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Optimizing the growth of microalgae and
promoting the accumulation of high value-added substances
according to stress conditions

using a two-stage cultivation system

Jaekeun Kim

School of Marine and Fisheries Life Science (Major in Biotechnology)

The Graduate School, Pukyong National University

Abstract

Astaxanthin is famous as a super antioxidant, and is a substance with much higher
antioxidant power compared to antioxidants such as various vitamins. Based on these useful
properties, astaxanthin is being applied to various industries such as food, cosmetics, and
pharmaceuticals. In the case of synthetic astaxanthin, there are reports that there is a risk that
it may contain traces of residual solvents and chemical reagents, and it is unclear what effect
it will have on the human body if consumed over a long period of time. Therefore, the demand

for natural astaxanthin is rapidly increasing.

In the case of microalgae, it is a good raw material with fewer by-products and higher
production of astaxanthin compared to other raw materials. Microalgae can be easily
cultivated anywhere as long as the simple conditions of water, light, and carbon dioxide are
met. Among microalgae, Haematococcus pluvialis is a good raw material with the highest
content for the production of astaxanthin, but it has inherent disadvantages such as low growth
rate. On the other hand, Chlorella zofingiensis is known to be easier to cultivate, including its

high growth rate.

In this study, we optimized culture parameters for productivity of Chlorella zofingiensis
and analyzed the accumulation of astaxanthin under stress conditions. Microalgae were
applied to a two-stage cultivation system, and the first stage was optimized by controlling the

N source and P source in the culture medium to maximize biomass production. In the second



stage, a stress environment was created to maximize the accumulation of astaxanthin, and the
amount of astaxanthin accumulated was observed using wavelength and light intensity using
LED and salt stress. In the first stage, the maximum biomass of 1.88 g dcw/L was produced
at an N source concentration of 1.5 g/L, P source 20 mg/L, and fluorescent light intensity of
50 umol/m3s. In the second stage, the maximum amount of astaxanthin was produced at 2.21
mg/L under the conditions of LED green wavelength (520 nm) light intensity of 200
umol/m3s and N source. Compared to other conditions, the production of astaxanthin using
Chlorella zofingiensis is also judged to be higher in a stress environment because the

production of biomass is high under conditions where N source is sufficient.
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Figure 1. Molecular structure of astaxanthin(3,3’-dihydroxy-B-p-carotene-4,4’-dione ).
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Figure 2. Utility of microalgae.
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C. zofingiensis®] HuljoF2 Ht¥E BG-119]A](M. M. Allen®} R. Y. Stanier
1968)= ©]-g-sfo] 7UZL wiekstol ARG-SF3ITE BG-11 WA o 242 2lE T
NaNO; 1500 mg, KaHPO4 40 mg, MgSO4-7H-0 75 mg, CaCl2-2H20 36 mg, citric
acid 6 mg, ammonium fetric citrate green 6 mg, Na:EDTA 1 mg, Na.COs 20 mg,
HsBOs 2.86 mg, MnCl2-4H20 1.81 mg, ZnSO4:7H20 0.22 mg, Na2M0O4-2H-0 0.39

mg, CuSO45Hz0 0.08 mg, Co(NOs),-6H20 0.05 mg 2. = -4 = o] 9l t}.

= Aol A C. zofingiensis®] %7] A F vlo] Qull A~ w5+ 4% 0.4(680

nm)= AA3F3 o, 2 L A A E o] 8-351o] working volume 1 L= A 7 &}

AFS Fyetgnt. W A EE Wik 2% 25T(£2)8 o=
352 o] g3t o, B3-S pore size7F 0.20 1 m<! ZE{(Midisart 2000,

Sartorius stedim biotech GmbH, Germany)& AF-&3lo] o 3¥ ¥ 7]& 1 vwm?]

FEOE FHSHA W
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Figure 3. Light source and wavelength for each stage of the two-stage cultivation
system. (A) Fluorescent lights were used as the light source in the first
stage. (B), (C), (D) In the second stage, 36 light-emitting diodes with a
size of 90 x 6 x 4 cm® were arranged at 1 ¢cm intervals and horizontally,
and each wavelength was irradiated with red (625 nm), green (520 nm),

and blue (465 nm).
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C. zofingiensisi= @A &3] WA= = A7) 2~15 pme] HET} Gl
A A W8 A ul M| 7ol th(Fig. 4)(Yu Zhang 5 2021). AW 7]+
growing, ripening and maturing, dividing . 2 39| 2 F 2 U7] = STy,

Morimura 2021). C. zofingiensisi= =2 YA ¥} of 2 ~E A g7 o o st

ki

= AZ/d o= H. pluvialisel] that thAl of~Epgbe gAkapz Faea

2ATHAK Chowdhary 5 2022).

