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Abstract

Rhodotorula glutinis ( BCRC 22360 ) is an oleaginous that can accumulate
copious quantities of lipid. As compared to plant seed oil, R. glutinis grew fast with
high lipid content biomass, therefore it is a potential alternative oil resource for
biodiesel production. In this study, the effects of seawater and sterilization strategy to

enhance the growth of R. glutinis and lipid production in airlift bioreactor.

Biodiesel as the renewable energy been applied to vehicle in USA and Europe
currently being produced from cane or soybean etc. But the problem of land usage
and densely populated in Taiwan, maybe it can be solved by using seawater to

cultivate R. glutinis.

In a 5 L airlift bioreactor, the experiments by using the medium of seawater can
lead to the biomass of 15.9 g/L and the max total lipid of 12.4 g/L. It mains that R.
glutinis can grow in the environment of seawater. In the fermentation engineering,
sterilization is an important and necessary process to avoid the contamination.
However, it also demands lots of energy consumption. So the use of non-sterile
fermentation would also effectively decrease the fermentation process cost. The pH
control at low level was adopted to replace the heat sterilization process. As a result
was found that non-sterilization at pH 5.5 hours was contaminated by germ after 39
hours cultivation. Therefore, a decrease in the growth pH from 5.5 to 4.0 led to an
increase in the biomass of R. glutinis at 11.7 g/L with the medium non-sterilized.
Nevertheless, the low pH could reduce the lipid content. In this study, a two-stage of

pH control was proposed, which the pH was controlled at 4.0 and adjusted to 5.5 after



the growth stepping into the stable phase. Conclusively, the results of this study
indicated that the two-stage pH control can significantly enhance the lipid content, but
the total lipid was still lower than that of control. Non-sterilization can solve the
problem for the high cost but it seriously influenced the production of biomass and

lipid content. It was not available.

Keywords: Rhodotorula glutinis -~ seawater ~ non-sterilization
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% 2-1 24 @ g ~ % 4 17 % (Thompson et al., 2006)

Feedstock Rapeseed Canola Soybean Crambe
Calcium (ppm) 24 19.7 11.0 163.3
Potassium (ppm) BDL BDL BDL 216.7
Magnesium (ppm) 4.0 5.4 6.8 126.7
Phosphrous (ppm) 65.0 58.7 53.0 136.7
Sulfur (ppm) 21.0 14.0 BDL 128.0
Sodium (%wt) 1.06 1.07 1.20 1.10
Carbon (%wt) 25.3 26.3 26.0 24.0
Nitrogen (%wt) 0.05 0.05 0.04 0.06

"BDL : 4 7 MAT R A 453 2 S 1R E o



212 B-»#&§F % (p-carotene)
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2009) > 1+ £ 5% CyoHsg » 4 F £536.87 gmol™ > zid T d 2§ - # B4
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# 2-2  Oil content of some microorganisms (Yang et al. 2009)

Microorganisms Oil content ~ Microorganisms Oil content
(% dry wt) (% dry wt)
Microalgae Yeast
Botryococcus braunii 25-75 Candida curvata 58
Cylindrotheca sp. 16-37 Cryptococcus albidus 65
Nitzschia sp. 45-47 Lipomyces starkeyi 64
Schizochytrium sp. 50-77 Rhodotorula glutinis 72
Bacterium Fungi
Arthrobacter sp. >40 Aspergillus oryzae 57
Acinetobacter calcoaceticus 27-38 Mortierella isabellina 86
Rhodococcus opacus 24-25 Humicola lanuginosa 75
Bacillus alcalophilus 18-24 Mortierella vinacea 66




221 fcd b

d A Hcd $o 2 A e g 0 AL S H e b 7y (single cell oil) (Liuetal,
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http://zh.wikipedia.org/w/index.php?title=%E5%9B%9B%E7%83%AF%E9%85%B8&action=edit&redlink=1
http://zh.wikipedia.org/wiki/%E4%BA%8C%E5%8D%81%E4%BA%8C%E7%A2%B3%E5%85%AD%E7%83%AF%E9%85%B8

4. 2-3 Lipid composition of some microorganisms (Yang et al., 2009)

Microorganisms Lipid composition (w/total lipid)

C16:0 Cil6:1 C18:0 C18:1 C18:2 C18:3
Microalgae 12-21 55-57 1-2 58-60 4-20 14-30
Yeast 11-37 1-6 1-10 28-66 3-24 1-3
Fungi 7-23 1-6 2-6 19-81 8-40 4-42
Bacterium 8-10 10-11 11-12 25-28 14-17 -

10



23 ki AN B

—dpdm g o g FcA AN &k 2 F 4~ L8 $%4 (Ratledge., 2004) :
. ok Bme 50 A4 iRk & S iEE 97 g g Skd 1 acetyl-CoA -
Il fe o 3= e B rPpihph & A2 #7F @ R A&l - NADPH -

12T 4w ff it acetyl-CoA 2 NADPH 2 = 541

acetyl-CoA

1L §%/m*% > wep AMP deaminase Fi-t = » 95§ ha A% BT

= o

P

2. "% AMP deaminase /= > mig N Bk mg Y h AMP JE R TR o

AMP—inosine 5’ —monophosphate +NH;
3. ¢ *> AMP jk & T "% > isocitrate dehydrogenase ~ §¥ ¥ i& ik i (T o

4. isocitrate dehydrogenase :Fi% ik » i$ = isocitrate s j* A% % 5 ¥ ,%g ¥ Aconitase

2 citricacid i = T {7 o

5. F]pt citrate ¥ 12 R A f‘v?#:i’ﬂ‘]wﬁ oo @ &4 ehcitrate & ~ fw¥e B {5 4L ATP citrate
lyase *» %74 24 7 acetyl-CoA f- oxaloacetate °

Citrate - CoA + ATP—acetyl-CoA + oxaloacetate + ADP +-P;

1. NADPH
s d malic enzyme ¥ ¥ NADPH:
Malate + NADP ' —pyruvate + CO,+ NADPH

M Fhit v od B 24 &7
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MITOCHONDRION

CYTOSOL ghocose
glycolysis |
uv pyruvate
e COp+ATE| >
CO,
ADP+ Py
'transhydrogenase d|
3 oxaloacetate 4
cycle : NADH
- v
malate NAD" ' acetyl-CoA
NADP"
NADPH ~
acetyl-CoA QTG citrate : citrate 44— 3
'citrate/malate
oxaloacetate 7 oxaloacetate
LIPID ) cycle' 5
BIOSYNTHESIS malate P malate —=

