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2 o ¥ ATE FYIEPYBAUT PEAALYNA RPEL T4 0T Chlorella miniata®) A% 3%
3 22 Y FAL 5 MY 2AS WS B BAUL ol8ste] A HH2S Systact. HeF 24
FQ EYHSL Z7)(0.03 ~ 0.18 v.v.m.), FE(0.0 ~ 800.0 zmol/m?/s)2} 2%(18.0 ~ 28.0°C)F HA3130H
Wi Z7do] A Aol HlAE GRS dlZat] 9 17) HBEAL AAST Y 2E vigow 2% 37 Bd
2 mzolgleh WY M4 2DL 0.13 v.vm, 595.1 umol/m’/s, 25.8 °CE RIFCH HAH ZANH 42417}
¥l 4| 3.2 (ODew0)E AIE7H A= ARkt ek A8 24 =2 5 A wjop 24014 438 C. miniatad)

=

9 e HPLCE ol 83kl Wrhskale ) A i S7heh W 2|2l Aol 25 % ol S7Hto] 2kelso]
AN AHotE Fo) AmgYol AHHOE F71En ArHoR FE|Ql P4 Sk slofstent.

.1

Abstract In this study, culture conditions were optimized using response surface analysis to enhance the
cell growth and lutein production of Chlorella miniata, a freshwater microalgae received at the
freshwater bioresources culture collection of the Nakdonggang National Institute of Biological Resources.
The main independent variables selected for the culture conditions were aeration (0.03 ~ 0.18 v.v.m.),
light intensity (0.0 ~ 800.0 zmol/m?/s), and temperature (18.0 ~ 28.0 T). To predict the effect of culture
conditions on cell growth, second-order regression models were derived based on the results of 17
experimental sets. The maximum cell growth of 3.29 (ODgso) was obtained at 42hr under 0.13 v.v.m.,
595.1 gmol/m?/s, and 25.8°C. C. miniata was subsequently cultured under the optimal culture conditions
and the lutein content was evaluated using HPLC. Increased cell growth was observed under optimal
culture conditions, and lutein productivity was determined to increase by more than 25 %. Our results
indicate that statistical-based optimization of culture conditions effectively increases the cell mass and
subsequently contributes to increased lutein production.
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1. M

AEFE 7, Biel o 59 A SF01A A4
St AEAd EFEESRE A AlAR] 509 ©Eo] A
St 2 & HgAol HuET glon w2 3 &
2 S3AE o] ) 108 o3 g4 17853 vt
oluix PO E A &5 Bl vloleufj A PiAtE
2938 95 skar UoH1l. E3E uNRFE SA8EA
o HYYs 9 4 o ¥jlo] He A4t 9 59
YFETF A7l 8= 2T AAH vhol xS 3L
Aol sttt AeAdos FEEAL Q2] ot
UAEFE DA 283 t7] F9 oliteiEa 3 4

= T

T #71E 88S F3 1A iRl 2, 21 8l
FEE obdzt 221 tiAtERl Al dEdE BAIsT

o 1 % slReolst 20l WEtEs ofiet
B2 Eshe] ARk P, A ot ey
w4 oAl 59 thaRt 7%4o] Basel nkst
71 4= 2A2H A7 ok 9IeH3.41.
IR HeRE B vlolevls L 488 A4l
olol B, %, oliksleia S, 9% 2 U 27 5
o] 28 Wi AT AXHT glof PMRFERE 4
SPyUe TIHoR A SEE WY At
47t AElolof SitHs 6l WAER e Wik
Slat HjormA HA3l] o] B W SN Haske
SYuS 71 4R Tofo] ofAT B +o A

ol masle] A} Ak BY vl§ F7hel Tol

A

ZARTHT). olok B EAE HAL 98] S 7t
BEAG Blo] 7Hs T BASH HAste A WS

HEAEAH(response surface methodology)e] &
slof de] €81 ItHE]. YREEHEAHS o9

TAUGT} BY B WEAES B SEu5] 9F
2 2902 W, Haol AY ISR FPAS A2
J 4RE AvHow dg & e AuAgyos
A4 2AE ARAOR o|S5Hs 7R AET Hop
oM 3% Aol de) AHIL YeHo.