C. zofingiensis®] 7z Ad=x=7 @S &l one-stage WIS

T332, N source (NaNOs)<} P source (K:HPO.)9] 5% & &3}

H kol %71 N source 2] & & of] whet m] Al 257 2] A7 2 2] 3} wlf el A =
%7] N source?] %= 1.0 g/L, 1.5 g/L, 2.0 g/L, 2.5 g/LC. % R a3} c}.
Hl A1 2 19U 2Fell N source 1.5 g/Le] &% Z7oA] 1.72 g dew/L 2] &t
nho] @) A AabekS B lth Fig. 5914 %7] N sourced] 52 2.0 g/L 2

25 g/lLo = Z7kA171d 238 vlo]eu| A AALEFo] ilrolxl= AL

eItk o) Pl A £ R/ mE R AAGel M AN FARLY BYS
Z7hAA obAAr 3} PR oL AARS F7RAAIh ol F A obdAbe 3}

ol Yol= 1A 279 A S oA A7) = A o7 Holr(J. Jeanfils 5 1993),
o= Kim (2020)¢] <A--°lA Pavlova lutheri, Chlorella vulgaris %!
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A A HAs 20 "M = P osource TEE Z4sHo]
R8st o, 7] Psource?] &%+ Z+2F 20 mg/L, 40 mg/L, 80 mg/L, 160

mg/L O = 743ttt First-stage vl ¥l A 219 &<t vl s ), 7] P
source -5 5= 7F 20 mg/L =71 ol 4] H v mo] @ v~ ~§akek 1.88 g dew/L 2!
0.090 g/L/day°] productivity= Y}ERH 1 TH(Fig. 6). 40 mg/Lol A1 1.85 g dew/L
2l 0.088 g/L/dayS] productivityS ®.%lom, o] Feng 5 (2012)9]
A A 3}ol A P source 55 10 mg/L9l 40 mg/Lol A Hf A A ES
7 vk 8- w ekl Wi €] =71 P source 5571 10 mg/L ©]7doll A =

O Fold = SR w vk A el f-AFF U
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Figure 4. Chlorella zofingiensis cells observed under an optical microscope.
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Figure 5. Effect of N source concentration on the growth of C. zofingiensis.
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Figure 6. Effect of P source concentration on the growth of C. zofingiensis.
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3.2. Two-stage HjS¥oA N source 1Z o 2 yFo] uw}E
A AZF ) ohAEbEE HA &3
First stage vl 2ol Al Z o] vlo] @~ AArkers- A7) 18] N3} P source ]
EEe M7 15 g/, 20 mg/L= skl R A A 234 149 w9k
first stage ¥l &F $-(Fig. 7, Fig. 12, Fig. 18), second stageol|l ] ~E ¢~ 73 &

23] ok B AR Y S frakgr

C. zofingiensisE ©] &3¢+ o} ~EFIEIS] F4 2 AJake wjFed o] N
source?] 1@ FE= F AVE SMANA AEUA S A6k, ol
AT 7ol 718 0® kst =4S Uil S48 ok 2
A ol A= 3 H A second stage H 2Foll 4] N source] 112 o 59} LED 3¢ 9]
& 23eke] of ~ERIRL O] F3 & ZAFSHI T

Two-stage 5= first stage©l| A4 += 3714 271 0. 2 nj el o, 24710 271

o= Zok(Fig. 7); (1) A HAG s viF e =24 2N F4), (2) second

stage°ll ~1 N source®} P source”} §1i= fresh BG-110 2 Q192 Ql A H 714 &

)

2 ZANN QY)W (3) 7] Nsource?] 5= 04 g/LE S5+ ZA(N

Aty o w2 x1gskol ok N A a2 271 28] 7, one-stage ¥l ¥l A 14

o
off

<t C. zofingiensis®] N source AR S #sto] 7] §55 04 g/lL=E

Second stagel| 4] = LED 3743} N source 112 o 3-of] & v Al =7 A4 2
o} AEFZEI O] 2 A= 2AFSFQITH LED 3H4-S 200 pmol/m3se] # ==
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w7FA (625 nm), Z54(520 nm), 334 (465 nm)= F2AFSte] AE# A 3 S

2439,

C. zofingiensis®] 74-¢ Aol EAstelA] first staged] F% 50
pumol/m3sef| A second stage ¥ %= 200 pmol/m3s O = 7}k 739, =52 b4t
15 z}Fof| A mlo] @ wj A~ o] AAakako] F o) 3.4 g dew/L7HA] 7183 tHFig. 8).

