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HWE: ARSAFEN TEMRLEERRILE (G sulphuraria) $ERREO AT, AR MILEE. EREO4SFHIF
MH6H7, RGMACT IR, BARAKAIL, s mitEE . RBRRESIER &, LR AW, & SRS REE R FULA A F
PR EG AR R, RGBS IR BT ek KAk fe B & &R, ATRIESE, G sulphuraria BFIEFAR R G REES
A 30 C. A 6.0, kel E A 1x10°8 cells/mL. FHBIRE A 110 pmol/(n’s). AR EIEIIKA FIZHR 8 d, kMt
B TIA 5.48x10° cells/mL; BB R KA ZETAF] 11.65 gL, RMAIHTH 14645, HPEOL T EAMETEH 13.63%, 3t
KL FEE A 158836 mg/L, = BIMRALHTIRE T 187.91%. B, RIEIEH RGN IRIERR RIS LR A Y SN0 B G &
A RF .
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Optimization of Mixotrophic Growth Conditions for High-yield

Production of Phycobiliprotein by Galdieria sulphuraria

ZHENG Ya-li, ZHU Bao-jun, WEI Dong
(School of Food Science and Engineering, South China University of Technology, Guangzhou 510640, China)

Abstract: In order to improve the phycobiliprotein production in unicellular red algae Galdieria sulphuraria under mixotrophic conditions,
systematic optimization of environmental factors including the culture temperature, C/N ratio, initial cell density and light intensity were
performed by using cell density and PBP content as the evaluation indices. The results showed that moderate reduction of culture temperature
and C/N ratio of medium was beneficial for improving the accumulation of phycobiliprotein. Increasing the light intensity and initial cell density
could promote the cell growth and phycobiliprotein synthesis. The study indicated that the optimal conditions for cell mixotrophic culture were
determined as 30 ‘C, C/N ratio of 6, initial cell density of 1x10® cells/mL, light intensity of 110 pmol/(m?'s). In the optimized culture system, the
maximum cell density (5.48x10% cells/mL) could be achieved after mixotrophic cultivation for 8 days, leading to the highest biomass yield of
11.65 g/L which was 1.46 times that before optimization. The content of phycobiliprotein was 13.63% of dry cell weight, with the corresponding
yield of 1588.36 mg/L which was 187.91% higher than that before optimization. Therefore, the systematical optimization of mixotrophic culture
conditions was the effective strategy to enhance the biomass and phycobiliprotein production in G sulphuraria.
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FAEEEH (Phycobiliprotein, PBP) j&—28 FHiff TETHEHE. 8. FREPRKAEERCBREARES
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YERRIEEG 2R EFRMIIEE R i F 2
ThEESY, Tz R S BE2h . el sl ),
IR E SRR T (~23%), SNETHE FRAE T EAH
HAKEE AR, R0, BRI 5%
BRG], SECLAYIEAN PBP 7 HAL, XA
NT SRR AR (OB R Ak A = s,
I, R AR P R ) B AR AR R sl
REMEEFRAR 2N A T FEE A

WETR I UR 213 Galdieria sulphuraria (UL N TEFK G
sulphuraria) & —FAFAE T TR FABRT AR SR A K 1L 145
BT, Rl A2 e ik 56 °C),
R (pH 0~4.0), =iBi%EE (W1 110 g/L (NHy),SO4
F 9% ERRE) ik FE B 4 R 5 22 PP S5 i 2% A
WO FaaEEr et mrsEE & A", 3
AR G sulphuraria B T157KEE P,
RINZEE ] eI M P A AR AR AU A A 2
[FIG 7K A B IR STk & g kKD Wil
BRI, RO S IE R A, R ]
B K548 HRTCIRE G sulphuraria
AR 50 Fimli CEAESFAENEESS TR 7
FIMRFAEKS, FEEFHRFMT, G sulphuraria T
REHE (~22%), EAR (~58%), JEIER (~7%)
MEFREED Rk 14%) M, ERFRLHT,
ZHEE A A RS, HH R SIA 1435 me/L,
AR ATA 861 mg/L/d, T CUR RIS ER
PBP 4 1M, B, G sulphuraria 72— MW EIF R
WA 1 37 B W o PR SR i AR R . A TELL G
sulphuraria NFFFEN G, IRFAEIRTEHFRAT FIEFRIRE
FEFRBLACR LG WGBS BRI A R i A K
PN S8R R, SIS R R R,
N G sulphuraria TEFERRER FH FRUSCA P2 AR H A
FRpE—E W T LA

