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Abstract

Rhodotorula glutinis (BCRC 22360) is an oleaginous yeast that can accumulate
high content of total lipid, which is suitable as a microbial oil producer for the
production of oil feedstock converted to biodiesel. In addition to total lipids
production, R. glutinis was well known to have high content of B-carotene, which is a
natural antioxidants to protect cells from being damaged by free radical through the
interruption of lipid peroxidation chain reaction. Even though, the production cost
was still a problem inhibiting the commercialized biodiesel production by using the
microbial oils as the feedstock In this study, the effects of fermentation strategy on
cell growth and B-carotene production in airlift bioreactor by using crude glycerol as

carbon source were investigated.

The effects of medium ingredients and environmental cultivation conditions on
the B-carotene content and total lipid production were evaluated. It was found that the
irradiation for 48 hours can significantly enhance the biomass from 4.50 g/L to 6.67
g/L and B-carotene content from 2.22 mg/g to 2.44 mg/g. By adding 0.5 mM of
peroxide can significantly enhance the B-carotene content from 2.11 mg/g to 2.64
mg/g. The experiments by using deep ocean mineral water with organic nitrogen
could have two times of biomass higher than the medium with inorganic nitrogen.
However, for the lipid content, the medium with inorganic nitrogen could

significantly increase by 20%, up to the value of 44.11%.

Three parts were discussed in the trial of scale up experiment, including (1)

Aeration rate of 1 vvm, 1.5 vvm, 2 vvm and 2.5 vvm were performed respectively in a

v



5 L airlift bioreactor. It seems that the increase of aeration rate can increase the cells
growth rate. The batch with 2.5 vvm could achieve the maximum cells productivity of
0.46 g/L/hr, the maximum lipid production rate of 0.22 g/L/hr and the maximum
B-carotene production rate of 1.1 mg/L/hr. (2) By controlling the outlet valve to
increase the pressure of 5 L airlift bioreactor, which could potentially avoid the high
pump power consumption and enhance the dissolved oxygen. The results show that
there is no significant effect on the improvement of cells growth and B-carotene
content. Conclusively, this study indicated that airlift bioreactor can be a suitable
system for the cultivation of oleaginous R. glutinis due to its relatively simple
operation cost as compared to the conventional agitation bioreactor. (3) To enhance
the B-carotene productivity, high cell concentration and high cell productivity that
controlling the specific growth rate of cells would be the critical points. In this study,
varied feeding criteria including pulse feeding, the feeding with constant rate (0.3 L/hr)
and the exponential feeding were tested in the 50 L airlift bioreactor. The fed-batch
operation with the exponential feeding could effectively enhance the biomass
productivity. Nevertheless, one-time feeding could have the positive effects on lipid
production and P-carotene production which was 0.45 g/L/hr and 0.82 mg/L/hr

respectively.

Keywords: Rhodotorula glutinis ~ B-carotene ~ biodiesel ~ lipid ~ fermenter strategy
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# 2-1

Oil content of some microorganisms (Meng, 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

# 2-2  Lipid composition of some microorganisms (Meng, Yang et al. 2009)

Microorganisms Lipid composition (w/total lipid)

Cl6:0 Cl6:1  Cl18:0 C18:1 C18:2 Cl18:3
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 -
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211 2F&B2Z AP -4 (Crude glycerol)

B F R ET o At 2k &R o 2-1(U.S. Energy
Information Administration) > :&m A& 2 < £ @ A & 0 dossfabs 0 Fa i o ’NJ]% )
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Yorig 0 P HH BB SRR Y TS AR R SR F DR
R 3Z(Oh, Seo et al. 2011) » & 7 &y § s EAF I * » ¥ o Jd 18 (7 8 1 kT > 2R
SR F RS AR T TR 3 M MESE SR e B2
T FE o FREAR A& WEM BRI E T FTF SRR g 3(Eda

Cii elik, Nalan Ozbay et al. 2008) °
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B0 ae Lol e 0 5 3F 5 2 EAIRTR Y B Y g o dodiE s s s
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FHERERE 10 %o n PR PLE L H - Lo dopt- kAT - BE
% %314 uE ¥ (Morrison 2007) » %A@ > deH i ? 73 * £ 9@ 0 AL EG 2
G R FFELAPYBEA G TR MR F a7 L R R e
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SRR TR e kR R e s R AU SRR 14 R
B e or g dukE A FH ARG & e R ¥ (Eda Cu elik, Nalan
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E’f‘]]]\ 7‘5;}%’ o