B 2-4 % ¥7/% 757k 38 (Ratledge., 2004)
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FEUY > T B 25526 £ 7 BB gk A

ENDOPLASMIC RETICULUM 16.0 — elongases and desaturases —p | CPUFA

CYTOSOL

ACC
Ac-CoA

-

MDH / ACL

glycolysis — glucose
0 citrate

-

(| cmr ) MITOCHONDRIAL MEMBRANE

malate MITOCHONDRIAL MATRIX

TCA cycle

B 2-5 faspc % 3@ (Ratledge., 2004 )
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Glucose
'

Co, Raicpy, Fructose-1,6-diphosphate
. PEPC » A
Oxaloacctnle-s : L1 - LCAP<—DIAP

NADPH NADP

\
s » . - . .
Citrate oy Pyruvate 4—,\"_‘ AMalate

PDH aUT2| IGPDI DHAPAT(Y east)
ICA cycle € Aceyl-CoA '
“Malate
—~Citrate *ACC 3P I-Acyvl DHAP
-Succinate Malonyl-CoA

‘MA I ’:\cyl-( 0A
/ GPAl DHAP Reductase

Malonyl-ACP Cok (Y east)
FAS

IAG '
synthesis Py

Fatty acyl-ACP

‘F.\T

Aevli-CoA
LPAT
Fatty acid synthesis CoA

FrA
CDP-DAG Synthase

/ PAP

» H . '
hospholipasc AG

Acyl-CoA DGAT
) WS/DGA T(Bacteria)

CoA PDAT(Y cast)

Phospholipids <@——CDP-DAG-%

Phospholipasc

Phospholipids

Glyveeral

(TGLITGLY)

\)
TAG L

WFEI POXI-6

Acetvi-CoA - -+ -+ Acyl-CoA

1 AG catabolism

B 2-6 The fatty acid and TAG biosynthesis pathway in microorganisms.( Liang et al., 2013 )
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24 BFKIFHRALT

oA froflwre h R AR gl TR ¢ SEE LA Y ﬁ:}fgv‘[ﬁ%ﬁﬂi
BooMcE P AL GRUR (4§ E 4 EE) EF4¥F R (peptone » £k

fede® ) X P A41enif 2T (Zhangetal, 2014) > o v {  »eehAd 4 687500 45

\

Wlmiz ¥ oo Flpl o fird P LB R PR T3 & AL ¢ B F vt (carbon-to-nitrogen

ratio) frf s F|& s 4B B ~pH- B BEmE A Z L BT -
241 ER

BB CRERAFENMASF NI LA AFFEANRESL I NERER
B Pime d R R B2 EI X BREFAMDL LA AP v Y 4
DR R AR R Fehd 2§ Roglutinis i & AR A % 30C P »

A M ER TR SR oA L A KA EERRTRBC TR -
H#EAERAFE (Zhangetal, 2014) > e § 8 & % »* 35°CPF » 7 I R. glutinis <
AE 0 AER A 20C A L R4 A B T AR A A &

RIERA o

3

<5

BARDBRIEEALAZ LT BEARE L TR ER N il T

m
’ﬂ‘%’“

d“
)
=
i

A% K Ji o M A A Y pH B g%fg@}m?é ek e
B T E s e R A e I e et o R0 ;;Jeig 4t > R. glutinis

BB IIRET o wEFRS 9’5 2 £ (Johnson etal.,1992) -
243 sk

LR S et o RS B2 BT 2o aap

;«l—l—giim%,}ﬁz‘é‘_ﬂ Moerrn g o ’ﬁ Q}}?\_#'I ﬂ!%g??%‘gfﬁ BRen B blde



% € B % Spirulinaplatensis “#f#g+ B g 3 - BF 22 £% % % (Danesietal,

2004 ) -

e AR LLL.

=
2

de X FIEAR S B F LS %h—fu Aspergillus
nidulans ® #3737 kR F EH L2 R kA4 F B bR EPFT A
2 fog RS IRk €327 1224 5% (Blumenstein etal., 2005) @
Y- BE LTS i}{ﬂ Neurospora crassa * % 3z 3 ¥ %4 < & White
Collar1 2 VIVID > i & chr 5p E53 &8P 30 HenE SR 2 - R TR EZ 20

¢ A w4 7 Fenik = (Borkovich et al., 2004 ) o

=<

3R 75 k&L BE fF 0 4o Penicilium brevicompactum  ~ Aspergillus
nidulans 3 %3 o BE & 3 e 4 ac Bk it B AR S T A1 F iR o i B g
Peskz = 3% d M By B A SR Fla BERPEI ML £ 8 R

A o

3
k-8
&

LR s o AR L R AR B e kG R

: LED(3849.9 y mole/s/m®) ™ #4 B % e "5 2 £ 3¢ & 0.34 g/L/hr >

{}};
s
F_k
Il
oz

Flxeid fg 2 A > A7 R glutinis kR » AR RAFOFEL - o
244 BRICF R

PEEIF AL ER ORI R LR B A Ahe o Fu LA
B bRV EPRRTF R BEFML P R R {E e RUR T
FOREMA P L N TR RN A > AR E S § R T AT o i
A5 7R igéc £ oA Bl R G qgrovﬂbw CE L RS §

ks K o Mt A A E R A B R e o

16



245 Bk

BB ERme L B2 B EA A SRR Y T L
RAIAL S B4 (heterotrophic) # 4 > F 2 4ok 4% = § (T 5 BUR > RIS
p 4 (autotrophic) # # - BiRT # imee 2dFchd £ > L EER BB € HF
05 Fe AR FISRA R R A ADBRERS B o g ER
TI% 2R 3 fenml A4k i & A g e 2ok IR R TS RUR D HER
glutinis 2 2 "5 2 8¢ B § & REFHF 0 TG o A A A Aol s

& pFer 4 8 Rt 3E (Saengeaetal., 2011) -

246 % &

a3

PRI AR FioP@al & A% - &Aoo F R G REFRAT
TRE ¥ /)fi‘l?f;ﬁ_i*ﬁ A (1) m¥F R -&f’fﬁ-ﬁk— He 35 rﬁﬁ’}'}&ﬁé\ﬁ-&rg
“ A%~ AR S & 4 W FRAR S FRPRARE S (2) Z AT 18 % R b 4e Yeast extract