1 MR5RE

L1 BMEERE

G sulphuraria UTEX 2919 &T-£[E UTEX #F¥
JE o BEFR LA AT B 7R R Y 2MA BE 572,
o R R R OMA Bt RN 0.057
g/L HyBO;3, B R B F3EH 0.016 g/L FeCly-6H,0 #
#90.0367 g/ EDTANaFe. MFHEHEE LA aefh
TEFRR IR, G AR R E THE IR
PRH, 740 “C. 150 t/min 40 R RS — B,
EUE A G, TN 5~10 pmol/(m?-s), B & ISR
RNZIEAE 7 B Ak LIGRAS TC B A SR, 59350l FH 2

K 2MA [EA5EFREEP AR I DR AT SRl o
1.2 AR5 L

Bl MBS el BiE TIES
(ClassIl ) T ¥y ESCO A A]; fHRFEIR
(DHZ-DA) T KGR E & s s O
(HC-2514) W ErhRip A A BIAER SR

T4 (DHG-9123A) T Filg—1E AR HTHL
(Modulyod-230) &-F3E[E Thermo A#l; HTRF
(AL104) 4T ¥+ Mettler Toledo /Al ; pH i (InLab

Micro) WJTFHi+ Mettler Toledo A 7)s ZZRBYREAYL
(Tissuelyser-24) W4T L#HF(E AT LS

1 (SBA-40D) JWF ILZR B RIERE AR 7T 7K

ST (HI83200) T AH| Hanna A#]; Jizg

A% (CytoFLEX) )-F-3&[H Beckman Coulter A s

LHMP T (UV2300ID T EiERIFEAT.

1.3 3 Jr &k

1.3.1 AT &BEH]

Bihl & 5.24 g/l (NH,),SO4 H11 20 g/L #i &4
2MA JRFEREFREE, A 10% (/) BRI 15 77 5%
WG pHAE ZE 2.5, B 2MA TR IERE 7535 73 3 34 250 mL
M, SR N 100 mL, JF7E 115 C F ek K
20 mine ACTAR FHRHUREETR, R EK G 1) 2MA
RFREE IR, B S RGEEME R R A B TN
20~200 pmol/(m’-s), HRJE N 35 °C, ¥:5#N 150 rv/min
(RIEIRFE R 9% 5~8 d, VENASSLIGFh T
132 BAIEAREMHOMAL
1321 BFRIEE

B — RT3 T 4000 r/min 25440 20 3
min, FF_L3E, HBEER IR E R AR,
T8N 1x107 cells/mL, LA B ORIV EI7E TCH
ZAF T RHMT . BERDE A S 035 77505 B T 26. 30,
35 Fi1 40 C FtEIESHRERIR 8577 7 d, YGRS 80
umol/(m*-s), 4F 24 /NIFEURE, U5 B i A4 M 2
R ATRHRAC B DL K NH, VR BB o BT AT SI2 36 485 AR AR 42
B, FFT 4000 r/min 5 R ESC 3 min, LI,
PRI HAT A A R TR LRGSR, 4 T-20 C
VKFE R REATAE JT S R A
1322 REFRAEmALl