W H B Al PEAEL AR > A R B HMER 0 4 KT TR

;;\;

23



R LA F ORI 0 A FRB DI AT G TR P ey B
FLpA* 32 23 W @it &4 0 40 1,3-p = fi(Hiremath, Kannabiran et al.
2011) > & f%(Wu, Lin et al. 2011) - 3538 e (Lee, Lee et al. 2001)fr;% & #%(Ruhal,

Aggarwal et al. 2011) -

A 30 - 2,5
%= 16- L 2,0
b= -
S a
= - £
=
= 12 + F 1,5 2
S =
L 2
< [<]
o | L
4 8 1,0 -g
o oo
2 g
38 =i . S
L2 4 05 ©
(o8} — - - : ; +~ 0,0
2005 2006 2007 2008 2009 2010
Year
= Europe mmm Central & South America
= North America mam Asia & Oceania
= Eurasia ~~Word crude glycerol

Bl 2-1 2005 # % 2010 &+ F 24 4~ & 5 (£ £ B fode 4 7é (5 )(U.S. Energy Information

Administration)
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% 2-3 e cE ~ % & 7 % (Thompson and He 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 54 6.8 126.7
Phosphrous (ppm) 65.0 58.7 53.0 136.7
Sulfur (ppm) 21.0 14.0 BDL 128.0
Sodium (Y%wt) 1.06 1.07 1.20 1.10
Carbon (%wt) 25.3 26.3 26.0 24.0
Nitrogen (%owt) 0.05 0.05 0.04 0.06

"BDL : % 77 M348 R A 47 2 % chdp e RLE o
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Btk e £ 2-4 F A $o e b ' e * (Huang, Chen et al. 2013) ©

W2 Fopt > REOEREF AT EHELMEE ST FAR T 150
ERAL AR B R ST LA A de B (T A e s end A R
(Minkevich, Dedyukhina et al. 2010) ; (Papanikolaou and Aggelis 2011) » 2k @ » 3
FRRlAt PRl e ing = A G s - H DT frA R Fl 0 G Y RREP
MHCAFE G T A BRGS0 A2 g aae 4 o gt 3 WA E M A S TR D
B 4 B R B AU 3O e MR S SARAT §IE 5 Hch b R A
(Chi, Zheng et al. 2011) ; (Chinnasamy, Bhatnagar et al. 2010) > 4= % 3} & B 7%

(Venkata Subhash and Venkata Mohan 2011) ~ * & % ‘& % (Huangetal., 2012) ~ -k

e 5 48
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#.2-4 jcA $imve b n ¢ i * (Huang, Chen et al. 2013)

Pk R A
4 A2 RN TN R Rhodotorula glutinis

Trichosporon fermentans

Cladophora fracta

E. coli

!

¥ g g

et

Yarrowia lipolytica

Apiotrichum curvatum

=2 vk (ARA)

i
s

Sirodotia Kylin

Mortierella alpine

=+ - m> e (DHA)

Schizochytrium sp S31

SchizochytriumG13/2S

- LRI G (EPA)

Candida guilliermondii
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PR FELLF R R 2 I R F o TAFW S A

& o FEEfomAPY 19 XD 4 FR-F A
By 2 AR 3747 27 RAES 0 A REFTFIRF MEMN O ARTLRS
AR e R G B SR G T IFEFE RhA et
o~ v pL s 892 8 &5&|(Bauernfeind 1981) 5 BFR 6 F 5 Fulp @ 4o 8 R

2 p d Ak ek Al (Hennekens 1997)

Pl oy}

e Ry FAD ~BRAC i (Isoprene, 2-Methyl-buta-1,3-diene) 74 & » 2
Bt 5 5 RH o A - R H AR T (T o AR chk el ko RIFR S
FhasFppd FE o KRR ATRA 5§ R e s S B
TR AR g Eand 2 G R AR EE iR PR EE G AP

% chi# Bif(Marova, Carnecka et al. 2012) °

PRI EFT A - A ETRT i S5 H 5 ¢ B § Z (carotene)>
4v o-# % § % (o-carotene) ~ B-# & § % (B-carotene)* % iviz2% (lycoxanthin)