L
.

Chlorella $LE =ZAEFA] &3t ZAo]
2.0~10.0 pmQl GAE T A&7 I9Hd ago] &
Foittal dHA QAL 53] 23 tiAbE]] FHIY, &
w2} HEFtzEo] g o] vloleufA

Aokl E-8ETHI0L E3E 7|E ArATel WaEd C
miniata®) WEFIEE, FEHQ 59 22} AREES 7]
Hho 2 At 9 g5 Aol FEA AHI1. sHA

/{l_
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W C miniata® 2% AR YA AT 9
I 5% FIYE 3 38 24 24 I A= 1Y
A o= Adjolrh. wEtA & A= g4 nARR
Q C miniata NIEE S o 2% dAHEE 5

Mo

71e B0 Mg XA Bl Y, 2] 9 £
2 USEURANS ol gle] HHE Sustgon

olg Y ML I 7I2ARE ATYH WA 1Y
TP G8RE A A WRle] 4F, S9E
2 oopg AAR B HSHS Bk St
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2.1 A M=
Aol ARREH w39l C miniata (FBCCA1186)=

SIS AT AEAY-LH(Freshwater
Bioresources Culture Collection; FBCC)ol|A] &oFqt

of ARESILY. € miniata®) ¢S 1T wiA A
8l A-&H BG113 Bold's basal medium2 Sigma-
Aldrich (St. Louis, USA)olA Fulis}ct. =3, 2|
ol FF RAS 9’ #EEEY HPLC ol
methanol, ammonium acetate®} acetate buffer=
Sigma-Aldrich®] A& AR&-sl3tt.

2.2 OMZ=R SRt

C. miniata® ZdMFE Yol BG11& ArEsIH O
o, "2 250 ml 7I1ZE 9853 FH=T8YI
(bubble column photobioreactor)E ©]-&3lo] 22 +
2°CZ 9A18F 100 pmol/m?/s2] BS A 3
Potglom, Z7|E sl T71<t olitEtAE Egoto]
5 % oAEEAE HiYY] STHEERE 0.1 vvm.E
A& FEokl vAIRFY A 104 HEoE 7
ot

2.3 OMZF2 HiYX

C. miniata Wi¥2] & £7], Lo 25 G5t
7 24y FAYEES7](photobiobox, Shinhwa
science, Daejeon, Korea)E °©|-&slo] Wiz &
3= FPotqict. d SwuligelA i 7371l 48
A7t A BRE C miniatas 249 JRAEERS7]
A Hi%E 913l 0.4 ~ 0.5 (ODggo) = A EEEE 27g5t
I BG11E 7] #iAst] 96-well plate (Corning



Chlorella miniata®] I'e%= WiFs A WiFzd9] SAHH 243}

Inc., Corning, USA)°l 7 200 uL £330 17 7} uf
FRZANA Az S Blasignh. SAHEAE
(central composite design)oll et 24F FAEH
3719 2=} &5 10.0 ~ 35.0°C, 100.0 ~ 700.0
pmol/m*/sSt 0.03 ~ 0.18 v.v.m.2 Z+ well?] 27AE
FAS . 248 FAETZ719] vigRT 7T 200 pL
=] ARMRFE F750] E7Isto] HAZRFY Al
I g2 mtojaz ZYolE F57](Multiskan GO,
Thermo Sci., Waltham, USA)E °]&3dto] Z+ A|ZA
FH AN S8 E(ODsso)s 5795t0] Bl

2.4 ZEIQl 25 U 3 24

C. miniata®) FEH FF 24Z AAsf TR Bl
FHZ 2,000 gollAl 2087 YAEEE T F 5
AASIL mAZERE sttt wotd dAle TR
HiR] A&} Al 27 (cell debris)E AASH] A8l &

Tz AT & ddeelstal $271x71(FD8512,

IIshinbiobase, Dongducheon, Korea)& ©|-83lo] 4
Ad PAIRFE XS] B4 AIRE ARSI Al
2 7424 0.2 g 10 mL 90 % OFAl
21+5&7](Powersonic 410, Hwashin tech, Daegu,
Korea)Z 3087+ &