I 100 204 30, 40 #1150 g/L #i%iHE T4
K 2MA Riaadtrh, R m s b o B8 3. 6.
9. 12 fl 16, HEFRIEHe. KEFHEREIER 1.3.2.1,
PR A 13107 cells/mL, Fifi Jm 60 1O Rk B
FAEIR IR HEIE 11 d, BRI N 30 °C, IR
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SREE A 80 umol/(m*s), 4F 24 h BHATHURENIE, B3R
SERIESIR 1.3.2.1 HAES IR TR .
1323 WIUR4HM% T

ZHR 1.3.2.1 BP0, HEFIYILG AR L 5y
IV A 1x10%, 1x107 F 1x10% cells/mL, BERDE:
PG (R R B TR IR IR IR 555 8 d, $53RIRE
935 °C, JEREIRE N 150 pmol/(m®-s), TEIEFRIIEE 0.
1. 3. 5. 718 d &H—kFEdHATIE, FEaRdiln
S8 1.3.2.1 B PRI TR
1324 JEHEGRE

YR 2MA BEFREE TG, RN
1x10° cells/mL, BfRIE-RH R 3G -5 50 B T LR
SREEN 50 80+ 1104 1504 190 pmol/(m*s)METEE
HEIRIR PR FR 8 d, REFRIE N 35 °C, TEREFRMEE O,
1. 3. 5. 718 d & —IkFEdHATIE, EFRdiln
S8 1.3.2.1 B PRI TR
133 oK
133.1 “HppsspE

WREB TR, R 300 HUEALNE, Bl
R RO e n s g . R gr i R e
488 nm [RIGE RS TG, I b Ao 4 A ) m T
Y155 (Forward scatter, FSC) A1 [ HUH Y615 5 (Side
scatter, SSC) T REE, MALPLCRESE B E N:
FEARIEA 30 uL/min, 1EKEFEIA 30's, 1d3% 10000
AL R4 gdE, A CytExpert 1.2 844X
o AR NI AT E LA K BE RS @ RT3
bR KR,

1=(InN-InNp)/At

KT u hmlet KRE|ZAET AT e)-F b Kik %, £
fiA &' NoAe N Rl % 0d A=Btia) ¢ 5F R e e B R, $43
H cells/mL; At A 2AA5E HAe9 AR, #4354 d.
1332 4Y=E+E

R Z SR e RE ST E . el E T O
Hig, IWNTEER, ORI E AR R TS
O, BB T 8000 r/min 25F T 5.0 3 min, 3%
3, BEEMEH LS TKERER, HE0FEL
THEPAFE . MR E THARS 60 CHLTZIHE,
MW lgaE, SERMESEEENNZAR
TR T
1333 FHi4ivERE

B — B AR BT 8000 r/min £54F R 20 3
min, B &R MR ATIEfEE (0.00~1.00
g/L), Bl JE R A AR B B G 375 7 26 b
W e R SRR AR E bR, e bRl fE R
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25 uL FERHTIE, TSR A IR AR
APIE O AT, A R LIRS SR
i A S T 28 W AR AL
1334 NH, W

B —EABIRE R E T 8000 t/min 251F F &S0 3
min, HU b3 FF OB 2 0T E i YE L (0.00~10.00
mg/L), FRRZARR)Y 10 mL. SRFHKR M 2
NH, WP, TSR MR A bR 2 I s 15
BOIATHAR, W a5 A DR R B R AL b (1) S B
NH, H#PEAH .
1335 BHEEASE

FREL— 5 U AT T 2 mL 208 H, A 1
mL R EEZE R (0.05 mol/L Na,HPO,/NaH,PO,, pH
7.0) FUEEWHEER, BEf5 R EIREA R E T A
TERAC PR 2 min, EESAVRIEIERAE B 241058
AR (E A2 BET FAREIEE 2 Se R A « K
T4 I B 2 R BT 13200 r/min 24184 5540 30 min,
WAE FIEET 15 mL B0 . Bl S I G2 A
DU, HEE R EE 2K IEUE LiE T E
gL th. ORI EREE e W, WEMRE
JE I RIRBURAE 562 615 F1 652 nm AWOGAE, T
WRHE T AT R PBP &8,