* 24 ~ k% - peptone % -
247 miBicmE AR

Bk Tl B2

ek

E

= »
o

BHE T T EL LS BT EPROE S TR B
T Flw-3 kb AR Ao il B of hlwie aflit g B Y o dopirg
FletBie @B A A ferg BREE & o JRRY pdl B R A Y e

d

EEP IR glutinis R % Ferz £ (Wuetal, 2010) -

H

T e prend A TRE K M EBE AR - LR

i FlF o g RARE S DA F 2 - 0 TN RavRARAE RS FY FIR P
Rt P2 732 - > g4 3 ke frrgshpiz EPAehe 34 £ 75 0 84

B PR €I e N B a0 A R o

17



25 xp* # (Rhodotorula)

Harrison »t 1928 # fx* ‘= fi¥* Ffd - AR 5 B o ¥ ® g ¥ s
w3 p AR 0 1970 & > Phaff o Ahearn @ 7= ~ /3 X & iE8g o £ {o % sg 2 &
BRFfex @i~ nEr 322 BRBY A4l epa o SFp R 16 B 70
fapE* Fehk & > 2 ¢ 1z Candida ~ Cryptococcus ~ Pichia ~ Rhodotorula -
Saccharomyces~Sporobolomyces £ Zygosaccharomyces = i & F /(i #i&., 2014 )
oA e e R IRIRA, S PR e enE R A 2 2 T K 0 5 P A
i d AR o g R FAMT S R @ FE AR R Ao R 0 A

Az g 754 T 4 g (multilateral budding) » 7 25 F g e 3 S gL (5
R4, 2014 ) -

— A AR FEBR A At R AR N FR g e ﬁ%‘-’% gtz %
fepgA FB a1 RS A0 F g 2% (Montanti etal, 2011) ~ e BF
% (Mengetal,,2009) % > F1H § 2 B a4~ 7 * 304 &4 $ 9 75 (Cortes

etal., 2014 ) -
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25.1 A #&-Rhodotorula glutinis

Rhodotorula glutinis §** = * F2 - > » B3R 2 F- %> s > §
T L FEd Y (KRR, 2012) - - A F R AR o lwie ol
BEPRA FEsed TRELPSGFALFEEEY F L4 E & 20-30 C >
PH5~6 chfk 5> @ ki 2 FT A fr e fq ¢ 2 el BETIEH T BB ET2%
vk d & 1k pe(C18:1) ik 50~60 % ~ 17 47 4 (C16:0) ik 20~30 % » & #p i3 4E 4
Mo FIRF S TR G A TR A o AP EFEASH A RN RO EE

FApE X B4 £ R.oglutinis (0¥ w4 BB chd B B Y E G

AFFE A R engEd > 2R £ 3 % % (Suntornsuk et al., 2008) -
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PIR PR AL 2EN20% 0 A AT BE T1% B¢ 2R F IR
Aaske 7 97%c SR oG TR o (e d TR R A Ll S R IR <

IR Ik 4(@_@3@,‘? B e X A EKA L PTG ke * 3 R F R

BB K EP TR AAG 0248 27 1148 (F ~ 4 4 AR

GE gL ) AR R TR 998% ) BT R H ik
Boan v LRk BP60 SHEMER T o AEA AT FPp AR Aok
24 B FiE ARG F B REAE  ANBELPNTE L B
?J'/\’ﬁ ‘»E-ﬁ:i“a'é\t

Y A AR o R ;‘Jc 4 41> f1* /5 k33 % Rhodotorula glutinis
HEME By 2948 74 129/Lf-70mg/L#% = 1 16 g/Lf-86 mg/L -

(Bhosale et al., 2000)
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# 2-4 Average concentrations of the major ions in seawater, in parts per thousand by weight.

(Wright et al., 1995)

ion %o by weight
Chloride, CI 18.980
Sulphate, SO, 2.649
Bicarbonate, *HCO4 0.140
Bromide, Br 0.065
Borate, H,BO;’ 0.026
Fluoride, F 0.001
Sodium, Na* 10.556
Magnesium, Mg 1.272
Calcium, Ca* 0.400
Potassium, K" 0.380
Strontium, Sr** 0.013
Overall total salinity 34.482

* Includes carbonate, COz*
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2.7 #1243 % % F (Oxygen-vector )

EFBNARENY 1Y A B A AN R EN TR Rk
FIMATRcng F o Al B R e HAaRAY FTEET 5 oo
A E  HY - B ;‘éﬁ-&;{iﬁl&ﬁ?h*#ﬂ,@f i F e H R F oy
(Oxygen-vector ) (Narta et al., 2010) - B ** Oxygen-vector  {% % ¥ ic i 4|+
Fresd rewavgp H A9 o B9 g i B3R Oxygen-vector ¥ s it 3§ ie %
RRTEEES SCE SN ER O EI FoL S ® RLE N SN E e
(McMillan et al., 1987 ) » H ¥ 104 seenf et 23§ ~ AR ~ M2 T H
R R4S E REE S ¥ R F a0 25 - P E (Jianlong., 2000; Rols et al.,

1990; Xu et al., 2007 ) -
2.7.1 X% & &8 Tween-80

RpEmEA e 2 Hgfewd X 0 B LA MEN A BT
MO AR Y BRI E R e BERETEFEEEELERL T RS REE
(/5% 3,2009)° Tween-80 & & & d & &7 47 {oiy 5k 1 b ik (oleic acid > C18 :
1> % 70%) ~ & b fe (linoleic» C18:2) 2 & e {rPy W5pk © A g ik (steric

acid > C18 : 0) -~ 41 (palmiticacid » C16 : 0) #rie = o

£ /*Jcé dodg o A oo S R Tween-80 & 33 & ABUR 0 T
Fadf s BUR DS $ @ 5 Tween-80 ek fiRid ol 0 B R AR IR HI
PRS0 T g v AT e feder ] R AL (Chenetal, 2001) 0 » G A B

,/:FJ-

\-F
¥

R A e 2Rl R oG R A Tween k7 0§ At picd B R T B
oA Gk 5 g enes § (5, 2002) ?/f?v“* FAT e
Tween-80 § 243 ¥ 1 4% = Streptomyces 748 2 £ > 7 #r 0.5%¢ Tween fsH 4 Lo/l
Sk R (Xuetal, 2014) -
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28 HFEERe
281 kA2 Fb i B

