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High Cell Density Fermentation of Chlorella Based on Kinetics Model
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Abstract: The kinetic model of batch fermentation of Chlorella sp. MBFINU-17 in a 50 L fermenter was built, fed-batch strategy for
high cell density cultivation was established. The application of carbon source was investigated. Furthermore, real-time quantitative PCR
was used to determine the gene expression levels of key metabolic enzymes such as diaminopimelate isomerase (dapF), citrate synthase
(CS) and glucose—6-phosphate dehydrogenase (G6PDH) in fed-batch fermentation. The results showed that the cell dry weight of
Chlorella sp. MBFINU-17 was 106.65 g/L, the average growth rate was 0.89 g/(L-h) and the yield of cell dry weight on glucose was 0.56
g/g, respectively, after fed-batch culture for 120 h. The gene expression levels of dapF, GGDPH and CS of Chlorella sp. MBFINU-17
were strongly related with the concentrations of glucose and urea during the fermentation.

Key words: Chlorella sp. MBFINU-17; fermentation kinetics; fed-batch culture; high cell density; gene expression

19.75 g/(L-d). Zheng ZEBFIF 5 L A BEGERT = i i 14 /s
Bk Chlorella sorokiniana, KM SREE, 41 25
FEW]1% 103.8 g/L. Singhasuwan 2 58 7 C/N BEIR LT
NEREE SRR KR, S5HRRE, 7E ON LA 29:1
MR, & 4d KB, BKEKEEN 0.68 g/(L-d),
TREE K B R & 1S3 0.62 g/g.
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AR R R, KRB 0.1 g/L NaNO; I e #E 4 i
G AE, e AR RIS 1.26 mg/mL. Wu 2125 H
Aiba B R IR N ER AN AE K Bh e, ETF
Luedeking—Piret B 70038 35 & sl /1%, TS 37
R R 35 5~24 o/L AT FERT 0.7~12 g/L KNO; 5A F T
ANERES R B 2. AR, [ Y AME SR/ NERGEE K I B
JI R E A TR E IR, iR A R
B FRUVE T, B FO/NERERAN AR A Ko . 2R AR A R
B IR TH FEBN 715 P T i B B R BN RS IR AR 2D

BRAREE A E 5 AL A S s ) B B AL RN, 52
WUATERE RIS . —RIRIEIA . BRI MR 12 SR UhE
BN OCEERG R T AN dE ), Bk R A0 LA T e
AN =4 A B3], 6 4 B —6- T 2 Jii Z i (G6PDH)
J2 I HE T R O A5 I B I, 2 4H MO AR S B0 BT TR
NADPH HJEERJE 2 —, STIAEKA=E A
PR, ARG R (CS) AL 2 B4 A A1
Bk CGTRAE TR IR, & RGN L BERRAG A IR O%
TN, RN IR BER MR IR E B
FEUS), S P R S M (dapF) /2 22 U AR W R )
AR R I PR, 1R mnZ s AR T B R
WREERI R, RemEAR SR

AT 50 L KBS R IR/ NEREE, M
LR AR AT A S 4 A KRR 15 ) B 7 2R AR,
FELEEERN b, A B i B B R IR AR T2, e b
LR B AL G6PDH, dapF Al CS (K EIAE, 2T
BN /INER R B AR B 520, [ 3 e 7R R PR I AR IR
PR IE R ZIRAR A S 3 FOCEEBERIA BRI L R,
N TBOR TR (L BE 10 LAt

2 X ®

2.1 M5

/NBRFE Chlorella sp. MBFINU-17 HASSZEG 2 #1243

B R B0 7 (/L)) B ERE 4153, JRE 4.14,
KH,PO,4 0.7, MgSO4-7H,0 0.7, Na,HPO,-12H,0 1.84,
CaClL BEK 5 mL, Fe-EDTA B 15 mL, e & BIR
1.84 mL.

I bR 28 G ) (R o A AR ) AR AT,
RNA $EHUR A Fungal RNA Kit(35 E Omega A 7)), 5
—4HE cDNA &I &AL X EEMARAF]), =
SR BE KURIm . K 2SR5 o pr 4.

