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Influence of High Light and Nitrate Deprivation on the Carotenoid Biosynthesisin Haematococcus plu-
vialis. Yun, Ji-hyun, In-kyu Kwak, and EonSeon Jin*. Department of Life Science, Hanyang University of
Korea — The unicellular green alga, Haematococcus pluvialis used as a biological production system for astax-
anthin. It accumulates large amounts of the red ketocarotenoid astaxanthin when exposed to various environ-
mental stress such as active oxygen species and high light intensities. To induce astaxanthin biosynthesis of H.
pluvialis, cells were incubated in either nitrate free at 25°C under continuous high light intensity (1,000 wmol
photons m?s?) for 2 days or high light stress only. Expressions of astaxanthin biosynthetic genes such as car-
otenoid hydroxylase, |PP isomerase and B-carotene ketolase were monitored under different culture condi-
tions by using real time RT-PCR. All the subjected genes increased their expression under highlight and N-
deprivation condition where alarge amount of astaxanthin was accumulated.
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oA H32F¢l, Haematococcus pluvialiss= AJAFS
of o]t AbsPq AEHA, IFE IFE, I Fo ik
Z 71| A ketocarotenoid astaxanthin (3,3-dihydroxy-§,
B-carotene-4,4-dione) S TFC 2 EA3I}9]. YutH o2
carotenoid= F<r-8 AAawA] Fo3 9 s, gt
Hlof| oJgt A 7] AR kel digh Hiox &
83 935 2] GIH 2R agtaxanthine] S5 7
= o] AEA 9} o|9} ARE T A=A Ee] 3 ~E
B 2ol W3 AL A=k 713 oletar AZE AL T3],
&z H. pluvialis W] o+=2] carotenoid 34 F-AA=
ol FE|H L, I FHAEL SAe] WA 4,10,
11, 16, 17]. 3}A]1k, 2E#H 2ol B-§31= H. pluvialis®]
A9l He] 7]2kE obx] b3 B awR] okghet

Astaxanthin red-orange A2 2134 2] o8 AEA
HellA 743t A5 ks d8ke 3o} Agaxanthin
<= QIzke] 717} ofekell wisl chekst AHE A A8AE A
Yz glet. o] Aa Ak} S o2 qls) A ARsIA T
o] F718kaL olem, o= A3t FAE Abel F83
89elog z2h83it} 9, 14]. T d7<lA astaxanthin®] Ak
3t 59, F9FA 7%, & Gl gt Sk, WA
o} e0] 77 5 o SHelA Wi F83t S-S ER
o B IE T QY5 9,16]. 2|3 1] A %»v‘ﬂ H.
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pluwialise zpdAlel] 81 EAfsh, i =
273 H Fo) gt A 55 EFR= 7t 77 $3lel| ¢
43 4= glv}. Astaxanthin free astaxanthin, astaxanthin
monoester, astaxanthin diester A 71#]¢] el EA) gL
oA 9lid astaxanthin &) F%7} Fig. 1o veht 9o
™, astaxanthin monoester= 31 €kise]] x|H}Ake] Z gl o]
e Felol L diesters Zb7 A1) 2] 3H whael Ay
Abe] AgHe] 9l Heeld.

Fig. 20|4+= agtaxanthin A4 729} AHELES B
oJF1 gJ}. o] 5 AFA FA4Fol| 3] B-carotene ketolase
(BKT), isopentenyl pyrophosphate isomerase(IPP isomerase),
carotenoid hydroxylasef-A A5l 3k W3 okAtS B o
TeA A AFEA F3Th BKTE B-carotenes
canthaxanthin®2 A3kA| 719, zeaxanthing- astaxanthin®-=
A7) 93-S 3ot 232 o] 4= H. pluvialis?]
astaxanthin A&l =231 432 3o}, IPP isomerase=
isoprenoid 712 A I glom G2 o
o3 adake] Z71RI17]. 1PP isomerases IPR:= 714
ol o)AddAe] S Slisle] dimethylallyl pyrophosphate
S AALE, d|methylallyl pyrophosphate> carotenoid<]
A=t o2 w2 |ong-chain isoprenoids’} ¥R A2kt
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Fig. 1. Astaxanthin structure.
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Fig. 2. Biosynthethic pathway of astaxanthin in Haematococ-
cus pluvialis. 1sopentenyl pyrophosphate; |PP, Dimethylally pyro-
phosphate; DMAPP, Phytoene synthesae; PSY, Phytoene desa
turase; PDS, {-carotene desaturase; ZDS, Lycopene [ cyclase;
LYC, B-carotene ketolase; BKT, Carotenoid hydroxylase; CHY.