FoVh-fL 7% AP > F5 E 3 4 (xanthophyll) » 4o ¥ ¥ % (lutein) ~ ¥

‘=% (astaxanthin) fr% ¥ § % (zeaxanthin): & fa#fe B § & ¥ it 40k 2-5 ¢

' G e

e R ¢ gt KRR “f T B A & %E Dunaliella > f%* @F4e Phafia
rhodozyma ~ Rhodotorula glutinis ‘¢ 2 5 5 7 ¥ 41& A A+ By F s # %
Fdod 2-60 BB G RN hF AR £ gl 2 A 0 blbef

(Frengova, Simova et al. 1994) » 3. f Jix s -k f% 4= (Kesava, An et al. 1998) -
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%025 LA E§ R (k@ 2010)

F A Carotenoids

4% % vitamin A 0@ Sg4e [-carotene ~ a-carotene ~ B-cryproxanthin
g it all carotenoids

KU RES = 21T R A -carotene ~ canthaxanthin ~ B-cryproxanthin
Hoaw LR A HR [-carotene

T R E ¥ R Sk R 8t [-carotene ~ lycopene

P B SR en ik lutein ~ zeaxanthin

% 2-6 F Lage B Z e # % R(El-Banna 2012)

Carotenoids Microorganism

Blakeslea trispora ~ Dunaliella
-carotene Rhodotorula glutinis »

Flavobacterium ~ Micrococcus

Haematococcus sp. ~ Phaffia rhodozyma »
Astaxanthin
Chlorella zofingiensis

Lutein Scenedesmus obliqus
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2.2.1 B-#* & § % (B-carotene) i %

1831 # B-#* ® § % £.d Wackenroder § =% 4 & » @ oy PPt *’l‘#"’ o
Az gk E 51931 B A4 Paul Karrer 122 = > i 5 J£1F 7 % 37 &
B it 8 o 32 1919 & Steenbock #7171 B-#* B F 2 foiad 2 A2 Fenhd %o
RARARRE I S a2 Z AR ATMA B B R B AP E R £ hF

Bl - "EF BB 25 - B2LEFA19050F#F R X207

“J
33
-
U
==
|
e
=

PR AR T080 R > TR R E R L AE ST # YA AP GiE

1%+ (Coultate 1996) -

B-# ® § # (B-carotene) + v i £4 ¢ § 7~ BB A< i (Malisorn and
Suntornsuk 2009) » it & X CyoHss » 4+ £536.87 gmol™ » g d Ty d 1§ 4 >
B LIoR 22977 0 B LAY ABfhie T Y s R B A @ kA

R G B g fods e g

0 Bept B R PRI (R T kY (TS F A 4
AL~ 1 Bo ZE 4 m,] sv A A & (Matelli, da Silva et al. 1990) » "f gLz b i g A

LAM R G R B B AR R e ¥ A

B 22 B-#EF %%
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222 B-# EF#end mitp

(R SR RRN S AN IS SEARELES T F S R
G0 L L B S R Bt B R R Gl AT A L R AR

FHRAZ A BCFRE R TR E 0 FED PRI AR AR

24)3 ANpEA S ﬁﬁf,ﬁmm rh!:',L L\# Q,rr,;,\épg}:i\ﬂﬁ,g%; ;/,p,v‘_;g%rr%@%»bﬁﬁ

et o TAILBF R ELES N
(1) #2§ 1 fen

GnRe RNUEARY AL F S EE R s RAy A d AO)) HA A A
(OH+) - ERi 5 (0 % §HX4 $ 434 DNA -~ #3 Firdo Feofp 3 o %
CERRE X513 SACEE St SECLE SIAS-ES A LR 020 R
YT BB e~ i FEPRE S FRE S % M 147 Js (Nishino, Murakosh et al.
2002) o Fx F e~ i B ey (VR R M }%m)}i oo de LB R ATFIL G
* $F 48 (conjugated chain)..‘%ﬁ AP R LG 7 S REENELF A SHEHTF
Gpd RBE K B B B F o e B 2 AREE 0 4 i ks
72k DNA fefy 3= ch (V455 > Fla i S i % o g A RagEd - 4

TP EES N o
(2) 35 £ 7 4

B-#* B # 7 54 LB wie & E vl e cndic B 0 0t 3 e 7 i SR kP )
FHEP-E £ 1 B-FF B FaaF il Yo anfivtos n k3 ’Lw'fi‘fﬁfﬁim#*

e 4 (3Rm >, 2005) -
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(3) 3P P