G E B T EEA S R S LA BRP 482
'}'d]'{/%)imf%%ﬂ‘l *-H-)‘/fy"‘«f”[;—‘]féwﬁf’fi—-’%’ pi”i‘ﬁPF’& %%,ﬁffu‘}l”ﬁ
S R R R R > AR e F A e R IR B (TR
B BAAF R il AR TR TR > B A e s

BAUEEASE  HFIAY o LSRG AR o
282 ARPEZE RS

BH - RF2FHE 0 AREFDA AR R A FFER R L A F
- FEEC D fmre 4 K ) (Growthphase) FF > 3% im%e = £ #7if & TR o 4oiR §
T opH Y EBARF M FHFEFRBEEIE . EORERT > AL 28 Tk

% Z FEEC ik & = 8 (Production phase ) » A # A&l 2t s 3k 17 Sodic > Aopd

/Eﬂ/%)i‘/%‘—i ‘/E)i}': pES) j\‘})i 7&4:&'44%”;,)7 °

P2 pedp 2 A1 A R RG34 Roglutinis 22 8 & 3 e SRS 02 0 de
- fE 2T % R oglutinis got 0 F IS PFERR £ BN R SRR 1/4 3] 1/3

S EEE R 0 b % AR A B4 20 1 30% 0 ¥ % 1< 60 F| 0% RIS Y o

g

»-

¥

o

Lo BF A s st 1 £ Y (Yeetal, 2010) -
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=% HHEes2

31 R &M

311 HE

st F %k * ¢ Rhodotorula glutinis (B 3.1) > £ Hp A FThikH 2 23 ¢

~ (‘Bioresource Collection and Research Center ) » Ff&.% 5. : BCRC 22360 -

B 3-1 Rhodotorula glutinis

24



LR Eag R %

TR Glucose ROQUETTE
Fe 4 Crude glycerol X ER G AN F
YM BROTH Yeast Malt Broth ST BIO

¥t 5P g Yeast extract DIFCO BD

o ik 4% Ammonium sulfate SHOWA
Frpkdt Magnesium sulfate heptahydrate ~ SHOWA
i & 40 Potassium dihydrogen phosphate ~ SHOWA

% (47 Calcium dichloride dehydrate L5 R = F
F L4 Sodium chloride SHOWA

Ly Hydrochloric acid AENCORE

o fl Sulfuric acid Scharlau
FRETRL N Sodium hydroxide SHOWA

i Methanol ECHO

e Ethanol ECHO

L it fig Ethyl acetate ECHO

25



LARAET 4

2
Ak

Propan-2-ol

Chloroform

Acetonitrile

Trisodium citrate

Tween 80

n-hexane

Oleic acid

Sodium hypochlorite solution

Sodium nitroprusside

Phenol

ECHO

Seedchem

ECHO

SHOWA

ECHO

ECHO

ECHO

SHOWA

ACROS

ECHO
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32 REHRE

432 FHRKEFE

REKA R A5

w+ XTI Precisa BJ 100M
BERECRE CORNING PC-420D
pH 3+ INSPECTED PL-700PV
BREFAFL TRIDENT EA635

£ ER T HIGH TEN 3BH-24
FRRTRE LIAN SHEN LUS-150
BREFAFL TRIDENT EA635
ERC R RODA

5 oA g BB EH Biotop

15 o = g3 N g pE g Biotop

50 o F BN R Biotop

100 == F 8 3% pE Biotop

® vk AR & 47 & UV detector Hitachi L-2400

® vk AR & 47 & RI detector Hitachi RI1 5450

® Pk Ap & 47 R Pump Hitachi L-2130/ 5110

27



% 2k 4p & 47 & Auto Sampler

bR ER R

e A kR

: s (LN

& mA IR

N ST S

Air compressors

Vacuums pump

i kR R

4

Hitachi

IR 35

Thermo

Hettich

HSIANTAI

YSI

PAN CHUM

SWAN

EDWARS

MISONIX

LIAN SHEN

DECTA

SHIN KWANG

Thermo

L-2200/ 5210

DENVER INSTRUMENT

GENESYS 10UV

Universal-32R

CN-2200

2300STAT

CT-series

DR Series

RV Rotary Vane Pumps

S-3000

LO-150

DC300H

DC-1S

Focus GC

28



33 &3
331 FMER AT

B~ 5ml Fi > i 7000 rppm T s 10 min > 2 ",fi FiRERAM £
e » 5mlIRO -k » 5 érg R ER ;;]s?m% ROk AR &L JEE L 4l
i pEE T s 2 A Gk PN T R AT AN SR s mR R RIE

#4432 & (Dry cell weight, DCW) -
332 FHEBERAITE

MR R o~ s ¢ o % gl g 7000 rpm T g 10 min o A 3R

folt i P i L4 10 B8 0 1% YSI 2300STAT Glucose analyzer * £

333 AEMFERAY

FEB A AR (S A 50 mg o 4o~ P AR/E (123 bml uRE BT R
e 0 F AR ARSI AR (HF 5 it R 2min) ARFEY

B~1lhro £5d o gdsg 7000 rpm g 10 min o f2f F g F Bt e g

2 4R 0 RRAGRCE L wie L e 3MI Y RB/F FIRRERTIARS 0 A
oMt Z PRt 4R ¥ e 60 CHfaicd8hro ddFr w82 £ 2 A7
HER I RE TR OAME T RFE FHET R

£ W5 i eng £(%, wiw o Lipid content) » #-% 5 eng £ 3k ARk A (/L

Biomass) » ¥ 3+ & 1) 3 55 B ek & (/L > Total lipid) o
334 HuAhrk

P~10 ml% f e » 12 3@ 7000 rpma. 10 min » B~ b ik & 4181075 120.45

29



umét F i Bl g o

41 HPLC ( Hitachi RI detector 5450, Hitachi pump 5110, Hitachi Auto Sampler
5210, Hitachi High-Technology Corporation, Japan) 4 474 # k& » ~ 4505 @ ¢
$1.C18 (Vercopak N50DS, 250 mm x4.6 mm, Taiwan) » # %+ 4p % 0.01 N H2SO4 » it

i# 0.4 mL/min> jL6+E 50 pL -

30



34 R
341 REHEF

#-pLp 8¢ < h Rhodotorula glutinis 274 i % ¢ » #% 1 YM BROTH
(Yeast Malt Broth) /& i3z & AAim it » e r R £ Y 2 24T % 72hr» B~