Sl

2R 259 FHQl 382 high performance

£23UF 2

=2 T

liquid chromatograph (HPLC; Agilent, Santa
clara, USA)E ol-&sto] #4153t 415 918l Luna
3 pum C8 analytical column (100 A 150 x 4.6 mm,
Phenomenex, Torrance, USA)°] AREEIIT HHO
2 45°C2 4A5k 10 pLe] AlZE HPLCA F¢]
stof 5587t SRR E AW o] 5L R oNE
YEZJ(A)F He2(B)E AHEstol EFHIE 5 % B—35
% B (15%), 35 % B (5%, 35 % B—~60 % B (15%),
60 % B—100 % B (10%), 100 % B (108 A7gst3ict.

2.5 &8 A=

HA| 2R wigERA0] AR A7l viAe B3 I
=g o|8sto] A=3t7] sl Design expert 9.0
(Stat-Fase Inc., Minneapolis, USA)2.& FAI3H3A
Z(central composite design)& Z-&A1A 17 7| A
oA A¥S APttt FPHFXIE Z71(X1, 0.03
~ 0.18 v.v.m), F=(Xz, 50.0 ~ 800.0 xmol/m*/s)2}
2%E(X5, 18.0 ~ 28.0 °O)F AHstglon 7t Syds
£ 594(-1.68, -1.00, 0, +1.00, +1.68) &+&°07 &
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s3tE 17 7K 2708 AY
e AEAE 2%
(Table 1). 27t 3lA%9] =
Al et WS EHEA
g, 1A 9 AR FA(p value)oll it (p
0.05) o2& 31, BHAFRIE FRlste]
Z|of Agghe] g wo] 7uket 3l Atde &
ool HH 27 ASsI

Y = b + bX + bX+ bX, 07X

00X X+ B XX+ b X B 4 b

-Eq. (1)

7} A9] SAEA Ak of o] 23} AR o
Ehflo] SHHRXy 7], Be, 25) E SHEHR(Y
A HA R A F5)9] A3 FEHol o
o FCigS A4St B4R ST offet
Zo] YERQLT Xn*S SS9 0|31, b yEH
¥} by IAAGE HERA.

=

Table 1. Main independent variables and levels for
optimization of C. miniata growth based
on coded and actual values of central
composite design

Independent Coded levels
Xo o variables  TIETT0Rs 0 084 168
X1 Aeration 0.03 0.06 0.11 0.15 0.18
(v.v.m.)
X2 Intensity 50.0 202.0 425.0 648.0 800.0
(#mol/m*/s)
X3  Temperature 18.0 20.0 23.0 26.0 28.0
©
3. 2 ¥ 1%

