ICFEED LD 7
BHENENT LB RBEN D, ARV HPLC O RI1Z 470 nm TH 0 |
BT XV FUOERBBERBAD /7 a~ N T ATIEET X TF U BB
07 VUM T E— 3B TR I E D, T — Ry ZHEI

FoTEBLTWAIWEIX 470 nm ORI ZF7-20WiE, oF v, H&% &\
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oLy, Jaxr s LowETHL L TRIND (Fig. 2, Fims
), BIEECIZ7 4 — NNy ZILEEZ T 5008, HA LK Crtl, CrtYB 720D
Ny HDHVIEE B B S, cerevisiae WETEDEER 72 O NIX 506 720 H
% L X.dendrorhous HH3£ @ Crtl, CrtYB T& #uiE X. dendrorhous N CDB-F =
TUMBT AL XY FUAOEBBETIIR T T F @b, OF
DI MEREZDE W) PHEENTHI ENTE, £72H L S. cerevisiae
WNIEMEDEESE TH - 72 & T 1L S. cerevisiae DHIZET FH v F o b H Ak
TED R VBT DICEEEN D H LD 2 & TIEFICHEE N, 20K
ZAONICT D720IT Y a0 b Riio o A PEY O fEHT DS 202
Th o,

2-4-5. KT ) A FERIC X2 PV ATED M

SEIOFEBRTH N, InT ) A4 NEEET 2 REBRAE DO X b v A
ARy PiBRICE VR LR, 2NETHRESN TV ERBRES= Y
vl ¥ T O (Tatsuzawa et al., 2000; Jayaraj & Punja, 2008b) & [FEEIZ ., B Rk
S. cerebisiaelZ BW T HERI N aT J A FIiLiE 0@l kS %
5. L7 (Fig.35), LU, B-I 7 rx=EHIE-BEERE (1/YB/BTSL) 1%
MEEZ RS, 612, IrnT7 /A4 FEEBELRVwa s br—Afke gL T
WERAL K FBIEZ IS > T, 2D X H7%, B-IuT Bk oo
e T ) A RERBBEEDOENIERB LT /A4 RORBILIOEIZLS
LbOTEEEZEZ LN, ZHETOHRELLinvitroTIEIBR- T rT XD b REGIZ
b Rafo g NEAIINERZeT ) A4 ROFTBRHERIL DN E W 2
ENRENTED, invivoll BWTHLZDIERN REINTZMETHL EEZS
b, Elep-uorrEEENa br— KL SEZ TR > 72 8I2HO0
TlX. GGPPA FLEEFEBSIOMAIFELIZ LD . FPP) 6 GGPP~D 22 #i 73 jL itk
S, ZOERZALVITIRTa— LX) COFEENE 7e BFPPAAARE L (Fig. 2).
M 72 E ORI K EAZ &L, 2O Z IV Msto 2 L R28E< A
ST=D TRV EHERI X5, ot 4 S. cerevisiae TIEBTS1D s B & 13K < #1 2
ENTWEDT, TOELREN-TZEEZLND, TOMDIaT ) A4 K
BRI, MRNCEBE LI e T A4 RICX 2 MRREH RN Edko X5 7%
[EEZITBHELEOEEELZON, ZORIZIBIZEZDInT ) A4 Nae&
HMxgsrZeTiiband B2 bbb,

SlElhvaTs ) A ReEERBSE5 2L CHEICIRILA b L RMMEZAMAH 595
TEMTER, ZOMBITHL BB EXTHHIND A L AMMEREREOEF
FBICRE<EMRT L2 THA S,
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Table 4 Carotenoid production in wild, mutant, and transgenic organisms