0.8ml Fie fr 0.2 ml & 4 b >R 3 ¥ 325 R &1 > % r ACTikfaiRE -
342 RAfr
3421 #3324 A4 (Seedculture medium, SM)

% 33 A+ A A2 v pfe@ > 5 Yeast Malt Broth (YM BROTH) » &

" INHCI# & pH i 5 55 -

%33 IR ER

Compounds Concentration (g/L)
Yeast extract 3.0

Malt extract 3.0

Peptone 5.0

Dextrose 10.0

31



343 #ipFpEre & A (Fermentation medium, FM)

ki 34 FRERAAZHRY T INHCIAEPHEL 55

% 34 FErii

Compounds Concentration (g/L )
Crude glycerol 60.0

Yeast extract 2.0

(NH,4),SO, 2.0

KH,PO, 1.0

MgSO, - 7H,0 0.5

CaCl, 0.1

NaCl 0.1

32



344 B

#-32 % 24 hr 2_ Seed medium # 3 Fermentation medium # > 353 ~ 5 L airlift
A 2 ¥ FE & Fermentation medium 1092 #8 4% - 50 Lairlift ~ 100L airlift 25 ~

2 $:FAE % Fermentation medium 1%2_ % 4% -

33



3.5 ﬁ%#ﬁ_

R. glutinis

Sterilization

Non sterile

— pH4.0

Seawater

_— Oxyg en

Sterile

NaCl

Adding

pH 5.5

Two stage

pH 5.5

L 90 OC

100 %

percentage

Oleic acid

vector

34

seawater

Tween &0

Adding
percentage

n-hexane




36 FEHBAGHE
3.6.1 gy g A (Flask Experiments)
3611 % pH E2 P
Pen: 2R pHET » HEAMAE T AH2BE-

1. R.glutinis &> 50mI SM 32 & & > & 150 rpm ~ B & 24CH % f2

¢ 5 3% 24hr -
2. Mii%E ROKIFL AN ¥k 34 pl50mls A -
sujicgd pH & (55504540 -3.0-20)
3. M10% HEFEESSMET Pk E AR o
4, i 150rpm -~ B R 24T £ 4 ¢ 0 4 48hr -
36.12 2k pHEE 7 & FHL B F
Peni AR pH B2 22 FR AT HRAMLE T ARLEE

1. R. glutinis £&4&** 50 ml SM 35 & & > »t#:# 150 rpm ~ & 24C# % 4

® o 32 & 24hr o
2. MiEHERO-KIFLRH > T ixR4 34 ;@ 50ml 3 % 4 -
3. ~uligH pHiE (565-45-40-3.0) F 273 5o
4. 1110% HEEHSMED Pk i A o
3613 #RFHERZBE

P s ¥R A7 § P HTRRAHAME Lo T AR SRR
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1. R. glutinis £&4>* 50 ml SM 35 & & > >t 3 :# 150 rpm ~ & 24C# % $

® oo g & 24hr -
2. MEHERO-KIFLRH - T ixRA 34 pe® 50ml 3 % 4 -

3. AR A AY §F 4k A (01g/L-10g/L~20g/L~30g/L -

4. 1 10% BFEHSMBET Lz B E ALY -
3614 2 RAKFERRALEE
IR R AORAL AR RN L T A BER -

1. R. glutinis £&4>* 50 ml SM 32 & & > >t 4 :# 150 rpm ~ (& 24°C# % 48

¥ g & 24hr -

2. MARITEAA > s gk E (0%~25%-~50% ~75% ~ 100 %) >

TPt 34 A 50ml A A o
3. 110% #FERSMET FiF2Z B A AY -
4, i 150rpm - R 24T &£ 46 ¢ 0 12 & 48hr o
3.6.1.5 4c§]‘e4 S ER 3

e a2 A F4FeR33 P (e BT e iz) $
GL-ERR LN S
1. R. glutinis 48+t 50 ml SM 3 % A& > >t 3¢ 150 rpm ~ F & 24°C1 % $9

? oo g & 24hr -

2. MHHEEROKIFLAA ¥ iepE 34 pl 50mls & A o

36



3. AHFHFUBTFE (N5 FEA B 1) & 05mlitn i

4. R 10%EFHER-SM T ¢ w2 ELe o
36.2 5L §FE =g paA (Fermentation Experiments)
3621 #RFALEE

P A R FET b pH (PH55 pHA0) ™ > ¥ FaE 2 £ b 73 ]

ZN

P -

1. R.glutinis &4+ 50 mI SM 2 % A& > >t 150 rpm ~ & 24CHR % §5

v &% 24hre

2. MiFREROKIELBA o T ikmEA 34 feHl5000mlzE L T Ak

7R AR o
3. £#10%SM 1 iF i Al o

4, FHEalF B L 15wmo £ A B A FidspH & (pH55-pH4.0)
#2120 2N NaOH #5414 fd= b pH o 2 1% iR ok 4418 A 2

24 CEiEETREFEE -
5. 4 u]& 15hr~ 9hr =gk — = o
3622 ARERR%
Pen i FR AR ET 0 8 BN A pH HAME K o 5 Rl B

1. R. glutinis #&4&>* 50 ml SM 32 & & > >t :# 150 rpm ~ & 24Cx % 4

PR 24hre

37



2. MEHERO-KITEZ3A > ¥ ix@4 34 pef@d 5000 ml 224 > 2 7t

7R AR o
3. #MBI10%SM > itk A o

4, HEH F £ 5 1.5vwwm> ¥ K #2474 pH 4.003 48 hr 2 15 2 2 N NaOH #7-

F1H pH55 2 f1* SR BRI dlE A 24 CRiEE TR 4 o
5. 4 u% 15hr ~ 9 hr B4 - = -
3623 & OCT®FALHEF
P R R R HFME K fon TR F RS

1. R. glutinis #4867+t 50 ml SM ¢ % A& > *t 3¢ 150 rpm ~ F & 24°C# % $9

¢ R 24hre

2. MEHEERO-KIFLRAHM L iREA 34 Al 5000ml 32 % 4> ¥ %5

L F50? fI7 5o M ERP s D 00CHE 20 4 4 -
3. 76 10%SM ik E A o

4. B FE 5 1L5wms £ 2 2 2NNaOH 44| pH5.5 2 1% {538 7%

KHAAR R 24 CTREE TR E -
5. Aul& 15hr~9hrB~#—- = o
3624 2kt A2 BE
Pt 33t iR KB 55 ROCK AR A £ forg R PBE -

1. R. glutinis £&4** 50 ml SM 32 & & > >t 3 :# 150 rpm ~ & 24C# % 4
¢ & 24hre
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2.