3.1 YR ME ME EE

BASH HA5HE o] &3t AlZ R Htistel A
FAENF7NA C miniata WF E/3& SRlstAt
O R wiQe] Z]EelF 27491 0.05 v.v.m., 200.0
pmol/m?*/s®} 25.0°ColA A 4% A3 Belstel
THFig. 1). 7] AZHE 5= 0.49 (ODen)2 FF
st o™, MEAgA2 v 18A1Z7HA] H-g718 AXH
2411710 4= 237710l HolEo] 48A177HA] vl A o
2 Z7Iet o 48A17te] 1 Al AgAe] =t &
ThA] ZASH= A%RS BHYt) ol C vulgaris?t 244
7wl Al 83717 ARt AT 2Rt 5Y
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SV chlorella & YEO 5% ©A7)7F 24A4)7F WY
FA AR EE Ao R ARHTH12]. WEbA C miniata
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Fig. 1. Cell growth profile of C. miniata under 0.05
v.v.m., 200.0 gmol/m2/s, and 25.0 °C in
photobiobox with 200 gL culture volume.
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QA C miniata®) NE 3FEA] 7]8ksto] i
A7 27 94 @719] 2 749 A TAE st diide
2 AAsto] FAAAL ] 17 A sz wet
312 st o, 42474 Hd) X H=
Q1 3.09 (ODeso)7t 149 viFzRZANA] 2lE vid X
4 AIE 529 0.38 (ODgsgo)ol 111 ZANA YR
of el 2&9f Fwrt Al gl JFIFE wHo] Fl
FcKTable 2). £3], 149(0.11 v.v.m., 425.0 g
mol/m2/s, 28.0°C) A9 24A17te} 42A|7HS] AlE
BE7F 247 2.09 (ODeso)2t 3.09 (ODeso)® X|thgkel
Ueht S0 271 9 Bt 22 257 Al 4
A& SHgo] FRI=ct.
gz T2 17 79 RS 7IRte g ARk
AlE S &) Al 22 FATE =E0aL o
=3 3% A3 BS99 2EASY RgE
gelstgitt. R7gkol 190 77Me2 24} &3] o
gt d&gko] AT FASHE AL BIHEE 2441709t
42A780 TSt 23 AT RZEe Z2F 0.90299F
0.8981% 77} 90.3 %2} 89.8 % cll&0] f-agto] 9l
FtKTable 3). T3t BAREA Aw}p 24 A7k} 4247
9] pgkS 27+ 0.0081F 0.0094% Z&H49 =
2-0] AA7}F 995t Ao g Vel EguiZo] Wal
7} Aatglo]l 9L wlHo] HPEAHp € 0.05). ZF &

SUE fIet 48 72
54
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4, SYvs 2 w5l fo)4 ¥7he ANOVAS
Bl FRRS Wl 24A70IME S 3 A&, @

9t 25)9] ptol 0.05 olstz Ueht B5 |25t &
Heeglon, 42470 T3 27], Pt 2%9] pgto]
0.05 otz LE EgRisTt Alx Ao fost 9%
< U Aoz FIF o] A A 9lo] 7], 2=
o} F= Aloj9] F8Ao] FRIElo] NRF thF v
Al, B 270 dis) HHst Aol Fa3 FFE ]
A ZAo=Z WA HTable 4).

ol
=

Table 2. Independent variables and responses generated
by 17 experiments at 24hr and 42hr of C
miniata cultured in photobiobox

Run Culture conditions Cell Cell growth
No. X1 X2 X3 grO\();Zh}g ;3 680 ?42??)
1 0.06 202.0 20.0 0.58 1.13
2 0.15 202.0 20.0 1.20 2.11
3 0.06 648.0 20.0 0.72 1.27
4 0.15 648.0 20.0 1.27 2.12
5 0.06 202.0 26.0 0.72 1.77
6 0.15 202.0 26.0 1.26 2.40
7 0.06 648.0 26.0 1.21 2.70
8 0.15 648.0 26.0 2.06 2.94
9 0.03 425.0 23.0 0.35 1.07
10 0.18 425.0 23.0 1.49 2.78
11 0.11 50.0 23.0 0.44 0.38
12 0.11 800.0 23.0 1.37 2.78
13 0.11 425.0 18.0 0.75 1.86
14 0.11 425.0 28.0 2.63 3.09
15 0.11 425.0 23.0 1.36 2.70
16 0.11 425.0 23.0 1.38 2.83
17 0.11 425.0 23.0 1.31 2.68

X! aeration, Xy' intensity, X3! temperature.

Table 3. Second-order regression equations generated
by CCD for the optimization of the culture
conditions of C. miniata at 24hr and 42hr of
culture.

Regression models (Y) R p value

5.28182+ 17.64911X; —
1.11933 x 10°X; -
0.56641X; + 2.87718 x
10°X:Xz + 0.21613X:X;5 +
2.02784 x 10°X:iX3 —
78.79770X1* — 3.34351 x
10°X2* + 0.012406X5>

Responses

Cell growth

(24hr) 0-9029

0.0081

8.82693 + 59.45209X; +
3.48865 x 10°X, +
0.46531X; — 6.37195 x
10°X:Xz — 0.89420X:X5 +
2.44249 x 10°X.X; -
129.20902X,* - 7.73888 x
10°X,% - 7.55114 x 10°Xs>