BAHARAY P TR - RBALGARE ARk AR 4 ARBEE(REE A
- BB v B Ea A o gd kR ALK BE RS 25 ALY B0
PORGEFE > hopt 3 TR PETR > RARS P L A ET S RE o EEY HEF A
g g RPGE S RRRBHL R LBEF A F 5 rTRY oY
RAL LA MRPETEFALDRER XL R PR PP R LAY
ZFAPTHAZERET AFRY BRELE A T BF BT 2L G R

thrt i (BE T, 2005) ©
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223 BEPFEFEAERS

T
:—'i‘\
&
=

FAF IR EF R FOLBEYUCERF AR B AR

&
5

BB T+ & iE 25 B (Margalith and Meydav 1968)c 11T /i g BB p-" B § &

G MATS 4B R pH X BT R oREAEAP o HEFE
2231 BB

EREERBE Y O EREIR glutinisshd EfA S H R S R ORETRE
dNERNEREERVFEEF I B «TREANDL LA B R 2
/I?%" R BE e P F SRR DT B B A DL 2 F AR Ao
N~ & § ic iz % " & fi' (phytoene desaturase) ~ S -# B § # ¥% it fiF (B-carotene
hydroxylase) 2 % iv.iz % I i f#(lycopene cyclase)'d f-% *t30 C ™ = ity fx %
/& 4 (Malisorn and Suntornsuk 2008) ; (Zhang, Zhang et al. 2014) - ;8 & § **35C
P> 2 JIR.glutinisin2 £ > @R R MR20C » A2 R SRR T R

REM A B RS Lo
2.23.2pH i&

RAEAY RigEareR ¢ B P wmre p thengt 3 THE 2 B EM Y B R R
FEM £ 2 AF G TR A A Y R ARk R T § JINR
glutinisen2 £ (Aksu and Eren 2007) - & &bk enTe 8 T i £ F 9B b q B

(Johnson, Singh et al. 1992)£2 3-#* & § 2% (Luo, Niu et al. 2013) »
2233 v &

Ak AP A S MA L s TiiiRE F 2 5 p AKRY FEAMNZE

‘*‘T

[

BECOYPTN T hoie Azl BB T R F 7 i £ B L EAQ
3 (102)‘-’?’;1)?{@ v i EH - g2tk g “HV'L];:’] kA Er—f]}é{ﬁv F# JD#E'? s 0 /\If{&\?
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§ % 1 £ = (Tada and Shiroishi 1982) ; (Weeks, Saleh et al. 1973) ; (Sakaiu,

Nakanishi et al. 2001)

VR AHN A SR HRFLk L ehier B4 g £

& 4 (Marova, Carnecka et al. 2012) » < }EL P dp iR o 5 B3 R glutinis

AENMEEP RY F08 2 0 a3 130 #y & ## (Zhang, Zhang et al. 2014) ©

2234 35 %

o
&5
]
Gk
A
T

ARG FLR AP
i

kX
AR e DO B E 28
P f Fenfibg

7.,2011)

FeA E Ok
wF

FARXFERRT BAEF DRRBERAS B BFCG

A (Dissolved Oxygen, f§ i DO)¥tic 4 4 chd £ v g 4 eh

BB S F BRGNS FlA AT

R ORBAS 2 PR D REBEERDRANZ T E AT B

PEME PR R BRI R A4 A E o W PFEAT
5k

~

~ }*Jc(Mantzourldou Roukas et al. 2005)® 4p 147 5 fcd F & X9 0% § @ E

(Oxygen Transfer Rate, fij fiz OTR)it § 24Fend £ 12 § 1302 & B B§ %

FIEF R FREFI F TR RS OFRERY hEF P L RRY LR

iEm A 2 dodg§ i 0L it fe (Superoxide Dismutase, fj # SOD) ¥ px% - ¢

Blakeslea trispora & = B-+* % § % k¥si§ “F o Ra b3 i §F TR FF

T’ﬂ%ﬁééfﬁ

B E BP0

BRADES L L O REPFRYFF T TR

RAHRI 2 A%T > NI ARATENG L2 DR A

(Ping, Mingzhe et al. 2007) -

2.2.3.5 BiRfcF R

B Rl e be

MWEFLy ¥ 5

EAER R R KR P A BB A RA LA

WaEh o 4o @ pi-K v & ¢ (carbohydrates) ~ ¥ 5 (lipids) »
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B @ it & 7 (hydrocarbons) > (2)p F g 4 > i€ * 4r= F LB (CO,)IT 5 BR @
B A AT R SRR P FERRT RS E AN dot 2 TR
1 F iRl A % 4 5 (Cutzu, Coi et al. 2013)» g i@ * 42+ 7 % R. glutinis i& 732 %