Organism Genes or conditions Product Amount Reference
(mg/g DW)
Yeasts
X. dendrorhous ATCC24202 wild astaxanthin 0.384 Moriel et al., 2005
P. rhodozyma NTG-3-7 mutant astaxanthin 0.73 Lewis et al., 1990
X. dendrorhous JH1 mutant astaxanthin 5.07 Kim et al., 2005
P. rhodozyma UBV-AX mutant astaxanthin 7.2 US Patent 6015684
C. utilis IFO 0988 Pn-crtE, B, I, Y, Ps-crtZ, W astaxanthin 0.4 Miura et al., 1998
Algae
H. pluvialis Flotow NIES-144 AcNa , Fe?*, high light (72 h) astaxanthin 135 Steinbrenner &
Linden, 2001
H. pluvialis SAG-19a NaCl, AcNa, high light (216 h) astaxanthin 245 Vidhyavathi et al., 2008
H. pluvialis EU3 mutant (144 h) astaxanthin 25 Chen et al., 2003
Bacteria
E. coli IM101 Pn-crtE, |, B lycopene 0.228 Kajiwara et al.,1997
E. coli IM101 Pn-crtE, B, |, Hp-ipi lycopene 1.029 Kajiwara et al.,1997
E. coli IM101 Pn-crtE, B, I, Y, Hp-ipi B-carotene 1.310 Kajiwara et al.,1997
E. coli YBS125 Eh-crtE, B, I, MVP, lycopene 4.28 Vadari et al., 2005
AackA-pta, 4nuo
E. coli VJS676 Ps-crtB, I, Y, Z, W, gps, idi astaxanthin 14 Wang et al., 1999
E. coli IM109 Pn-crtg, B, I, Y, Z, Bv-crtW, MVP, astaxanthin 1.47 Harada et al., 2009

Higher plants

Sc-idi, Rn-Aacl

Corn (Zea mays L.) Zm-psy1, Pn-crtl, Gl-lycb, Ps-crtW  astaxanthin (endosperm)  4.46 ug/g DW  Zhu et al., 2008

Potato (Solanum phureja) Hp-BKT astaxanthin (tuber) 13.9 ug/g DW Morris et al., 2006
Cattot (Daucus carote L.) Hp-BKT astaxanthin (leaf) 34.7 ug/g FW Jayaraj & Punja., 2008b
Cattot (Daucus carote L.) Hp-BKT, At-chyB astaxanthin (loot) 91.6 ug/g FW Jayaraj et al., 2008a
Tomato (Solanum lycopersicum)  Pn-crtY B-carotene (fluit) 286 ug/g DW Wurbs et al., 2007
Tobacco (N. tabacum) (Xanthi) Bv-crtW, Z astaxanthin (leaf) 5440 ug/lg FW Hasunuma et al., 2008

The alphabets prefixed to each gene name represent the origin as follows: At, Arabidopsis thaliana; Bv, Brevundimonas sp.; Gl, Gentiana

lutea; Hp, Haematococcus pluvialis; Pn, Pantoea ananatis; Pg, Pantoea agglomerans; Ps, Paracoccus sp.; Rn, Rattus norvegicus; Zm, Zea

mays.

The names of the gene products are as follows: idi and ipi, isopentenyl diphosphate isomerase; crtE and Gps, GGPP synthase; crtl, lycopene
synthase; crtB and psyl, phytoene synthase; crtY and lycb, lycopene cyclase; crtZ and chyB, pB-carotene hydroxylase; crtW and BKT, B-
carotene ketolase; MVP, 6 genes encoding mevalonate pathway; Aacl, acetoacetate-CoA ligase; ackA-pta and nuo, the genes encode the
enzymes involved in acetate production.

FW: flesh weight.
DW: dry weight.
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Table 5 Primers used in this thesis.