c(PC)=(Ag15-0.474% Ag5)/5.34

c(APC)=(Ag52-0.208xAg15)/5.09

¢(PE)=[Asg-2.41xc(PC)-0.849%c(APC)]/9.62

PBP & %(%)=[c(PC)—!—c(APC)+c(PE)]X\//m>< 100%

KPP ¢ AR FRREGGIRE, F45H mgmL; V HE
PR, LA ml; m AERFE, BEh g

L4 FAESEiT

KH Microsoft Excel 2013 Al Origin 9.0 Software
XA BTG o i, SR R AR T I (bR v
"% (meantSD) HIEAFIR. RH BRI ITIER
IR ZE S, p<0.05 NEFEZER, FRCA; p<0.01
LT E S I N eV S

2 #R5R
2.1 EFRIBEA G sulphuraria £ K X% EE

A AR BB # v

AR FEEEEX G sulphuraria A& F1 PBP f1 &
HIsZ AT 08T, g5 R 1 Fios.
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Fig.1 The growth curve (a), glucose (b) and NH," consumption
(c), and PBP content (d) of G. sulphuraria at different
temperatures

VD ARINRJE A 30 C e 34 A st R AT PBP 4%
) RF M. *RT p<0.05; **EkT p<0.01.

MBEFRIRE N 30 CHY, 4HRA K I E AT B 48
h: HIGFRREE Y 40 CHF,  4HAR A I AR A
24 h; THIEEM 30 CTHEE] 40 CRE, xI9H 96
h 42 48 ho IR N 30 °C, RT3k
KA N 5.85%10° cells/mL, &35 TIE
IR (p<0.05): Xl A A K B ASE JART )

LA KRR Jy 0.60 d7, X FEH] 30 CHIES IR
SHRT G sulphuraria . B 1b FE 1c IR
T RN N1 79 FE 2 34 5 41 i 2% 1 31 4 DA &
PBP HREHBAART: RS EH ARSI T (
1b 1 1¢), G sulphuraria 7t 30 “C IRFFRIRE T Al I
FE 210 NH," LAV A& 4H A ) BRs s e A 6 3 B 1 A
[PFE K. BEFRE A AR PBP & s ATR, 45
KRR (E 1d), HFRLEN 30 CHMFTF, PBP £
G sulphuraria 2 IR REHK, XK PBP. PC
ERHINTER 5.72%M 4.50%, ZAHA FHRGH
PBP &3 m T HARSERAH (p<0.05).

TP TR FH T B A B v A AT e ki i AR A AN
R, G sulphuraria - BAFTHAE S IR FRER AR
Wik, HMA 28l R N RAREEE. OF
OB PIEAN T 2 50 A E X ERDE 1,5- 858
AL/ (Rubisco) 7EHIRIRIAEE FIGHHRAK,
M7ERE T 40 CHRIZME N imtEsm" A4,
MEAKRHAEREFRIRERN 25~45 CHRZH T, G
sulphuraria 537K B RES ARG E T+ = 4a s, 1
PC & AR Emi R, X G A6, 1
AHRF o AW 5T 45 TR B RIER S AR L EE G sulphuraria TE
FRFRIREEN 30 “C AR AT AT 3R A5 05 e R 4 i 2 5 A
PBP FREE, M2 FHAGRE (26 C) AFIT
MN B E R s T I R BE T A R R A
Wow, JHFEE ZReE, AT ARSI R. It
Ab, WAHPTFR XM EIRAE T PBP &2 KA
RATHEE EEIRATE g S, R, AWFRIHE
WIIREFRIREE RN 30 C, ZiREFMARTE g
JRIRLTEE G sulphuraria 4HIRISTEAN PBP (1) 20 2