Cell growth

(42hr) 00094

0.8981




Chiorella miniata®] Ig= WFS AT WiFz9 At 2=t

Table 4. Analysis of variance (ANOVA) for effects of
C. miniata culture variables on 24hr and
42hr using a second-order regression

equations.
24hr 42hr
Sum F P Sum F P
of of
value | value value | value
squares squares
Mod-el| 4.80 7.24 |0.0081 9.00 6.86 | 0.0094
X1 1.47 19.95 |0.0029| 2.26 15.50 |0.0056
X2 0.69 9.30 [0.0186| 2.35 16.09 |0.0051
X3 1.57 21.32 |0.0024| 2.01 13.78 |0.0075
XiX2 [6669x10°| 0.090 |0.7724| 0.33 0.22 |0.6503
XiXs |6811x10°| 0.092 |0.7701 0.12 0.80 |0.4010
X2X3 0.15 2.00 ]0.2006| 0.21 1.46 | 0.2655
X2 0.29 3.89 ]0.0891 0.77 5.29 |0.0550
X’ 0.31 423 [0.0789| 1.67 | 11.45 |0.0117
X5 0.14 1.91 |0.2100| 0.052 | 0.36 |0.5690
ANOVA: analysis of variance, Xi: aeration, X' intensity, X3:
temperature.
3.3 O & =7I01M BiYEA Z|Xst
B4 A9 27191 HieF 244014 B Ewg
7k el WX G B Sls) 2as 24 W
A< A5t 24F FJBETETIA wig A4S &
yshoiet, Awol 2712 7o) sk L5t A
= gl B I BAHRS o ewst SR
of we} Ala2 7ol F7lshH 53] 23.0 °C ol &4

sHA| S7tete Aol LA UTKFig. 24). E3 F
o £719] FF= U5k o 2 §igo] F7Ietol o
2} Alat gAo] FTleltirt thA| Zasls AR EA
Fej7t FRl= et 2aH o R HigF 24A170lA S8
&= 3 7 B vAIRRE el §95t AR SRIEG
on 53] 227t nARF A4l 7P ROttt 9=
uEE EAREY ZIHp = 0.0024)5 B3 A=A
tHTable 4).

HA| 2R 7ol mA=
sl shue] sHHEsE

=
=
=
= ©
o
=

¥

Bt Z7E Sl mhEt Al Aol F7kereloH
425.0 pmol/m?/st 0.11 v.v.m.olA Zd| 4ol &
QIE|QItKFig. 3A). E3l FEE 425.0 pmol/m?/sol
I AL 0.11 vovm.&F 28.0 °CollA FHuigh 2.63
(ODsso)o] ERI=Iglom 257t Z71gtol| wheh Al 4
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ol S7Foks Aoz SI=AHFig. 3B). UAI=F Hi
ol Ao 2= NER A Ee HHF HFTIolA

HIQF Al A|E /gl 7P fofdt FERJIAR dHA A
o HARR Fof wet uie oot 2 2k Hert
A 23] 47 2= d¥HECeR 15.0 ~ 26.0°C
oln, 1% W& HA|IRFolA 23.0°C7F M) A= A7
gH7L kst HA g2 R BuEa QioH13) 2
AFoA BRIE € miniata®l FAF WY 2E=
25.8°CH} 26.0°CE gyl PlA|RFo] Hgf| &2 Z &
ol Mychonastes homosphaera WiFZ7 ATFolA
4 257} 26.0°CE RuE AR fARH C
miniataZt 25.0°C oldolA o 83Z st ndRR
TOor ERHo| JiHETH14]

30p
13

a40p
S

B
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. 2. Perturbation plots for the evaluation of the
effect of three independent variables,
including the aeration (Xi), light intensity
(X2), and temperature (X3) on cell growth of
C. miniata at 24hr (A) and 42hr (B).
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Fig. 3. Response surface plots represent the effect of
two variables on cell growth of C. miniata at
24hr. The effect of changes on cell growth by
function of light intensity and aeration (A),
temperature and aeration (B), and
temperature and light intensity (C). Xi:
aeration, X! intensity, X3: temperature.
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=71Q1 42A1%F9] A