Ma R RCE AR % 5000 ml 32 & AL > T ik pR & 3-4 fe®] 5000 ml 1 &

Ao

3. #MBI10%SM > itk A o

4.

5.

B § £ 5 L5vwmo ¥ 2 2N NaOH 4341 pH55> 2 17 {238 7%k

KR EHIE R 24 CHiFEET R

n‘?«:

o

A ulE 150~ O hr B — = o

36.25 iR & FiAL R k-

Benl 3R R o S R tween 80 # AR R o B R F R L o

=

R. glutinis £ 48>+ 50 ml SM 32 & & > >t 3 :# 150 rpm ~ B & 24C# % 4

¢ R 24hre

iR E ROKITLEAH I kR4 34 f@ 5000ml32 % -2 54 05

% «tween 80 -
#FEI0%SM >t ik R AP o

Bl F £ 5 1L5vwm> # ¥ 2 2NNaOH #:4] pH5.5> 2 1% |58 %

J\ﬁfl ar.))i%/\ 24 C-Lf-l'—" = ‘af”i‘*f °

> & 15hr~9hr B~4k - =< o

363 50L F B\ g4 A (Fermentation Experiments)

2

1.

A kB A AR LE S T ISEF L BE

R. glutinis 448>+ 50 mI SM 32 % # > * & 150 rpm ~ i€ & 24°C 2 % 4
P % 24hre

39



2. MIpARIELRA S X kR A 34 e A0LEE K
3. EAFEI0%SM ks AP o

4, HTEF E L5vwm: ¥ 2 2 3NNaOH 474 pH55 > 2 % J28 fa3k
K

L
K dliE R 24 CEFEETREARE -
5. 4~ w=* 15hr~9hr&#- = -
3.6.4 100 L § ¥\ =x % pseA (Fermentation Experiments)
P LOVWMHE F R AMA EEF T AR S L

1. R.glutinis #4873t 50 mlI SM 32 % A& > >t 150 rpm ~ B & 24CH % 45

oo g 24hre
2. MrioRiTiaE > Yikpi 34 el 80LREA -
3. BBLIWSM> itz i LY o

4. HTLF £ 1.0vwm: ¥ 2 2 5NNaOH 44 pH55 > 2 fI* |58 Ja3k

KR AIE R 24 CEER TR E o
5. & wu=® 15hr~9hrB4%- =< -
37 FHELW

ARHITR Y P A RE 0 ¢ REI DL F FSCEEH S0 L § B

ez 1001 § 2 pE
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371 #HAFMHBALLW

B 3-2 Rhodotorula glutinis z_ ##3 % % £ % B
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372 SLFFRSHIFrHLELN

AP BT SLF BN B33 FEFREMML S0

B33 5L#ENFMENLELF

42



373 50L F #F B HEEHEELLR
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3041 R ENAT 0 s HEisE (pH3.0pH4A0 pH4A5-~pH5.0pH55) 2 %
48 hr > #5344+ R. glutinis # & B2 552 F % #cd

pH Final pH Biomass Lipid content Total lipid
(9/L) (%) (g/L)
3.0 2.1 +0.02 54 +0.4 16.2 +4.6 0.9 #0.3
4.0 2.0 +0.02 6.8 +0.3 17.1 +1.8 1.2 0.1
4.5 2.2 +0.03 74 104 216 +1.0 1.6 0.1
5.0 2.1 +0.06 7.9 +0.2 194 +1.0 15 0.1
5.5 2.0 £0.01 7.9 0.1 204 2.1 1.5 #0.2

47



4112 7@ FLEEpH ERP

PR B AR FOE) T SR KRk B R % A A pH 3.0~pH 4.0 -

F.

pH45~pH50 ~pH55 7™ > R. glutinis ¥ a4 - 2cnd A E N E B 7 & 0 97

ET R AR R R 2R FDOEAT 0 % Mpkdk B R glutinis ehd £ B

Fi e LR AT AR Y o R RO T A Y dhpH @ -

L g %ET pH3.0-pH40 -pH45 -pH55 & B 4-3~ % 42 F %%
ViR, Howmd kR 5 5009/L-6.1g/L~6.49/L~550/L> @ & = b g

SR (=mmE/EME) 5 1615% 2157 %~ 24.33%~31.06% » & % &7

J,"

%/E\%ﬁ /F:‘—r"!*”/%)i"t’/ép Frsﬂb aF - Lmqu&"_’rﬁn ’ﬁ/f\%ﬁ"?,%é—’
*AFED % o A FISL g BAEMRBNY o4 A §F R0 2 £
PROPEINR A A ARFM ST L ST kT RnE % EE pHA0 @

PRl T it RiE (77 @ Fehf %o FIHE i sy AMER M ER 7 ¢ &

48



607 8 20 8

B biomass [ total lipid B2 R-glycerol $¢ pH Y% lipid content
T L 18
50 -|
_ I H L 16
< 6 re
40 % M
SENE- i b 2
£ = 2
2 2 o
S 4% 4 Fwo gr4 §
o = s
o 2 8 @
=3 24
= 20 é % 6
o
3 21 X M2
4
10 -
ﬂ 2
0- 0 ‘ ‘ ‘ ‘ 0 Lo

pH3.0 pH4.0 pH4.5 pH5.5

W43 B3 EETT o cg i (pH30 - pHAO pHAS5 - pH55) 5 % 48 hr -
34 R glutinis 2 £ 2 8
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73 R glutinis 2 £ 32582 R % ficdy

pH Final pH Biomass Lipid content Total lipid
(9/L) (%) (g/L)
3.0 2.1 +0.04 5.0 0.1 16.15 +4.6 1.0 0.1
4.0 2.1 +0.01 6.1 0.6 2157 +2.3 1.3 0.2
4.5 2.1 +0.04 6.4 0.6 24.33 +5.0 1.6 0.5
55 2.1 +0.71 5.5 10.3 31.06 +2.1 1.7 0.4
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2043 $ AR R LEER TR R S AT