Primer Sequence (5-3) Reference (accession No.)
For real-time PCR

actin F tggccggtcgagacttga X89898
actin R agggtatcctcgetccatca

idi F gcatcaagggcgaggttaaa Y15811
idi R ggacgcagctcgtcgaa

Crte F accgatacccatgcctgtaatt A63889
crtE R gcagaggagacggatgattga

crtYB F tgggcccccgctaca AY177204
crtYB R ggaagtaaaggcgaagaaaggat

crtl F tggtatccgagaggaggctt AY177424
crtl R tgttgcgcttgacgatctg

crtS F ccgtatgctaaccgtgaatge AX034665
crtS R tgaggctcggcaagtg

For one-hybrid screening
asy_up_F1_EcoRlI
asy_up_R1_Miul
asy_up_F2_EcoRlI
asy_up_R2_Miul
asy_up_F3_EcoRlI
asy_up_R3_Miul
pHIS2_MCS_UP
pHIS2_MCS_LOW
pG7R2_cDNA_ampli_F
pG7R2_cDNA_ampli_R
pG7R2_cDNA_seq_F
pG7R2_cDNA_seq_R

gGA ATT Cctgaatccgctgtgtcat
agcgACGCGTacctgcgaataatgtcgte
gGAATT Cttcatcgacaactacggct
agcgACGCGTtccgtagtatcatcaaagee
gGAATTCgggtggacagaatcagtagtg
agcgACGCGTgagcaagaccaagatgaaca
gctgcaaggcgattaagtt
catctttgccttcgtttatct
ctattcgatgatgaagataccc
aaattgagatggtgcacga
taatacgactcactatagggcg
agttgaagtgaacttgcgg

For cloning of the genes for astaxanthin biocynthesis in X. dendrorhous

crtl upper (RT-PCR)
crtl lower (RT-PCR)
crtl lower (exp)*

crtYB upper (RT-PCR)
crtYB lower2 (RT-PCR)
crtYB lower (exp)*

ast upper2 (RT-PCR)
ast lower (RT-PCR)
ast lower (exp)*
crtR_start_F_HindllI
crtR_stop_R_Smal
crtR_nonstop_Smal*

acgcGTCGACatgggaaaagaacaagatcagg
aataCCCGGGtcagaaagcaagaacaccaac
aataCCCGGGgaaagcaagaacaccaacg
acgcGTCGACatgacggctctcgcatatta
aataCCCGGGttactgcccttcccatece
aataCCCGGGctgeccttcccatceg
gaaCTGCAGatgttcatcttggtcttgctc
aataCCCGGGtcattcgaccggcttg
aataCCCGGGttcgaccggcttgacct
cccAAGCTTatggccacactctccgat
tccCCCGGGcetacgaccagacgtccate
tccCCCGGGcegaccagacgtccatca

EU884134

For cloning of genes derived from S. cerevisiae

BTS1 up (Pstl)
BTS1 low (Smal)
BTS1 low (exp)*
NCP1up (Pstl)
NCP1up (Smal)
NCP1llow (Smal)
NCP1llow (Xhol)
NCP1 low (exp)*

gaaCTGCAGatggaggccaagatagatg AY692852
aataCCCGGGtcacaattcggataagtggt
aataCCCGGGcaattcggataagtggtcta
gaaCTGCAGatgccgtttggaatagaca
aataCCCGGGatgcecgtttggaatagaca
aataCCCGGGttaccagacatcttcttggtatcta
cccCTCGAGttaccagacatcttcttggtatcta

aataCCCGGGccagacatcttcttggtatcta

AY693091

For cloning of the genes for astaxanthin bioxynthesis in bacteria

crtZ_ure_F_Pstl
crtZ_ure_R_Sacl
crtZ_ure_R_nonstop_Smal*
crtO_syne_F_Pstl
crtO_syne_R_Sacl
crtO_syne_R_nonstop_Smal*
crtW_para_F_Pstl
crtW_para_R_Sacl
crtW_para_R_nonstop_Smal*

aaaaCTGCAGatgttgtggatttggaatg D90087
aattGAGCT Ctcacttcccggatgeg
tccCCCGGGcttccecggatgeggget
aaaaCTGCAGatgatcaccaccgatgttg
aattGAGCT Cttaccaaaaacgacgttgttgt
tccCCCGGGcecaaaaacgacgttgtigt
aaaaCTGCAGatgagcgcacatgccct
aattGAGCTCtcatgcggtgtccecctt
tccCCCGGGtgegg

BA000022

AB206672

The underlined sequences indicate the restriction site.
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Fig. 16. Construction of yeast-expression vectors for the astaxanthin-synthetic genes.
(a) Each of the astaxanthin-synthetic genes was introduced under ADH1 promoter in a

yeast-expression

vector, pAD4.