22 AW G sulphuraria % K K % EE E

RE B R

AT FE ST AN AN TR P 1 26 W R B 1 97 3L 11
WAL, FHo TAFRBRE LA PR, &%
YIRS AEA PBP HOAR 500 Sl Siit24r, e
Z N 3~16 JEHEIN, HEFEHFELL K PBP & &2
JeTtiEE RS, FTEmE LS 6 I IA R,
HAZBER P L AR KRR AR AL 16 B 2 25 BRI
053 d". EBELLN 6 GHEREIRE S 20 g/L) 1)
KM T, G sulphuraria B AE KRR 5
Y4505 0.58 d7 F1 5%10° cells/mL. 537451
JEXHEYIE PBP F b TRC I, S5RRM (B 2D,
MREN 6 B, BrIRFTIRA3M PBP & ENTET)
6.43%, WEETHESLEH (p<0.05), Hf PC 7E
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PBP 5L 76.57%, HAENTHEN 4.92%. %
ZH3RA5 1) PBP Al PC & &R A LN 3 1L 2H 437
HET 50.23%F1 61.41%.
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Fig.2 The growth curve (a), glucose (b) and NH," consumption
(c), and PBP content (d) of G. sulphuraria under different C/N
ratios
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JL P o C 21 ) e A Bl S R, AT R T 4 BE
TP HIENCHRE, AL, A R IR S AN
MBRE 2 E 50T, ANTHEIMEAER, da5E
WA, R, TR B R A R A AT G
sulphuraria FIPRIEAAK o FEFREE ARGV PBP &
EHATRI, 4R R OAEYIEM R E N 1x10°
cells/mL f{15&1F T PBP & &, Sl B TAE# %
RS, ME BFRAEK, HER LA R
A AR FRES, FUA R T PBP ISR R
25 LR, AWFRIHE LRI ERE N 1x10°
cells/mL, ZWHANEEEFRT G sulphuraria IR
AR PBP )5 2R 2

a 80 - —m—[x10°
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Fig.3 The growth curve (a), glucose consumption (b), and PBP
content (c) of G sulphuraria at different initial cell densities

D AR mIRSE A 1x10° cells/mL 649 52340 A 3T fR 4
AT PBP 2249 RF M. * KT p<0.05; ** &7 p<0.01.
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Fig.4 The growth curve (a), biomass accumulation (b), and PBP

content (c) of G. sulphuraria under different light intensities
FERFER RS, SCHMBEXRFERT G
sulphuraria WA BA EEZRRE0, FE2EHT
G sulphuraria Z0MAER A PURIE AT A K41, ik
ATEAMH CO BTGB EFTNAE K, TR 2 5m
et 1 FATESA = REAT CO, 52 7 T i AP0,
b, ASHIFORAN [FG R 264 N M A= KA PBP
EEIAHATOIR, diRER (B4F% D, 1B
BEARSE N 110 pumol/(m*-s) 21 R 15 37 7l K153 e K
PBP 1 PC &, 73N TH 1 13.63%A1 11.10%, i
e THEdN (p<0.05); HIEME S PBP =&
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1588.36 mg/L, . T 584 50 A1 190 pmol/(m™s)
MISZEG 2 (p<0.05) . ZAFBM B MBPEE N
5.48x10° cells/mL, HZ /LR8N 11.65 g/L, T
B K RN 036 d's 1 E G BEBE A 190

umol/(m>-s) 4 R AT 3RA s KA, HTER
12.92 g/L, R TN 50~110 wmol/(m>s)f152%
H (p<0.05),

x"1 PNEIBBEEX 6 sulphuraria EYEFEIEE AT ZRI500
Table 1 Effects of different light intensities on biomass and PBP accumulation of G. sulphuraria

K5&/[umol/(m*s)]  FE/gL) SFIOTT) S E/mel)
PBP PC PBP PC
50 10.70£0.177  11.95£0.01" 9.70+0.01 1267.070.017  1027.63£0.01
80 11.45+0.18 13.24+0.01" 11.02+0.05 15253842321  1270.34+24.99
110 11.65+0.10 13.63+0.03 11.10+0.21 1588.36+23.12  1293.66+39.67
150 12670207 12.40£0.20" 10.2240.25 1584.73+38.56  1305.72+42.94
190 12.92+0.28™  11.59+0.01" 9.40+0.01 1506.19+0.01°  1222.64+0.01

E: VAREEA 110 pmol/(m*-s)4g 53020 A 3 BRALIAT T VAR PBP = B89 R F WA, *&T p<0.05; **&F p<0.01.