4 Q== =31}, Phytoene desaturase(PDS)%} {-carotene
desaturase(ZDSy= TE2A L 21} 7|53 02 H]5=3t G40
o}, o] EAE-L phytoene S {-caroteneS A=A lycopene-
2 A3 7= 9388 3ok B34 7139 carotenoide}
secondary carotenoick= 23+ 3§1E-<]c}. Lycopenedll A o-
carotener®} B-carotene®. 2 A A HEZ7} roldd|
carotenoid AJ 33l SlelA T8k =7} HaL, lycopene]
A] B-carotene=-2] 7 = lycopene B-cyclases (LYC)7}
g} 8]. Carotenoid hydroxylases= canthaxanthin®] %7] &
AL Fvlsla, 2 ¥ canthexanthin 27] A
astaxanthin®-2 A 3kElt}(Fig. 2). L ¥} astaxanthin 343
FAARES] T o] aL JPE Al AT-Ee] HArE gl o6,
11,17] £ AFelrME 3L Fx 2B A9 vlio] ALY
2Ed2o] 2ZF H. pluvilais?] A=A F214 )
= ZAF 22 Al B7] ¢)#l Northern 2! Redl-time PCR
= sl o] 59| WS A E YT =3 wioF =
78] o] 2 Qlgt M Axo] WSLE olR 7| 8] HPLC ¥
Mx kit
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Cell2| HiroH=AT} carotenoid dEd R

B of Tl A% Haematococcus pluvialis= Texas o3t
2] Culture Collection (UTEX)el|A F3i]e] wjeksl Aoz
Qlate seFEFe APz E 2o Bgken, MV(Mes-
Volvox)mediumel| A vl F=]giel. MV mediumel| A wlj k==
oJ B ATHA 2] AE (green cell)e] HiFERAA-E pH 6.79] Wl
Aof], 25°C2] &%} 15 umol photons m2s'e] x]44q] 33
E2 120 rpmel|A Zg wjoksldct. MV mediume] 2432
o3 7} Ca(NOs)4H,0, 11.8 mg/L; Naglycerophos-
phate-5H,0, 6 mg/L; MgSO,-7H,0, 4 mg/L; KCl, 5 mg/
L; NH4CI, 2.67 mg/L; bictin, 25 pg/L; vitamin By, 15 pg/
L; PV tota solution(Na; EDTA, 0.0045 mg/L; FeCl3-6H,0,
0.582 mg/L; MnCl,-4H,0, 0.246 mg/L; ZnCl,, 0.03 mg/
L; CoCl,-6H,0, 0.012 mg/L; NapMoO,-2H,0, 0.024 mg/L;
MES 1.95 g/L. Astaxanthin &Ade] =% M *E(red cel)
wjekalr] flsted 2377 =(2.6x10° cell mit) cell
4 N free mediagl Ca(NOs),-4H,02} NH,Cl 41 CaCl,
20 mg/LS H7FsE MVel| HEFsha 25°Ce] 2= =715
1,000 umol photons m2s'e] JEZ Fo] o] & 54} ujeks}
sk Ml E2] 4= hemocytometer2 3515t}
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Astaxanthin®] 4 4~7-4]-2 HPLC(High Performance Liquid
Chromatography)s- °]-8-313ic}. &S 90% acetone® 2 3
7t homogenizers o|-8-3te] MAE FE3AL AT S
13,000 rpm= 23+ 3}, AL gt FAP] 2H (0.2 pm
nylon filter)g o] 8-l oJ#3ldch. HPLC 42 317] $]
3 20 uLe) AES Fskdd BT 258 B3t A
Y=k, HPLCG= Shimadzu AF2] LC-20A ProminenceE
o] -4-3}¢d}. Columne Waters Spherisorb® S5 ODS1 4.6
x 250 mm, 5 um Cartridge Column(Maple . Milford,
Massachusetts, USA)S- A5l column €=+ 40°CE
st ot A AE Re]sls 49l 0.1M TrisHCI pH 8.0,
acetonitrile, methanol, ethyl acetate”} ©]$-=<ict. 71717}
g3 51 89 T vt 2k 14% 0.M Tris-
HCl(pH 8.0), 84% acetonitrile, 2% methanol (0&-~15%),
68% methanol and 32% ethyl acetate(15%~19+). L 5
6%-2] post-run FF-> A5 A|Ek wje] gl piee} o)
Column W¢] <2 B9 1.2 miZ x5 0H7]. 25
carotenoid®} astaxanthin ester form= photodiode array
detector(SPD-M20A, Shimadzu)E- %3l 435l od=3
standard=. ¥ wslgict. 3]3S Hslr] 218l ketocarotenoid
= 476 nmellA] B2 carotenoid= 445 nmell Al ER131s]
o}, Astaxanthin standard= Sigma-Aldrichell A T3}
3 78] 92 sandard= DHI(Agern Allé, H@rsholm,