w3, 3719 TRl mE wpol o] $74E nYlon, o) AEd

57 A4S 98l 29 3% 200 umol/m3s7kA] ] = 71+= C. zofingiensisl 7
A £ e T Ao E YA, vpo] @ A 0) AAkeFo] F7}Eke

w2} N source®] AH] H8t first stageol 41 €] N source AH] &% W ARy}

A7 2 2 271 (first stage) ol A4 ¥l ¥ $ N source 2} P source”} $li= fesh BG-
11 ¥iA] 2 A 23+ 3 second stage® g+ 3+ 79~ wjFd o] N source”}
ANH o7 nAHASTS T T 5= QA tH(Fig. 9). N source”} Q1 ¢80 =
w7z o] w2}, second stage 71+ 3 C. zofingiensis2] A3 &2 oA = 2Tk N

Akl 117 7o A= second stage ¥+ F 4D x}7kA] 2k A1 N source ]

k=l
iy
S
)

2ha13l © ™, N source”} a1z % o vjo] @ v A~ o] AYAkeF SN -4

70 Hla @A8] e AL akel & 5 9121 Th(Fig. 10).

N 19z 2743} vlwale] N Az ZAfA vlo] A9 57}
o 2+ 0.9 gdew/L T S7}8F T} o] =, Al 2 3 of] Qlo] n] M| Z 572 £=24Fo]

u} /ﬂﬂ

h il = = Aot

o
ol

GrErE
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Fig. 9} Fig. 109114 .50, N source®] 1122 v Al 247 9] A3 -5 4 Z}s)
AA7= AE Feletl o, of AR O] FA R 5 W A T
T SUSATH(Fig. 11). ofABRIELE miA 2R Yol H24 =], wfg U
Hpo] e w2~ 9] EEF N A 3ol e] whe] e APAkEkR T # A 5)

Sorng ofAERtE e FHAFM O AolE Hol= Zlo® yehEth

OF AEFXIEL O] F 4] A = vpo] QA L] s Tt 52 25 A o] A second
stage 16 2}l 2.21 mg/LE 7H& 5= % tHFig. 11). 164 7}A] = A 7Fo] x| =

ol ~EFZIEIC] A ATl FUbshs WbA, 169 o] FE = ofAERZIEI
ER]Q 7 A4 S oy, AEdH A 3 o] o] HE A FahH

A} 7] (death phase)©ll o] &) v ZF7F AFE S Ql+= A o2 shdkg o)

Second stage® 1 3+3}7] $Jal N source®} P source”} $1i= fresh BG-112
o] g-3to] A1 91ZAQl A A& NaAF £ ol AEFIE O FHZH o] g

Z7El vla] A3 @kl o] C. zofingiensis®] o} AEFIE O] FA S
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Figure 7.
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—0— N source artificial depletion
—v— N source natural depletion
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Cell growth and N source consumption during first stage under N
maintenance, N artificial depletion, and N natural depletion conditions. (A)
Cell growth according to each condition in the first stage of the two-stage,
(B) N source consumption according to each condition in the first stage of

the two-stage.
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Figure 8. Cell growth and N source consumption under N source maintenance

conditions during the second stage for each wavelength. (A) Biomass

production of C. zofingiensis at each wavelength. As the light intensity of

the first stage increased from 50 pumol/m? /s to 200 pmol/m? /s, the

biomass production level of microalgae further increased. Maximum

biomass production (3.4 g dcw/L) was obtained on the 15th day at green

wavelength (520 nm), (B) N source consumption for each wavelength

under N source maintenance conditions.
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Figure 9. Cell growth and N source consumption under N source artificial depletion
conditions during the second stage for each wavelength. (A) Biomass
production of C. zofingiensis at each wavelength, (B) N source consumption
for each wavelength under N source artificial depletion conditions. For N
source artificial depletion conditions, it was washed with fresh BG-11
medium without N source, so the concentration of N soruce was not
observed in the culture medium under N source artificial depletion

conditions.
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Figure 10. Cell growth and N source consumption under N source natural
depletion conditions during the second stage for each wavelength. (A)
Cell growth of C. zofingiensis at each wavelength, (B) N source
consumption for each wavelength under N source natural depletion

conditions. After first stage culture at an initial N source concentration

of 0.4 g/L, N source was naturally depleted in the second stage.
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I 0 day