60




(b)

pAD-crtS

pAD-BTS1

pAD-crtZ

pAD-crtO

pAD-crtZ

pAD-crtW

crts
 ——
F)ADHl TADH1
BamH |
BTS1
— D
F)ADHl TADHl
crtzZ
 ——
PADHl TADHl
BamH |
crtO
— D
PADHl TADHl
crtz
— D
PADH]. TADHl
BamH |
crtw
i o —
PADHl TADHl

TADHl PADH1 0

W v )

Tripartite  Papm
igation Lo

bla 2um

Tripartite
igation

pAD-crtZ-crtO

Tripartite
igation
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Fig. 16. Construction of yeast-expression vectors for the astaxanthin-synthetic
genes (continued).

(b) Two of the astaxanthin-synthetic genes were introduced tandem to a yeast-
expression vector, pHV3. Each of them were under ADH1 promoter.
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pAD-crtZ-GFP

pAD-crtS-GFP

pAD-crtO-GFP

pAD-BTS1-GFP

pAD-crtW-GFP

pAD-crtl-
EGFP

Fig. 16. Construction of yeast-expression vectors for the astaxanthin-synthetic
genes (continued).
(c) Each of the astaxanthin-synthetic genes of which the stop codons were eliminated
was connected to EGFP genes to construct the confirming vectors for their

expression in S. cerevisiae.
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Fig. 17. Growth (a) and astaxanthin contents (b) of wild type strains (Y989, ATCC24202)
and astaxanthin over-producing mutants (Y2238-10IL, ATCC66272).

20 ml of YMG medium was inoculated with 1 ml of 4-day preculture. For each strain, six set
of the culture were prepared and one of them was used for analysis of growth and astaxanthin
contents every 24 h. Symbols : A, Y989; @,Y2238-10IL; &, ATCC24202; O, ATCC66272.
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Fig. 18. Relative transcriptional levels of the genes involved in astaxanthin synthetic pathway.

Total RNA was prepared from the cells after cultivation at 20°C for 24 h and 72 h in YMG medium. (a)
Relative transcriptional levels of Y989 (wild type, white bar) and Y2238-10IL (over-producing mutant, gray
bar) at stationary phase compared to their transcriptional levels at log phase (= 1). (b) Relative
transcriptional levels of ATCC24202 (wild type, white) and ATCC66272 (over-producing mutant, gray) at
stationary phase compared to their transcriptional levels at log phase (= 1). (c) Relative transcriptional
levels of Y2238-10IL at log (gray) and stationary phase (black) compared to transcriptional levels of Y989 at
respective phase (=1). (d) Relative transcriptional levels of ATCC66272 at log (gray) and stationary phase
(black) compared to transcriptional levels of ATCC24202 at respective phase (=1). The horizontal black bar
indicate relative transcriptional levels is 1. The values were represent as the means and the error bars
indicate the standard deviations of three independent experiments.
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The colonies growing on the SC/-His/-Leu/-Trp + 3-AT medium were selected.

Fig. 19. Strategy of one-hybrid screening in this study.

(a) The 5’-noncoding regions of crtS (crtS-upl, crtS-up2, and crtS-up3) were cloned into the
pHIS2 vector. (b) cDNA libraries of Y989 and Y2238-10IL were constructed. (c) The reporter
and the expression vectors and the librariy were co-introduced to S. cerevisiae Y187 cell. (d) If
a library protein can attach to the target sequence inserted in pHIS2, GAL4 activator domain
fused to the library protein can enhances the transcription of HIS3. (e) The positive colonies
were selected as those which could grow on SC medium without His, Leu and Trp, containing 3-
AT by their His3 expression.