294 YuN etal.

Table 1. Gene specific primers setsand PCR product char acteristics.

Primer Primer sequence (5'-3") Gene bank ID
Actin forward GTGGACACCTCAGCGTTTAGC DV 203941
Actin reverse ACCATCAACAAGTGCGACATT
Carotenoid hydroxylase forward GCGCGGGCGATGAGCACAG AY 187011
Carotenoid hydroxylase reverse GAGCATGGCGGGCAGTCCTTTGAT
Phytoene desaturase forward GGACGGCGCCCCACCTGAG AY 768691
Phytoene desaturase reverse GGCCGGCGCAAACACCA
I PP isomerase forward CGGGCAGTCGCAGGATGAGC AY 786411
I PP isomerase reverse ACGTTGGCCCGGATGAATAAGATG
[3-carotene ketolase forward CCAAATCAGGCTACCGACATCCAT D45881
[3-carotene ketolase reverse GCCCCCAGCATTTGCATCACCACT
Chlorophyll a,b binding protein forward TGAAGGACATGAAGACGAAAGAGC AY 786531
Chlorophyll a,b binding protein reverse GCGCAGCACAGGGATGG
Denmark)el A} F-1a15t .
RNA %£&7} Real-time PCR 2 Py
= 712 z79] A Z(greenst red cell)o| A tota RNA ‘ Cl \ \i;‘/j

= FZ317] 98 TRIzol reagent(Invitrogen, Cdifornia,
USA)E °]-83lsitt.

Reverse transcription® 2 F-¢] first strand2] cDNAES &
7] 2138 Invitrogen2] superscriptill Reverse Transcriptase
kit(California, USA)E A|ZAle] A= Ao wie} A3}
o 7 276l A FE3F 6 ug® tota RNAE ©] &3l
cDNAZ A sl e} o] &A o]zl cDNAZ red-time
PCRS 4 33}3lt}. Red-time PCR2 Thermal Cycler
Dice™ Rea Time System TP 800(Takara, Naginatahoko-
cho, Koyto, Japan)2 331 o, 355 Eqlslr] ¢
3] SYBR® Premix Ex Tag™ ((Takara, Naginatahoko-cho,
Koyto, Japan)2 AM-&-3t¢lth. PCR 2712 95°Cel| A 10%
59t (pre-denaturation) 1cycle, 95°Col| 4] 52 (denaturation),
56°Col| Al 45% F<F (annealing) 40 cycleZ 213} 8} it}
Primer AX= Table 1o A3} H2TF-=2 actin AR}
= AHE-ERT

=}

3 4 jpE

=
Astaxanthin 4gt&0| REE H. pluvialis BH=Z1
oJoFAZ2] A E2] green cell> pH 6.731 MES-Volvox
HjR] e A &% 25+1°C, 15 umol photons ms'e] T3}
F =2 growth chamberell A vl oF3}<ich. Green cellol A
red celZ =7] $18 A7 25 wix] <A 1000 umol
photons m2s'e] FEg =2 4807} Bt AEHAES F
of wieksladct. Fig. 3eell Al HAlodw M E7F A4 A
WAl A - FEE Fof vkt Fig. 3bel 2o
astaxanthing 438 Alelal red calZ vl SIeh. Al
Al astaxanthine] A3 e SAUE A& & 4 it