Fermentation Max. Max. Max. Average. Max. lipid
Strategy biomass biomass lipid lipid productivity
(o/L) productivity  content content (g/L/n)
(g9/L/Nn) (%, wiw) (%, wiw)
pH 4.0
12.5 0.08 38.17 182+2 0.02
non-sterile
pH 5.5
4.2 0.09 42.10 38.6+4 0.03
non-sterile
pH4.0~pH5.5
11.7 0.08 61.32 573x4 0.05
non-sterile
pH 5.5
sterile on 12.7 0.11 36.00 286+4 0.05
90°C
pH 5.5
18.0 0.16 43.61 355+12 0.06
sterile
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B biomass [ total lipid [ R-glucose % lipid content
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NaCl conc. Final pH Biomass (g/L) Lipid content Total lipid
(9/L) (%) (9/L)
0.1 2.0 £0.05 6.7 £0.6 18.3£15 1.240.2
10 1.9 £0.06 6.3 £0.6 16.7 £0.7 1.1+0.1
20 2.0 £0.01 5.310.6 15.3+0.3 0.8+0.1
30 2.0£0.01 5.1 0.6 14.4 £0.7 0.70.1
40 2.0 +0.02 4.9+0.1 147 +1.2 0.7 +0.1
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4 45 e kR (02550 75~ 100 %)32 & 48 hr » & #£ 244 R. glutinis 2 & 2

2,8
R

Seawater Final pH Biomass (g/L) Lipid content Total lipid
(%) (%) (9/L)
0 2.5+0.04 9.2+0.1 32.2+3.1 3.0+0.2
25 2.50.04 8.2 +0.8 28.7 5.3 2.4+05
50 2.6 £0.04 72105 24.2 £3.9 1.7+0.3
75 2.3+0.03 6.310.1 245 +0.4 1.5+0.04
100 2.6 +0.16 8.6 +2.2 31.4+95 28115
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800

—&— control —®— seawater
700 -

600 -

500 -

400 -

300 -

osmotic pressure (mmol/kg)

200 -
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T T
100 150 200

o
o
o

hrs

Bl 4-25 #5L §F EVERN 0 2 kB R RS e E Ry R

# 4-6 5L F BNEREN 0 2Akoirdle (RO-K) 2% 3 > # R glutinis 2 £ 2

F
Fermentation  Max. Max. Max. Average. Max. lipid
Strategy biomass  biomass lipid lipid productivity

(g/L) productivity  content  content (g/L/N)
(g/L/h) (%, (%, wiw)
wiw)
Seawater 15.9 0.10 81.77 76516 0.07
Control 18.0 0.16 43.61 355+12 0.06
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1400 1 —&— control —@— seawater

1200 -

1000 - /‘—"\‘\.

800 +

600
4007 ‘N
200

T T T T T T T
0 10 20 30 40 50 60 70

osmotic pressure (mmol/kg)

hrs

Bl 4-29 50l §F BN > A2a kR ARG enFE R R

247 w50LFEAFMERE > 2 okfeizdle (RO-K) 32 % & » % R glutinis # £ 2

B
Fermentation = Max. Max. Max. Average.  Max. lipid
Strategy biomass  biomass lipid lipid productivity
(g/L) productivity  content  content (g9/L/h)
(g/L/h) (%, (%, wiw)
w/w)

Seawater 225 0.31 39.60 37.1+4 012
Control 214 0.30 39.37 364+4 0.10
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HR A RFRE LS LEF Faa 2 A Rhodotorula glutinis
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R A AR o Aok 4B o 0SS B F P RORTET RS AR
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flivegrk € 5 87600 22> @ ipH W iTeHRO-KE ¢ F & 219000 2 < ehp koK o
SAEP A Kok 1000 22 5 945 A (F 0 R 10 R ) - #9 5 2070
AR A PRS- ERFIEFH1884 s - B i ROk E 3954 & -
2HHROKGE 005~y A E kA TR ATEF o AR
PR - b ehp Rk AH DERTIRE LA R BB S F kR

G F S LATRORE > g L2 A FRNED
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148 E¥H (RHoAsL - o FH) ROk 2 it

BRI W EEEA CTORX RO M. 15 B b fst
% i s
<1 34 42 32 300 180
R 30 48 36 600 204
L 42 66 42 900 300
iW 84 132 96 1080 456
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43 HhFBRiFFLEpes

dt AR A& DR LA A AT AR 0 i kg
e f R 38 > AT 5 0 A g BRFREN Y 0 3 »xendk 2 Rhodotorula
glutinis cHF 122 b g 7 £ 0 AR R FJ&(XU etal,2014) %% » EiR A
BaAP Fte i §e2i% 5 2. 4 5 (oxygen vector) > #5 31 # # Rhodotorula glutinis
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7 -Eﬁ,fg‘ﬁlk}_ o
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Lok Ao R 630l ¥ AN RIS TR R E
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60 q 10 25 r 3.0
B biomass [ total lipid B2 R-glycerol ¢ pH lipid content
%07 8 20
- s i b os
S
—~ 40438 &
S =3 * I
< = 6 - rs s
g g % N =1
2 <} S
£ 01% X x gr2o &
o < =
b= g 4 Lo @
2 14
= 2013
5
2 r 15
a
21 * rF5
10 4
0 - 0 T T H 0 t1.0
tween 80 oleic acid n-hexane control

B 4-30 7 ‘e §jTe47% § # 7 (tween 80 -~ oleic acid ~ n-hexane ~ control)3% % 48 hr » * 45
% R glutinis # £ 2 8258

% 4-9 p4c§lesid 5 4 F (tween 80 ~ oleic acid ~ n-hexane ~ control)s3 % 48 hr > i £ ¢4
¥ R. glutinis 2 & 2. #2358

Oxygen Final pH Biomass (g/L) Lipid content Total lipid
vector (%) (o/L)
Tween 80 2.1+0.02 9.0+0.1 418 £2.3 3.810.2
Oleic acid 2.1+0.01 8.1+0.6 38.0+1.2 3.1+0.3
n-hexane 2.0+0.01 6.3+0.1 13.4+0.4 0.8 £0.03
control 2.1£0.01 8.6 0.1 46.8 £2.1 4.0+0.1
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o