22 XHgE

50 L R EFE( B E A TR A R AR, i
At K9840 4 H sl I E BAX (G B i ReA A A A PR A
Al), BS224S HIFFE(AL I FE 2 A RGNS AR A7),

SBA-40E AWK M (L R & B W5 Ft), ABI
7500 SEHT ¢ & PCR 1% (3% E Applied Biosystems 2
@]), T100™ PCR 1% (3% [E Thermal Cycler /A &), DS-11
i B R A ok e B (3R Spectrophotometer
DeNovix A &), DYCP-31DN A ik /K P ik A (b 5t
NIRRT, B5E IS-680D 4 E BhEE BiAG BT (
BEERHCA R A AD).
23 KW
2.3.1 Pyl

W P PV R A 228 600 mL 17 1 L =
fa, 28°CF 150 r/min # K BHREEF% 72 h
232 REHFR

WEAAEFP 4% 10vol %t M EHEM R R E 30 L 1)
50 L &£, 28°C . I =& 45 L/min 56/ FE3% 120
h, BEPEFEHE 150~300 r/min.
233 EWENE

HY A % 8 mL T 10 mL B0 &, L 8000 r/min
HEAEEL 10 min, 7 B3, HZARAKRSER, SO05F
3, HE 3R K A S AR N TR AR E Y
PP, BT 80 CHAAHt S HE, FRE.
234 FRBEEMEASENE

WK SBA-40E AEM& &4t Al s, & E
B ER YLK 2 ZE .

S5 R BELS AN 8 A KRR B
HEBEAR - HEI R TE, (1)

S35 K R [/ (L -h) J=985 0 D T T/ R ()

23.6 REGEIE

AR i R 3R R B U W 5RO ODsyo A
RARAR. IRER G EAPASR, SRR S ERE L,
PRI 1, RO 5 PR S B A R
PER AR, S b PR AR R I I e RO AR B 1 A

y=52.852x-0.4171
R’=0.997

Urea concentration/(mmol/L)
=
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Fig.1 Standard curve of urea concentration
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2.3.7 AMBERE TR B ST R Ak HURE

MRPEHMEL NS AT 50 L R EEGERE IR, e 40+
L BB OB IR B DR R IA . AH I ) J R ik g
53 IAE 24 h /NEREENIEE N FE B4 K BT EURE, Syt e
(FEdh 1), K32 h #i&IRE. FRERIEE 1 AT
ACEF BURECRE & 2), 36 h B (R — R AMEHE 2 h)BURE(RE
mi 3), 90 h IR ETRE PR3 T FEE R TT AR BRI BURE (R
mb 4), 120 h JECRER BURECRE i 5).
2.3.8 gl¥it

M KEGGpathway "1 4K dapF, CS, G6PDF K N2
A ACTIN #9741, KHF Primer primer 5 K AFHRE 5]
WIVBETE R B9 % 2 B PCR A HTds S 514, L&k 1,
HAEY) TR (i) B A R 2 7] & R

% | ERTSSEER PCR HHT314

Table | Primer pairs used in real-time gPCR analysis

Gene Primer sequence

G6PDF F TGC TGG TGG ACC CCG TAG ATG
G6PDF R’ GCC AGAG CTC CAT GTC TTC ATC CT
CSF GCG GAC CCA GACACCAAGAT
CSR' CGC TGA CAC GGC GAACAT A

dapF F’ GCG GTC AAG TTT GCC AAG TAT C
dapF R’ GAC AGA GCC ATC CGA CTT CAA
Actin F' TGC TTT GCG GGC GAT GAT

Actin R’ CAA TGG GAT ACT TGA GGG TGA GG

2.3.9 A RNA FHREURISZI 9% € B PCR 70

P RNA - $ B ) 6 10 B 42 B/ BREE A o 1
RNA, HHEMEEI IO TIE RNA WKE. ¥
cDNA 1F A% 652 B PCR M IR, ARAARAR iR
BKIRFESEFAE, BRI 3 DNEFL, RSk &R
SRR SRR, e, =Dy Y OB SERT gPCR
TR R LR 2.

40

| @ 425
g E’E/E\D—aa—lj——l:l =]
2 30 - b / 420 2
w =
T /- 12 3

£ \ Lo
E 20| ] Z
3 1 ko)
g I 410 =
S 10 /E Y 1 g
8 g5 =
g ya \ ©
S oL g A A A A 4 a4 TSI

| | | L | | |

0 24 48 72 96 120

Culture time, th

% 2 SCRISEHEE PCR 94 20 uL R IR F
Table 2 20 pL reaction system for real-time qPCR analysis

Reagent Volume/uL
Template 2.0
Upstream primer 0.4
Grenn qPCR SuperMix 10.0
Passive Reference Dye 0.4
ddH,O0 7.8