(&) sc/iLeu-Urar-Trp + 60 mM 3-AT

(b) SC/-Leu/-Ura/-Trp + 70 mM 3-AT

Re.Y9-R11 Re.Y9-R7 Re.Y9-R15

Fig. 20. S. cerevisiae transformant candidates in the one-hybrid screening.

(a) The photograh shows the result of the practical 1st screening. The transformants desighnated
as "(O" were picked up as candidates. P, positive control; N, negative control. (b) Validation of
the candidates from the 1 st screening. pGADT7-Rec2 vectors containing the library sequences
extracted from the candidates were introduced to S. cerevisiae Y187 cells with pHIS-crtS-upl
again. A SC/-Leu/-Ura/-Trp plate was inoculated with 10 colonies of the transformants. The
asterisk shows the original candidate for each transformant. In this experiment, Re. Y9 _R11 was
not selected as a final candidate. P, positive control; N, negative control.
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Table 6 Deduced amino acid sequences of the candidates obtained by the one-hybrid screening.

Name Length(a.a.) Sequence?
10 20 30 40 50

Y9-3 18 PGIVEVATLF LCSLRWSL*

Y9-R2 8 PGGDLSPS*

Y9-R7 129 PGQRSLIQFM ANQEVGHATL ISNIVGGYPG GAPKQCTYKY NETTVPEFVD
FCQRLTRWGE SGVYGFLPHL DSRPAAQLLL QSISTEARQQ MIFRQLSGLF
PMPVYFEAGY TSSILVSSSP HPSSTAKNS*

Y9-R8 47 PGTHTSSISS SLPLSLIAAL SLSLSLSHTQ PKAPPKECHP CRPTPMR*

Y9-R15 72 RGGGGKEPTK DHLLLASSHT YKHKHKHTRI PTHNVQTYQG TQHPCPICRV
RSTDLVLINP TCQRRNSARK RP*

Y9-R19 27 PGTRHTRLFE TWKEPLVVRA TRFIGMG*

Y9-R21 41 PGIHRTTKQQ SWATTLLLIT QTHPLWILPP MGQTSSGRYA H*

YL-3 9 PGKKLPGDL*

YL-8 44 PGDLPPAFSF APFVDSSFFN FPFLFLSPSF FPSLNHFSHS HLTD*

aEach nucleotide sequence obtained from the one-hybrid screening was translated to produce a fusion protein
with GAL4 activator domain.

* stop codon.
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Fig. 21. Alignment of the deduced amino acid sequences of X. dendrohrous Y9-R7 and rdsl
proteins.
The alignment was performed by the Clustalw. The identities of the X. dendrorhous Y9-R7 with
Rdsl from C. neoformans (XP_568514), P. marneffei (XP_002146676), and S. pombe
(NP_593432.1) were 72, 54, 51%, respectively. “ * ” means that the amino acid residues in that
column are identical in all sequences in the alignment. “: > and * . means that conserved and
semi-conserved substitutions have been observed, respectively.
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Fig. 22. Colony colors (a) and HPLC chromatograms (b) of transformants having crtl, crtYB,
and/or crtS genes.

() The transformants possessing the astaxanthin-synthetic gene(s) were grown on SC/-Leu/-Tr/p-Ura
medium. These also possessed appropriate control plasmids (pTV3, pUV2, and/or pAD4) required
for growth on the SC/-Leu/-Trp/-Ura medium. (b) Prospective astaxanthin synthesis pathway in the
transformants constructed. (c) Intracellular carotenoids of the transformants in the above photograph
were extracted with acetone and subjected to HPLC analysis. Peaks were identified by comparison
with that of the authentic carotenoid as the standard and quantified by the integrated peak area. The
control transformant had the only 3 control plasmids.
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Fig. 23. Colony colors (a) and HPLC chromatograms (b) of transformants having crtl, crtYB,
crtS, and/or BTS1 genes.