=

befdm EEA (0g/L~59/L~10g/L~20g/L) ¥ % 48 hr» ¥ 3£+ % R. glutinis

4-10 F
2 R
Tween 80 Final pH Biomass (g/L) Lipid content Total lipid
conc. (%) (o/L)
5g/L 2.1 +0.02 9.5+0.2 33.9 £0.7 3.2+0.1
10 g/L 2.2+0.01 8.8+1.0 34.8+1.3 3.1+05
20 g/L 2.1+0.03 8.9+0.2 35.2 5.0 3.1+05
control 2.1+0.04 6.2+0.4 34.5+0.3 2.110.1

80



432 S5LFBESFHEPERER
4321 FHoh o EHAL B
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Bl 4-33 /,9]‘ e b @

% 4-11 /,’]‘ 4t

Yol

biomass(g/L),total lipid(g

biomass

—a#— control
—8— tween80

total lipid
—&— control

—&— tween80

T T T T T T T T
20 40 60 80 100 120 140 160

hrs

180

AR Sl Bl e AMER R R R 7 R

1% 5 g/L #F R. glutinis e04 £ 8258

Fermentation  Max. Max. Max. Average. Max. lipid
Strategy biomass  biomass lipid lipid productivity
(o/L) productivity  content  content (/L)
(g/L/h) (%, (%, wiw)
wiw)
Add to
tween 80 18.1 0.11 88.76 875%2 0.10
5¢/L
Control 18.0 0.16 43.61 355+12 0.06
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433 WHEBF hikka
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ﬁ
«m
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—v— ka
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— 3
=
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4 2
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0 : : : :
0gll 5g/ 104/ 15 g/l
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44 100 L F #8554 B P55 BAER

% 7 it - Rhodotorula glutinis e 47 & Jig % >t 1

S AT 100 L F OB A H L 7 £

L4 £ iR

E AR P

-~

» ¥ 31 # ¥ Rhodotorula glutinis 24 &

P o 4oB) 4-36 2 £ 4-12 > A lvvm i § £ 7 3 % 63 hr o R. glutinis ¢

BRAAMERTED 2079/l Ak g €5 37.53% B FRMIER DG

7779/l - 3t &% £ 7 » R glutinis ¥ &~ 4% 4 100 L ¥ £ P& %A £

FOAM Y L A AR

25

40

20 A g
- 30
g ‘g F 20 ‘2 g
> E 3 =
> 10 2 T4 g
' = = 2
—@&— biomass 10
5 4 —#— lipid content Lo
—— total lipid
—v— R-glycerol
0 - T T T T T T 0 -0
10 20 30 40 50 60 70
hrs
B 4-36 % 100 L § BV pH, ¢ 2 % ¢ R glutinis (02 £ @258
# 4-12 % 100 L § BV #pH ¢ 2 % ¢ R glutinis éhd £ @25
Fermentation = Max. Max. Max. Average. Max. lipid
Strategy biomass  biomass lipid lipid productivity
(g/L) productivity  content  content (o/L/n)
(g/L/n) (%, (%, wiw)
wi/w)
1vvm 20.7 0.33 37.53 331+6 0.12
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4.5 i'i’ki‘%%iﬁ?orﬁ/?rm B2 I0L2ZFENAFF RBELSFEHFH

Mg itz (1) 5L~50L F B mHfI* kg4 (2)5LF#
SN A R A (3) 1000 FESEREE T Lwmid § 25 % 0 @
ZAMAER R R B e R 413 g A A MR rAMA R EF S 6o
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VAT BoRARIT o d TR H ARG ME A R S Aot SR TR 5 0r Y
PREEE G ART FHLG A 5L e §Ie3 5 0R 6 % 1A tween 80

59/L‘fr'7‘k e e A B O R T A AR A R "Fév'ﬂﬁE"’"}fltﬁ 59/L &%
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B F ek U @ i B4 R glutinis shiFaE 2 £ 5 350 100 L A F R

::_L?%u

|
bl
I
L

e TR o

N#—

B IS 0 hd Al AR I G o BLBEREE Y Fh R R LA
tween 80 »x % # iz > T m,;]wc%\sbi\a%c ARt £ o i e sanid de T I Ay
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FOOR A T B LR RS B R

% 4-13
Fermentation Max. Max. Avg. Max. Yield* Max. lipid
Strategy biomass biomass lipid content  total lipid  (Yxs,0/g)  productivity
(g/L) productivity (%) (g/L) (g/L/hr)
(g/L/n)
Batch-5 L
15.9 0.10 76.5 6 12.43 0.65 0.07
( Seawater )
Batch-5 L
18.0 0.16 355+12 7.50 0.37 0.06
(Pure water,)
Batch-5 L
(Pure water, 18.1 0.11 8752 15.98 0.77 0.10
tween 80 5 g/L)
Batch- 50 L
225 0.31 3714 7.77 0.28 0.12
(Seawater)
Batch- 50 L
214 0.30 364 +4 7.15 0.34 0.10
(Pure water)
Batch- 100 L
20.7 0.33 3316 7.77 0.41 0.12
(Pure water)

*Yx/s= lipid produced/substrate consumed
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% 4-14 %ﬁﬁ%i%ﬁﬁ?%ﬁé%iwm

Fermentation Carobon source Aeration Max. Avg. lipid  Max. total Yield Max. lipid Reference
strategy biomass  content (%) lipid (g/L) ( Yxs,0/9) productivity
feeding volume (o/L) (g/L/hr)
Fed-batch
] Glucose - 86.2 25.0 11.3 0.29 0.14 (Zhang et al., 2014)
5 L stirred tank
Batch
o Glucose and xylose ~ --—---- 15.1 36.4+1 55 0.13 0.09 (Liuetal., 2014 )
5L airlift
Fed-batch o
. Glycerol 2vvm 10.1 60.7 6.10 0.03 0.09 (Cheirsilp et al., 2011)
2 L stirred tank
Batch Rice bran enzymatic ,
o 2vm 22.0 425+ 2 9.4 0.16 0.10 (5 % &, 2014)
5 L airlift hyhrolysate and crude glycerol
Batch )
o Crude glycerol 2 vwm 25.4 495+8 16.8 0.52 0.21 (%1384, 2014)
5L airlift
1.5 vwm, .
Batch-5 L Crude glycerol 18.1 875+ 2 16.0 0.77 0.10 This study
tween 80 5 g/L
1.5 vwm, .
Batch- 50 L Crude glycerol 22.5 371+4 7.8 0.28 0.12 This study
Seawater
Batch- 100 L Crude glycerol 1.0 vwm 20.7 33.1+6 7.8 0.41 0.12 This study
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