SEHF qQPCR R B2 AF(=257%): 94 C R 30 s,
94°C FARME 5 s, 58 C FiBK 15 s, 72°C F4EfH 34 s, 40
MG, RN R E, L ACTIN NNSER, B4
FE S DEEAE 518 B e RE I PG A% CofE, THE LA
FHXS AL P M &R S R R IA 25 7
2.4 BRI

i Origin 8.5 JAEX AW FEFIHFERIEE 6 R
I HEATIE, ) Excel 2010 #4750 757 2 900

3 HRE0®

3.1 NEKREBHIIE RS TIAFE

RS AR, NEREE AR LR 2. E
AT, 0~8 h A/NERVEEA KB B, 40 A K221,
B IRk R B AR E] 2(2)]5 12~36 h ATMEE4H
RO FE B AR B B, A4 28 o 7 20 W R PR 2R B B T
FARE BRI LTF- 5 EKE D E 20)]; 36~120 h B
TR M NP AR, A AR, B KA 22.8 g/Ls
40h J5, AP EFHREET 0. 4 96 h ¥i7E, /hEk
FEA RN IR R A FE[E 20)]. HAEREML, a5
NEEFREREF, BORA RS MK — 2,
RPN EREG A K S HEARERMXRTREET
A KA TR B A K70 A DR B R R 1221,

5 14
NO) . . 1
8 ———p— - =
— 4 - §\-\ = \E 1 12 %ﬂ
) L] =
% - 10 o
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8 I LN 44 8
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Fig.2 The fermentation curves of Chlorella sp. MBFJNU-17 cultivated in a 50 L fermenter

3.2 ‘AR KSR
YA K30 f1 20T B Logistic 7 FE2HR «
AX/dt=2amX(1=X/Xm), 3)

X, X AEAYIR (L), t AR (h), dX/dt A3
M AR K8 [g/(L-h)], o AECK EEAE KSR (W), X N ER
KAEYIE(g/L).



3 1

JARSE: T RIS 1 AR /BRI IR 627

Xt Logistic FFEfR4;, 15:
X=XoXmeH Y/ (Xm—Xo+Xoett), 4)
Hrr, Xo=0.7015 g/L AWIUGEEAEDE, Xw=23.578 g/L,
1=0.143 h7!.
H Logistic /7 X sLIG(E S T IR MRS, R
K3, HEWHE, HEE SRR EIEY AL, KRR
B R=0.968, /INEKEAY) R 5 R BT[] pR 20N

X=16.53e"143/(22.87+0.7015¢"143%). (5)

25 -
20 -
15

10 -

Cell dry weight, X/(g/L)

0 | 24 | 48 72 | 96 | 120
Culture time, t/h
B3 /BRI T ST (E 5 BB UL A 45 S s

Fig.3 Comparison of the experimental cell dry weight of
Chlorella sp. MBFINU-17 with calculated values

3.3 EARERENHFERE
A K S P AR ORI D6 R AT 4 9 A KA DR T
(CEKREE R B 020, FFEKKERES-0). KoM
KA (00, frO)FIAEAKAH R AL (0=0, S20). & HJF2 /)
BREEAN M ) B R Ay, AU E A KRR, IR
FE RN ARENES), ik, wiE. AR, &
H RSP 1A AR, R4 Ludeking—Piret®4 77 72
AR A RO SR
dP/dt=adX/dt+ X, (6)

X, P REAFIKE(ZL).

M2 AT, B A RS A AR K DA DG,
2 g AR ECAE A, A &R B T A R AR
B AR PR AR, AR T
RUE(11~12 g/L). AT A K S HE B A &
IR Z, FA3), (@)F(6)8 8 F i A R AR
B, BerE AR T A

P=Po+a[XoXme*Y/(Xm—Xo+XoetH)—Xo]+
B/ )] (Xen—Xo+Xoe )/ Xom], @)

A, Po NHIIR S H UK EZ (g/L).
){%‘ X0, Xm, Hm /T—E)\ﬁ(7); m"/fgf:

P=Po+a[16.53¢%143/(22.87+0.7015¢%143%)-0.7015]+

164.894n[(22.87+0.7015¢%143/23.578].  (8)

FA = (6) X /N ER P 2 1 0T il S 3 B 2R AT R B 1t 4

A SR ILE 4, AT15 Pe=0.298 g/L, a=0.5086, 4=0.0001,

R?=0.976. SlE /), RY/NEREEEARARSMBEK

(2R R ANAEKAR G, DRt/ NER A & BB 1R () 30
NF TR FRIRA

P=0.298+[8.41¢%143/(22.87+0.7015¢%143%)]. 9)

14

12 -

Protein concentration, P/(g/L)