(a) The transformants possessing the astaxanthin-synthetic gene(s) were grown on SC/-His/-Leu/-
Trp/-Ura medium. These also possessed appropriate control plasmids (pHV3, pAD4, pTV3, and/or
pUV2) required for growth on the SC/-His/-Leu/-Trp/-Ura medium. (b) Prospective astaxanthin
synthesis pathway in the tramsformants constructed. (c) Intracellular carotenoids of the transformants
were extracted with acetone and subjected to HPLC analysis. Peaks were identified by comparison
with those of the authentic carotenoids as the standards and quantified by the integrated peak areas.
The control transformant had the only 4 control plasmids.
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Fig. 24. Immunoblot analysis of cell extracts of the transformants retaining the
EGFP-fused astaxanthin synthetic genes.

Protein was extracted from each transformant and subjected to SDS-PAGE, followed by
Western blot analysis using anti-GFP and anti-Porin (internal standard) antibody. The
amount of the loading protein of each lane was 100 pg. Deduced molecular masses of the
EGFP-fused proteins are follows: Crtl, 92 k; CrtYB, 102 k; CrtS, 90 k; Bts1, 66 k; Ncp1,
104 k; intact EGFP, 27 k.
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Fig. 25. Deduced astaxanthin synthetic reaction by CrtS (cytochrome P450) and
NADPH-cytochrome P450 reductase.

In general, fungal P450 monooxygenase system is composed of two proteins bound to the
endoplasmic reticulum. The general reaction for catalyzed the P450 system is summarized
as RH + NADPH + H + O, - ROH + NADP + H,0O (van den Brink et al., 1998). The FAD
and FMN in the reductase transfer electron from NADPH to heme domain in the P450
enzyme, which catalyzes monooxygenase reaction. The yeast S. cerevisiae has NADPH-
P450 reductase (Ncpl) and is capable of electron donation to various mammalian P450
enzymes.
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Fig. 26. HPLC chromatograms of transformant having crtl, crtYB, crtS, BTS1,
and/or NCP1 genes. (a) Prospective pathway for astaxanthin biosynthesis in the
transformants constructed. (b) Intracellular carotenoids of the transformants were
extracted with acetone and subjected to HPLC analysis. Peaks were identified by
comparison with those of the authentic carotenoids as the standards and quantified by
the integrated peak areas. The control transformant had the only 4 control plasmids.
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Fig. 27. Localization of GFP-fused proteins involved in astaxanthin biosynthesis.

The S. cerevisiae transformant possessing each of the GFP-fusion protein expression vector
(pPAD-GFP, pAD-BTS1-GFP, pAD-crtl-GFP, pAD-crtYB-GFP, pAD-NCP1-GFP, pAD-crtS-
GFP) was observed by fluorescent microscopy. For observation of endoplasmic reticulum, the
cells stained by ER-Tracker Blue-White DPX. DIC, differential interference contrast image.
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Fig. 28. Electron micrographs of S. cerevisiae transformants and X. dendrorhous cells.
(@) S. cerevisiae control transformant cells having pTV3, pUV2, pAD4, and pHV3, (b) S.
cerevisiae transformant having crtl, crtYB, crtS, and BTS1 accumulating B-carotene, (c) X.
dendrorhous strain Y989 (wild-type), (d) X. dendrorhous strain Y2238-10IL (astaxanthin
over-producing mutant). N, nuclear; ER, endoplasmic reticulum, V, vacuole; M,
mitochondorion; CM, cell membrane; CW, cell wall.
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Fig. 29. Western blotting (a) and fluorescent microscopy (b) of GFP-fused CrtR.
(a) Protein was extracted from each transformant and subjected to SDS-PAGE,
followed by Western blot analysis using anti-GFP and anti-Porin (internal standard)
antibody. The amount of the loading protein was 100 ug. Deduced molecular masses
of the EGFP-fused CrtR is 109 k. (b) The S. cerevisiae transformant possessing
GFP-CrtR expression vector, pAD-crtR-GFP, was observed by fluorescent
microscopy. DIC, differential interference contrast image.
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Fig. 30. HPLC chromatograms of transformant having crtl, crtYB, crtS, BTS1, and/or
crtR genes.