[ 8 day
. 12 day
5 4 I 16 day
M 20 day
B 24 day

Ast. conc. (ug/mL)

it
B3

R1 R2 R3 G1 G2 G3 B1 B2

Wavelength and N source depletion

Figure 11. Astaxanthin accumulation of C. zofingiensis by LED wavelength under
second stage. R, G, B refer to the LED wavelength of the experimental
group, and the numbers that follow indicate depletion of the N source (1;
N source maintenance condition, 2; N source artificial depletion condition,

3; N source natural depletion condition). .
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3.3. Two-stage HJSFollA C source ¥F AF 92 FTo o&

n Az ) ohAERE $4 £

12} o} ~EFE F2] # A 3} second stage Bl Fl| 4] C. zofingiensisi= LED 2]

P

=4 933 vkl el N source’} FEE uwl, 23]8 ofAERZIE Y
HA ol 1R e 0% BT AT 10), 27 oFAEHEE 4 H743)
second stage HlolA+= LED %= 3¢ FEE 150, 250, 350
umol/m3s o 2 A3}l o, T sk 7} 33 5 ol 4 Nsource 1203 (N 4] 271,
N A 1224 Z271)9} C source (air)e] &5 ofF-o up& ol AElIE Y] &4

A

i

Sropuglet,

C. zofingiensist= 12} Two-stage W3} FAskAl =243 =A(first
stage) ol Al 1447k Wik B (Fig. 12), ofAERREl =2 H A3 ujk(second

stage) ©. = 7 gksh itk

Fig. 13914 & & 91%9], C. zofingiensiss= =41 314 N source 2 C
source®] EAjstel| FE7t SHETS vlo]l e Pakke] thE xEol
H] 3l 5. 28] 7}A] ol A= RS & 5 912w, 3F % 350 umol/m3s =71 ol A FH o
596 g dew/Le] violewjA AAFS AS 7 AT C. zofingiensisi=

AFEAM AEFES] "ol e AE AS 5 3lon, AEEe] ofAEtd

Csource’} 335 A 9 © 1 Nsource?] 21| % & A 3] Fopx| ] v A Z/{2]

Aol AAEE= RS AESATHFig. 14, Fig. 16). w¥-oll, C source”}
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Figure 12. Cell growth and N source consumption during first stage under N
maintenance, and N natural depletion conditions. (A) Cell growth
according to each condition in the first stage of the two-stage, (B) N
source consumption according to each condition in the first stage of the

two-stage.
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Figure 13. Cell growth and N source consumption under N source maintained and C
source (air) supplied conditions during the second stage for each light

intensity. (A) Biomass production, (B) N source consumption.
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Figure 14. Cell growth and N source consumption according to each light intensity
during the second stage under the condition of maintaining N source and
not supplying C source (air). (A) Biomass production, (B)N source

consumption.
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Figure 15. Cell growth and N source consumption under N source natural depletion
and C source (air) supplied conditions during the second stage for each

light intensity. (A) Biomass production, (B) N source consumption.
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Figure 16. Cell growth and N source consumption for each light intensity under
conditions of natural depletion of the N source and no supply of the C
source (air) in the second stage. (A) Biomass production, (B) N source

consumption.
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N 4 day

Ast. conc. (ug/mL)

150a 150b  150c  150d 250a 250b  250c  250d 350a 350b  350c  350d

Light intensity and C source(air) supply

Figure 17. Astaxanthin accumulation of C. zofingiensis by LED light intensity, N source each
condition and, C source (air) depletion condition under second stage. 150, 250, and
350 mean the intensity of each light of the green wavelength (520 nm) of the LED
in the experimental group, and the letters a, b, ¢, and d that follow indicate whether
the N source is depleted and the C source (air) is supplied ( a; N source maintenance
and air supply conditions, b; N source maintenance and air non-supply conditions,
¢; N source natural depletion and air supply conditions, d; N source natural

depletion and air non-supply conditions).
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34. Two-stage HIFNA @ AE#HXO did vAxF
oFAERRE %4 57
A 1Ake} 22 ol AERIE A FHASE wiofe] AyE AlgoR 9
AE Y Ao g3t C. zofingiensise] o} AEFZME £ A &5 St
FE AEYA 2T o AERIEl F2 H A3} ujqfol A ] mjkel W

o

o2
m{n

A Ao 2= N source A =71 2 C source (air) &3 o=

Qo AEHA ZH 072 LED 254 94, 45 350 pmol/m3s<

O_u
ol

2%
HFEFO # NaCle] +%% 00, 1.0, 20, 3.5 50 %wv)C = 43}

OFAERE C] 52 AR F dotE .