(A) s (B)

Fig. 3. Light micrographs of H. pluvialis at different culture
condition. (A) Green cells were in MES-volvox growth medium at
25 under a continuous light intensity of 15 umol photons m2s™,
(B) Red cells were incubated under light intensity 1000 pwmol pho-
tons m2s, nitrate free medium for 48 .

2} =2of| = H pluvialise| ZgH M4 B35}

b w2 7del wbE FEA A4l WHEE B 98
HPLCE- o] 83} M4 EAE 319t} Green celel]l A<
9 pekE(2, 9, 12)0] red celol A B.od =] 1 9] Th(Fig.
4). o]5-2 green cdlol|A] stressE- Htel §-=% astaxanthin
© 2 Z+Z}; astaxanthin, astaxanthin monoester, astaxanthin
diester 2 2Hl=|gie}. HPLC A2 -2 7+ carotenoid®]
AeFS 53l tota carotenoidell A total astaxanthinz} Iutein
a2l B-carotene®] B]EE H ko). Total carotenoid=
100%= 715 31912 ], green cellol| A 4.62%°]%1% total
astaxanthine] red cellell A 83.43%= ol A B 4
it wh, luteing 42.83%0l A 7.53%Z, B-carotene>
13.320| 4] 2.64%% green cell 2t} red cello| A 7H43t A
£ H 4 9lth. = totd astaxanthing] H]&-o] Solt vk
luteinz} B-carotene®] H]&-o] Fol& A& B 4 l(Fg.
5a).

Total astaxanthin free astaxanthin, astaxanthin mono-
ester, astaxanthin diester2] 37}%] 2§ o2 ¥l oH{15].
Total astaxanthinS 100%Z 7] 3191 S W monoester:=
48.76%°N| A] 76.65% =2 =713} 2, free astaxanthin2

N
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Fig. 4. HPLC profiles of pigmentsin H. pluvialis. (A) Pigment profile of H. pluvialis before stress, (B) cells exposed to nitrogen defi-
ciency and high light for 48 hrs. 1. neoxanthin 2: violaxanthin 3: astaxanthin free form 4: antheraxanthin 5: lutein 6: zeaxanthin 7: chloro-
phyll a 8: chlorophyll b 9: astaxanthin monoester 10: o-carotene 11: 3-carotene 12: astaxanthin diester
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Fig. 5. Changes in carotenoid composition in green and red
cell. Peak identification as given in Fig. 4. Changes in concentra-
tion of total astaxanthin, lutein, B-carotene (a) and astaxanthin (b).

17.9%A 11.9%=, diester T2 33%eA 11L5%= 744
3= W3S B9t Fig. 5be Al7HA] astaxanthin 3 €2
A ekS ez glo}. Green cellol|A] free forme 0.033
mg/L, astaxanthin monoester i /] 0.099 mg/L, astaxan-
thin diesterel| 4] 0.065 mg/Le] =S Ho]al gl o} red
clo| M= 22+ 1.19 mg/L, 7.7 mg/L, 1.15 mg/LZ Z}z}ke)
27} Skt sk red cdlZ A 3HE 1S 75

Al 252] Blgo] 2t oF 5%, 70%, 25% H =2 EA)3l=
Ao RyEy glo}12], B A A= Fig 3bx ¥
astaxnathine] Z43<1 red cel®] 7% Z+2+2] astaxanthin
estere}yd o] A o] th=2A YAl ole& & 4 STt o
2 ejo] astaxanthin®] /4w, 7 celE 7] ##] 9]
TRk 22 A wE Ao|7t v RS o 5
ook =} A4 Ag AEHAE WA FH lycopened]
Al o-carotene®] 27} A=) lutein EAdo] Fol 5L B-
carotene 3+9] 729l agaxanthindt 74 2= 71<4:31= o]
B-carotene®] ¥ =7} Zo]=x Al astaxnthin®] Aol &
7HE AL ek 5 4= sl