(a) Prospective pathway for astaxanthin biosynthesis in the transformants constructed. (b)
Intracellular carotenoids of the transformants were extracted with acetone and subjected to
HPLC analysis. Peaks were identified by comparison with those of the authentic carotenoids
as the standards and quantified by the integrated peak areas. The control transformant had the
only 4 control plasmids.
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Fig. 31. Colony colors of the transformants having crtl, crtYB, BTS1, crtZ, crtO, and/or

crtW genes.
The S. cerevisiae transformants were streaked on a SC/-His/-Leu/-Trp/-Ura medium and

incubated for 3 days.
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Fig. 32. Localization of GFP-fused CrtZ, CrtO, and CrtW protein.

The S. cerevisiae transformants possessing GFP-fusion protein expression vector,
pAD-crtZ-GFP, pAD-crtO-GFP, pAD-crtW-GFP were observed by fluorescent
microscopy. DIC, differential interference contrast image.

79



control

I/YB/BTS1 1

) Y 2 2 N O U YN

1. B-Carotene

1/YB/BTS1/Z |2

OH
WNWY\II
HO

2. Zeaxanthin

1/YB/BTS1/0 1

Absorption at 470 nm

1/YB/BTS1/W

VDD I

© 3. Echinenone

S NN S

6 4, Canthaxanthin

5 10 15 20 25 30

Retention time (min)

Fig. 33. HPLC chromatograms of transformants having crtl, crtYB, BTS1, crtZ, crtO, and/or
crtW genes.

4-day culture of each transformant was used to the extraction of carotenoids. Peaks were
identified by comparison with those of the authentic carotenoids as the standards and quantified
by the integrated peak areas. 1, B-carotene; 2, zeaxanthin; 3, echinenone; 4, canthaxanthin.
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Fig. 34. HPLC chromatograms of transformants having crtl, crtYB, BTS1, crtZ-crtO, and/or

crtZ-crtW genes.

4-day culture of each transformant was used to the extraction of carotenoids. Peaks were identified
by comparison with those of the authentic carotenoids as the standards and quantified by the
integrated peak areas. 1, B-carotene; 2, zeaxanthin; 3, echinenone; 4, canthaxanthin; 5, astaxanthin.
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(canthaxanthin, echinenone)

I'YB/BTS1/Z/W
(astaxanthin, canthaxanthin, zeaxanthin)

0.85 mM H,0, 1.7 mM H,0,

control
I'YB/BTSL1 (B-carotene)

I/'YB/BTS1/Z
(Zeaxanthin)

I/'YB/BTS1/W
(canthaxanthin, echinenone)

I'YB/BTS1/Z/W
(astaxanthin, canthaxanthin, zeaxanthin)

Fig. 35. Tolerance of the carotenoid-producing transformants under various stress condition.
Approximately 105 cells of each transformant and serial dilutions of 101 to 10° (from left to right) were
spotted and incubated onto SC/-His/-Leu/-Trp/-Ura plates, containing ethanol (5%, 10% ), or H,0O, (0.85
mM, 1.7 mM ) at 20°C for 3 days. To examine UV tolerance, transformants spotted onto a SC/-His/-Leu/-
Trp/-Ura plate and irradiated by UV for 1 min, then incubated as described above.
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Fig. 36. Proposed B-carotene oxidation mechanism by CrtS and CrtR.

CrtS (cytochrome P450 enzyme) accepts two electron from CrtR (cytochrome P450 reductase ) to
oxygenate B-carotene. The reactions involve a series of hydroxylations of allylic carbons starting
at C4. A putative enzyme recognition site for the first step could be the C5, 6 double bond. C4
could be hydroxylated twice followed by spontaneous elimination of water forming a keto group.
Next in the reaction sequence catalyzed by CrtS, carbon 3 in the 4-keto intermediate which
becomes allylic by the keto group is recognized by the enzyme as the subsequent partner for
hydroxylation (Ojima et al., 2006).
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