2 Al Ag7do] F7IeEE Hlo™ o= 244K vk Al Al
I ATt FARRE AatoltFig. 2B). E3E BE SRS
7} 42A17F vieF /37l oAl B PIAH E9] F
9] 7ol w2} mARR e HalEo] & Aog UE
U P BAREAT SASHA Bt mARF Al 7P
ot FFS vzl A= AEE

YWY A5l TE Al 4R B 9
off shbe] SYHE Istk YA F S-S |
AE WHS PREEEIAS ERISHHT *EE
23.0°Ce] skl E7)¢t P9 A452E arkE g1l
SIS o, 2719t =7t STl wet Al Aol H
#olA 27157t 0.11 vov.m T 425.0 #mol/m?/sell
Al A 744k 2.83 (ODeso)= Hol= AFEEA FH)
7} BRI tKFig. 4A). E3F LTS 425.0 pmol/m?/s
o 1etRE o, &t Z717} F7Ietol wet Al A
o] 0.11 v.v.m. 3} 26.0 °ColA HHiE F7FE & T
Sk A Hol 2L} Z7)71 Al2/g7tel feet JF
< HAE Ao ERIFITHFig. 4B). ZEZX O 424
2k gl Qlof 3 AH9] WS AR ARl B §2
oA FFE vAY FE9] ¥t v A4S 24
St 7MY F8% SYHSRE SRIFGET] o= Choi &
9 C vulgaris A WiFAToNN 27T STl wht
A= Aol S718IH7F 400.0 gmol/m’/s o142 Tk
9] FF Tl WE AEH A0 9] Al Ag7to] ZAagt
Th= B9}t A5l A= F=F] HA37} Al ZefeF

o $8 AU Tl & YHIS,

= o2 e =
= = =

=
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Fig. 4. Response surface plots represent the effect of
two variables on cell growth of C. miniata at
42hr. The effect of changes on cell growth by
function of light intensity and aeration (A),
temperature and aeration (B), and
temperature and light intensity (C). Xi:
aeration, X! intensity, X3! temperature.
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3.5 HHYZZA ZX35}

UAEF AEZF HetE A8 tiedd =l 27
QA 24A17¥} 42417 01 A 2H 2SSk 24
Wl o) A3kE Table 5] YehgTh HA5E 9
) T A7 E710lA BigRAS] 8 MR SRlE F
=5 Ao r FHASlsha AR &8s fls) 24
HI-E A7l $838F 841 HiF2=7t At He ARt
ZAL A839S W 0.13 v.v.m., 507.0 gmol/m2/s
9} 24.9 °C7t AIEE U HEsEe= L2287t 71Eo=
3.17 (ODsso)°] SRI=3It}. SA AL S B3t Al
A 24 Ao mEEH 20E 7IRe R 3 A4
AFE ZAPotoS o, 24X7F & 424713 HH 229
A 247+ 2.14 £ 0.14 (ODgso) ™ 3.41 % 0.17 (ODeso)2
A2 FEE Hof AEA19t FoRt Zpol7F giZo] ERlE
o] BATH XH3}E ol 83t vigRA S 9 A= A3
Fiebt faske AgRld & A
Table 5. The prediction of optimized culture conditions

of the 24hr and 42hr from three independent

variables, including the aeration, intensity,
and temperature

Optimization

Superimposing with

24hr 42hr L
restrictions
Aeration c
(o) 0.15 0.13 0.13
Intensity - -
(emol/m?/s) 648.0 595.1 507.0
Temperature 26.0 25.8 249
(°C)
Predicted
by CCD 2.23° 3.29° 3.17¢
(ODgso)
Validation 2.14 3.41 3,20
(ODsso) +0.14° + 017" + 0.18°

An experiment to confirm reproducibility was conducted based
on the conditions predicted through statistically-based optimization.
The predicted value by CCD and the test verification result were
compared at the significance level of p { 0.05. *optimization with
minimum light intensity and minimum temperature.
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Fig. 5. Superimposing contour plot for the simultaneous

optimization of two variables for the maximization
cell growth. Temperature was fixed at the optimum
level of 24.9 °C. Xi: aeration, X! intensity.
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