el AAAHE AER A0 UE astaxanthin AEH

RS %3l green cdl$l red celol] A1 €]
astaxanthin 4§43 A FAdARe] Wl xfe] of -5 B3k}
(Fig. 7). Astaxanthin A4 3 genedl isopentenyl
pyrophosphate isomerase, B-carotene ketolase, carotenoid
hydroxylase -F-312-5-2] &l A=E A s AHsl] ¢
3| real-time RT-PCRE ~eialod=d] A 2+ 2719] cellell
A %3 totd RNAS cDNAZ dA-A}slgic), 2 543k
of W&t 2] primers A& 3le] AH8-31%1 3 melting
curves A 3ke] Al =r) vhe =] EelElH. Fig. 8
2] Readl-time PCR Z 3= housekeeping gene2l actinz}
Z72l green cells 71522 3i5iS wo] A Age
12 R s i s B R = R L B S R = i
= e oke] 71AE Ju|gl}. Carotenoid hydroxylase®] 74
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Fig. 6. HPLC chromatogram of pigments of H. pluvialis. Peak
identification as given in Fig. 4.
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Fig. 7. Expression of astaxanthin biosynthesis genes calculated
by quantitative Real-Time PCR. Each bar shows the relative
expression using actin as the endogenous control. 1: actin 2: caro-
tenoid hydroxylase 3: phytoene desaturase 4: isopentenyl pyro-
phosphate isomerase 5: B-carotene ketolase 6: chlorophyll ab
binding protein.

o w o

Relative amount of mRNAs

5 red cello| Al green cell B} oF 2009 &2 Wa&S
9] 31 phytoene desaturase] 73-9-= <F 4w, isopentenyl
pyrophosphate isomerase:= 1.61vl, B-carotene ketolase:=
313wj o] ko] F7HE E<l ubd, chlorophyll ab
binding protein(Cab)= 0.3#1Z red cellX v} green cellellA]
o =7 HEEHE S By HPLCE o] 83 At
oA 3 2 AAAY ~EHA ZF76)A] total carotenoid ¥
&2 green cellol| A red cello] HwA F713kar, Hidj =
total chlorophyll> ZH48l= A4S B]lth(Fig. 6). 33 2~E
2o M dubg oz 540 FAo] FAaF L v Ee]
Cab frAlxl=2] Wale] Eo57] WE[7] 9522 5%
7} Z3L vjBe] Cab FA1RRe] Whale] ZhAasial v A
A 27} 3} 2EHATE B Qo= 73t F7E A3t
o]¢} Z+e FAA astaxanthin A A Zel o= RS
2 A7 2 2710|AM A= green celld wj¥ o 32 33
= ~EH A A A w4 vkt red celld o
T2 RS Helal gl g EkIghe=s astaxanthin A
Ao IS TS AP AAPA FE A3 5
o] astaxanthin A @A o] 2L AR E S

H. pluiailses 3=} A4 2
ketocarotenoid®] U<l astaxanthing o} 2= 5%
ol 2E# 27 gy 2AAM 71% green cell3
astaxanthine] 4% red cellS& HPLCE &3f »|xs)] 2
A3 Zp A ane] cfe] Wssh: Ae £ sl o
ester 3] astaxanthine] A3 =11, zeaxanthine] o]
% vy, luteing} B-carotene> A sFgdvh. =3 total
chlorophyll2] ¢ke] Ze]=2= )4l total carotenoid®] ko)
Lol Bt} H. plwilalislA Zopd astaxanthin A%
A 724 )= carotenoid hydroxylase, phytoene desatur-
ase, isopentenyl pyrophosphate isomerase, B-carotene
ketolase F-41A= 241372l chloroplast chlorophyll ab
binding proteine}= 22| cello] A4317] £ 2712 Al
B} astaxanthing: 3] $l3l] o] AEHAE W
W o o] T2 RS Heole AE EIFE 4 sl

#Ate 2

o] AT 3 A FATe] 20059% FEeATHY
(FAEE: Co014)el 2fsle] o] Foigom olof HA} =1
et
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