0 | 24 | 48 72 | 96 | 120
Culture time, t/h
4 /NEREEE B RS ST E S AR RS A R HL R

Fig.4 Comparison of the experimental protein concentration of
Chlorella sp. MBFINU-17 with calculated values

3.4 EFREREMNFER
INEREE R B AR T, A EEE e —BRIR E T
FEVIE G AR AR AN YERR e AR, R K FE T
F Logistic /7 F2#1 Ludeking—Piret /7 FEH#i& :
—dS/dt=(dX/dt) Yxs+(dP/dt) Yeis+mX. (10)
¥ Q3), (6), (HMA0)BEATHE IRy, W15
S=So—(Yx/s~'+a/YpPis—0.298)[ XoXme /(Xm—Xo+Xoe ) |-
(Ko ) (BIY Pr5-+M=0.298) [ (Xen—Xot XoeHet) X, (11)
Hordr, SN EFERE (2/L), So NI EHEVIEIKE (g/L),
Yyos A ) WE 20 A5 (g/g), Yeis U BT HE I 5 1 1S
% (g/g), m NUEFFHHL
WEHT A3 Xo, Xy timy @, B, PoEARAK(11), 15:
S=So—(Yxs +0.5086/Yps—0.298)[8.41c%143/(22.87+0.7015¢0-143t) |-
(164.89m—49.13)In[(22.87+0.7015¢%14/23 587].  (12)
W R B AR A R R B ) S (12) AT SR G R
G, ERIES, RN
S=35-[26.54e"143/(22.87+0.7015¢0143)+
6.251n[(22.87+0.7015¢%143%)/23 587], (13)

HAdr, Sp=35 g/L, Yxs=0.588 g/g, Yps=0.29 g/g, m=0.26,
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K5 APEIR L SC a8 S BRI & 85 R LL R
Fig.5 Comparison of the experimental glucose concentration of
Chlorella sp. MBFJNU-17 with calculated values

3.5 4RI E

Wu S50 /N ER G S 95 B 7R 7 i B A, AR
Ludeking—Piret /7 FEA & T 2 MEVEFERLAY, FERIAGH
EIFERE 36.08 g/L 26 R, £ 107 h 1597, LAY
BRI R B 5N 15.7 g/L A1 41.9 mg/L, m=0.001,
2 IR 57 0 2 B /N RGN A K PR R, b
TR TR SR, ARSI, 67 Wl #E T4 +F
H A BB R (m=0.26), X A] AE 2 K]y i b Fn % %
FAEA I ERE . R R IREE). 2 A B

w0l @ 5T

ARASF TR, AN EEA T RO A . it
HEWT, /NEREEAN HEE NP AR BIRTHART, P& b Fe v AR
(LT, HERFTUEEAR M B S 1) 155 AR AR BOR 40 i,
SCI A PR FR

BTk meAs R, R wblE, WU/
KERE., HRFEENEARAGRINER, &R LE
6. NEIRTEH, M IRA T PR EK G hE,
AR R A 1 R el (8 HR 0.6 g/L 9% 16.5
g/L, & 5hiiFR@41h ), HEHKEH 16.5 gL 2
8.5 g/L[ 6(a)], IRERIRIZH2E N4, 1.2 g/L B % 0.27
g/L, BWEAFIREZE FTHE] 182 g/L[E 6(b)]. 1A KEE
A Z b B RN B A R FE R 8.5 /L HE %2 30.5 /L,
B PR RS, SRR I A KIE AR FEA [ 6(a)],
HEHFUKE 2 T EEAE 6(b)]. 2 A Sk, &
WEHFEN 76 g, HEFEMANMAE RN 0.54 g/g, Bl
(I3) T Yxs=0.588 g/gs KE% 120 h J5, A=
h 40.75 g/L, A RN 14.78 g/L, & FEIE A
A3 0.194 g/g, B EMLTHATTE Yps=0.29. 1X
Al REAE R N RE SR 48 h [ IREAER [ 6(b)], BHAT 141
AR R RS K56 Ri2520), Palabhanvi S8UIE/NER
PR 60 h 5 ) K WG oAb 78 U KNOs, Al dr 21
K, FHAEKERRN 19.75 g/(L-d). ] W, 7E/NERE SR
FRREEF, FHEA TR R IEREIR, 4 /e Ok
WA ARANDE AR S, v R IR ) A

~ = g—e | 40
2 ~ .
@ ‘\\ e 1 =
2 30 - A & 430 &
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Fig.6 The fermentation curves of Chlorella sp. MBFINU-17 with feeding glucose in a 50 L fermenter