HARERERE, MRNEKEAREEFRI BT R
RAIAR Ak B U PR T A 4 i S B2 U B i e e 1 22
o BRI, RGBT N 50 pmol/(m?-s)s R4
BRI R, X 3B TR R g i R
FEOTBUIR, EEOGRNELSS, TE S GRS T 5N
Mufef Rt =, TRESBOEHI, M fdipAd:
KA B AERE IR, =R 190 umol/(m®-s)
AR TAHIETE, X TOREA RS 2K
A SRR, AT OGP Ik e 2 B 2
SERRIRAF OGRS T TG, TI7E S A A BT s 4
T XA T P, R g
KIBFEEHGN, HESCHNEGE, BRI EIReRe
HISSI, BEDaR AR T4 Ak .

Sloth A5 W 7L R B, (EIRFHMER T, (REHEIRE
BHIT G sulphuraria Yo B RIEB (HKHDEHE
RIS 23 3 PBP & 2 FH, 1X 2 BT iR e )
MG EE S TS, R g5
FEIGA A FH T S me e ) TR B, 2T (1452
BFERR AR AP0, s AR TR AR (1
GG XA S AR, B
A, IR A R AR, gk, 5
A IE R R EEAA R T A Pud A, TmH
At PBP MR 2R o AN FUIRE AR AL HE R R
N 110 pmol/(m™s), 1% 464 T {2 4 i e AR A
HEJFHE A PBP i

BIEX G sulphuraria 1RFFE R IR R Rt
1AL, FIEER S G sulphuraria F14EY)E . PBP &
AR ACHTIRE TR N 40 °CL JBERE N
30 umol/(m’-s). IEFFIERRALL A 21 VILAANIEE LN
3.79x10° cells/mL, 1%k R B A ATIER A& A
798 g/L, HWFH PBP & &N E M
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7.12%F1 551.69 mg/L; fERMRALE R AERN G
sulphuraria WATHEFR, B3t BRI S T
45.99%, 1fi PBP &&NLLRALATHE S T 91.62%, #x
2 PBP PR ZUNMAGRETR 3 £5 . H BT hesEE Tkib ok
FUASERE R L AR~ FIAZ 8 10 d DLk,
PC ZEn[IATEN 16.10%, {HAEYETEN 6.78
g/L, WGk PC P E N 1034.80 mg/L, H=EAMAM~
WEIUCT RGN G sulphuraria TRFFAA R, 43
b, KHRAKRGNA T G sulphuraria 553708 2P IR
BN Z, MIMEESES T G sulphuraria i8N PBP [
MERE, X T G sulphuraria W) T AT &N EA
HIE N, AN A AR PR i
BB IR S I

3 g

AT I TRIR L . BRALL . WIaR4nR S
FEVA SRR EESE IR 3R, B T G sulphuraria $i
PEIRFHR R, SCIL T s FE AR A KR IE 2 1 1
WARER, XAMURE T G sulphuraria BIAEY)TR T,
[FE Rl TiZEFRMERT G sulphuraria WA
FTICL R RIFE, AARK G sulphuraria GEIRIITT KA
FHCASSEAL . T A A =B iH B A S it 1 =220
FiARSHRE . T WEIREMGLLEE G sulphuraria 158 Bk
PR R R EE, MR EAE. &
Eh AR pH AR 321, W E SR TR A -
R K I FEIE AR AR, LSRR AR IR N =
HETEPr EXT G sulphuraria WBSHTFFCMUESE T
R TT R TT I BA A AT
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