olA Hjoku} EU&A|, C. zofingiensiss= A 43 23} Hi Sk (first stage)S
144 7F 213 3F3) © ™ (Fig. 18), ] F A& AE g A o] whE second stagerl] -2
A A SFSITH(Fig. 19). Second stage©llA4] C. zofingiensisi= NaCl®] -&5%7}
oty el whet celle] Ao HobslS ehlg 4 AT NaCl 5.0 %(w/v)
SO A ulo] Quf Al AAFEL AlZFo] A dgEE 9358 Fo]5°] 035 ¢

ool wtal, NaCl

A

dew/Le] # A wholemla RS ds 4 gl9de
0.0 %(wiv) s LollA = th& ==l Bls ol 15.29) 32 5.32 g dew/L 9]
FHf vlo] @ uf A AAEES A5 4= QI3 t} C. zofingiensist= ¢4 (NaCl)2] 5%
2.0 %(wiv) 2174 = 2 A4S sk 9, NaCl 3.5 %(wiv) =7 A=

cell®] X7} 4G 2o B3l

A% AEdHXe] st ofxEpdEl F4  HASe] AiNFig. 20),



Hfol @] ATl ¥S5H U BE ofiElEe £ UL

b

A 2T} NaCl9] &= 0.0 %(wiv) =71 2] 164 =}l 4.07 mg/L2] & tf o} ~E}zHE

AarerS el skdt 712 A 54(M. Harker 5 1996, J.A. Del Campo

olr

2004)°l A4 4 AEHAE C. zofingiensis®] o} AEFLEIS] A4S F13)

rir

Ao defA glo, s dyhs wieh o A3 ek o) shX| R Fig. 219

cell o] g & oFAEARI Y HASS s RS u, BAd AR o 5

9 o] 57} S7 ko] whe}, C. zofingiensis W H-ol] &2 &)= o} AELE 9]
TEw 5713 2.7 NaCl 3.5 %(wiv) =71 el 4] & o] 2.01 mg/ge] oF~EREE
X gS A TH(Fig 21). ¥ =2 9 FXE(NaCl 5.0 %(wiv))oll A=

AxMHE ofAElEIC] HH S HPLCE 24 2 Z3E 4 lgleH,
A2 Aol o3 C. zofingiensisi= AHE ol whet cell Wl -0l A o] AEZ A

g ol 7] 20 2 HASH = ok EhabEle A E e Qoj b o

rl
o,
B
=

71 0 7 A vh(Fig. 19, Fig. 20, Fig. 21).

(o]

ok 1zl 22 second  stage(oFA~ERZIEL 4 FHZA 8 kel A=
1643kl A 78 =2 ofAEE &S dE& 4 SlE WY, C
zofingiensisell Al & A2E#HA @A S Fosials wWeE cell WjF-e
O MERZFIE & 12 2bol| A 7 2 F R FA 8 A S B E T A THFig.
21). o= 9 AEz 2ol 93| cell Wi ol ~EFEl FHH o] XS opy| S

2

rir

Ao Ay, EATolM e NqH AEHA S 2SS A
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Figure 18. Cell growth and N source consumption during first stage under N

maintenance conditions. (A) Cell growth, (B) N source consumption.
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Figure 19. Cell growth and N source consumption during second stage under each

salinity stress conditions. (A) Cell growth, (B) N source consumption.
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Figure 20. Astaxanthin accumulation of C. zofingiensis by salinity stress under second

stage.
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Figure 21. Accumulation of astaxanthin per gram of C. zofingiensis by salinity stress

in the second stage.
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4, A&
2 ATl A= Two-stage cultivation system-= C. zofingiensis &] w}o] @ v~
A ST W ok ~ERIE O] 4 FUHE 918l A &kt
C. zofingiensis2] one-stage H}o] @ mjxo] AAF A3 HEo| = first
stageoll 4] ¥kl | N source 1.5 g/L, P source 20 mg/Le] A0 = 1.88 g

dew/Le] FHtf wlo] Quj A~ AAFES B O o] second stageol| A F =7}

o|\
N

[&45 vlo] e A YArFE STk A8 #H1EESI T Second stage®

r_>i

3t ¥, C. zofingiensis©] # tf] vlo] v~ AYAF 5~ LED 54 91%(520
nm), 3% 350 pmol/mFse] Z=71 FH off vlo] @ ulj A~ o] AJ4keFo] 5,96 g dew/L O =
55 Z7Fsk ottt

OoF AEFXIE O] A gF Rt ol o sl A= W A, 1A} o A EFXTRL 2 A 5wl oF (7
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