HTH 6 g5 R, REUN T AMNELENS: R AFHE T
10 g/L W AN FE R0, IR EBIRBEART 1| /L I AMIJR 2.
B 7 AT, 240 36 h IS IR UCHNE 1 IRHNER), 1A
RPBIR TR () 28 /L) AIRREFER AL T 1 g/L),
ANEREEAE R R ETHEHIE 7(a)]. AT AR R
HH 22 U0 7 B U R R TR A8 400 i A R A v 1 AR KR
R, I B BRI, K 36 h JE R4 4 UCHMERD 4

AR, HiFRE 96 h I, TEAYIEIL 105 g/L. T
1 ff 2% P A v B A R R (SN S 1.7%) R
B P T B AETE A T AR, SR/ BREEXT BRIE A
JEIRI A, S A KER RS, Bi9R4% 120 h i,
ARAYIEIA 105.01 g/L, HAFIKEN 26.07 g/L, H
HHRREILT R0, JREIRE N 0.32 g/L[El 7(a)]. 1E%
AR R, MOBHEAE 187 g, BURKINHE 145g, H
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Fig.7 The fermentation curves of Chlorella sp. MBFJNU-17 with feeding glucose and urea in a 50 L fermenter

Wid 50 L KBS IR R AR T R, 5
L8, BiF% 120 h J5, A% W]k 106.65 g/L, )
A K IE N 0.89 g/(L-h), i HE IS 2N 0.56
g/g. Palabhanvi SRR BIAY 5] G 1 7R B BT 0K}, FRA)
(B PR) ¥ pH, K577 108 h 5 I\ L BN (23 & iR
EYIETTIA 90.15 g/L, HEKIEZH 19.75 g/(L-d). Zheng
GV NEREEE ) B A, R R BOR B R
FRAEHE: (1) TERBEMIRT 48 h, [ KRB Hh 7 5 &b
1 KNOs, $efit7 & i ZEIR; (2) 48 h f5 R Fef %)
B, RAFERIR, kS 5R & 228 h, 40 EY RIS 103.8
g/L, JMAEFEN 40.2 g/L. AL HTS/INEREELN T 8
5 FIRIRIEARL. IR IR N A B ) AR K S R R A
JoR R BIR AN GER R B DDA DG, R 7R T Hh D B AN
RIREMH A ES K. IR SAEE, K
T2 87 % IR e 78 BB A 20U

- 120
) 100
& I | g
> E} E)
2 T 8 g
2 8 p <
= = 460 =
E 2 ]
[ (5} 4
5] 1= 3
s 5§ 40 &
15 < kS|
2 3 7 =
IRLIE
5
40
| | | L | | | J

Culture time, t/h

K8 50 L A EFHER: F-/NEREE A A AR A i 2
Fig.8 The cell growth curves of Chlorella sp. MBFINU-17 in
a 50 L fermenter

3.6 HHXEEFRIEKF

FIH PG E B PCR AR 2 5B 12 S f
(dapF) . F7 B B2 & Bl B (CS) Al ) 725 KE —6- ik 2 Ji 5 1
(G6PDF) ) FE K R iA TS, 458K 9. HEm %1, SR
FEa 1 /RGN TR KB BT, BERZAR 1Y) GOPDH.
SRR ) CS B RRARUNE R T (1) dapF =Mk K]
FOREAE S TR 2 MATRE. R TEFERBKP
W, 3 MERFKEES TEV S, dapF, G6PDH #1 CS
(1) 35 [R] R0k & 40 Sl A W RELZELIY) 0.48, 0.58 1 0.46 fiF, &
BRI A T . PR ZUR B 2 BRI R DR ik, AR 3 b
G 2 h, =ANERREEIRET R, R\EREE
KB, i p A EE Bk ENE AR R, AR
T3 MR FRIL. T/ o EFERE TR L B R
ANFeHIERE, AMRHE GOPDH B S R, HEH
B EMP 258, PhE B SRR AN B in
AHUEIRERERY), ReA 2d2 = GPDH Al CS B,
Rt TR kAR, e T e RMER R, AL
IR ZM BN R A MR AR R, (ERGEAN RN dapF,
G6PDH 1 CS MR RIAEAHEE, HETLA Lk
18, JRINEREEE AR A A, Rds
LSRRI DT, BESh 4 05 R R I B B R B RE,
AR AT B R IR 2R BE AT A T A K P, {H dapF,
G6PDH A1 CS [ PH B 53 R 1%, (N Xt B2 1) 0.30,
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