iFie- HHE

BRI g o PRSP R AG - 0 H 2 A LA ()]
P& o Ao pE® Z 53 (Yeastextract) ~ § B4 ~ SRR~ 2AREF QR BE o
do i P H W G F hRS PR e B S § 4% AP FRRRARE

bR o BUE R BICN)E e 2 BT RE R DR 2
P ip I C/N g ek i 0 s 42 Py 0 R f# (Saenge, Cheirsilp et al. 2011) »
Ui HaEsd o d e B A SR R HEII Y ¥ o pRif R Aacetyl
CoA) i 70 5pM > ¢ iz C/N W 1 3% R glutinis SR HAF € 7 T8

(Braunwald, Schwemmlein et al. 2013) °
2236 i8R RE %

W RS G B R R TR PR S TR

1‘_‘"_*

vz
03 o Flo-3 kb AR e feig AR & g et et Y o om0
T §ER S R G e s o S T B A R
(C/P)> & B #8383 Rhodosporidium toruloides Y4 % #% " 5 07 £ (Wu, Siguo et

al., 2010) -

T A et B0 BRASF B HEBEAE ) - LR
Sl FE o FR SRR e S ARl - TR B AIEARE RS 20 P
FiAPWedFF2 - > £ 44 2 eforgipfiz EPA the § 4 & 515 0 44 24

WA R A1 dnre N R A > 1 a4 TRIE 1R 5 (BRAT T, 2011) o
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2237 &k

WA P LB Y Y € A 237§ E 113 R ¥ (reactive oxygen species,
ROS)> ¢ 3423 pd A0~z pd AOH-) &5 & (H0)% > 57 4%
P itoiEa ARILF CEEEFDES O THEMAFAIART R F 2 L5
FHRIFAI R R R LAY VR T AR PR e S A e ®
% R (menadione)(Yan, Hua et al. 2006) ~ ¢ fi%(ethanol)(Gu, An et al. 1997) ~ :E ¥ it
@ (peroxide)(Yan, Liang et al. 2011) » & £ 4% Bk F 448 T 0F R+ g )=
¥ ik ¥ (ligusa, Yoshida et al. 2005) » 5% 257 4.5 84304g ‘R 6= > e 7
HFEPPERTEE T ELAMAL LA DT HF R e EX 2
e gy B LT E TR - o
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224 B-#EF 22 A

B+ BITEL AT

%u' B 72004 & 5 242 ®mE ~ > 1 2009
E kT 253 % ~(BBCSearch) 2 2B P-+# R 2V L 5 HF L4

ol AR R EBUZERBE S PR L A N EF 848% 1A A
B BF E. ‘L’fﬁ’b RRFSRE S MR E A NG 85%  HY P
oA e B F ik F 40 % F 58~ 50 %0 9-1F 58 (Ye, Jiang et al.

2008) s B-w* By Fens * ¢ FRHI R TR HS AR 23T A 5 28
;¢ (all-trans B-carotene) ~ 9-"8 3% (9-cisp-carotene) ~ 13- 3% (13-cisp-carotene)Z % 15-
g 3¢ (15-cisp-carotene) > H ¢ 12 9-11F 3% (9-cisP-carotene) &L F #d 2 F [ B

BB EF ko s T LA A B B £ 2 AN % (2000, Ye, Jiang et al.

2008, Af 4%, kit 2 etal. 2010) :
(1) # =~ & (Dunaliella salina)

X% (Dunaliella salinag > ~ + %2 $# < %)I - fAat B H we s &> 30
SR OLFEREPAACE T HELE B ARY Ay eniER T o HURE
3 {%® hz £ 30~50 mg/g (B-carotene/ dry cell weight) » ® 23 B Flm¥e BE

E?ﬂ%ﬁ&%’ﬁ$i+#mﬁyWﬁw°%“74’Tiﬁﬁ$§%&&ﬁ

&)

PO ZERMI BELIAR NEARB RRBAHRBE A LR oY

NERRBET LERE T

fC\I'

R IR X TG A S ehE Bk R

T mR PP R FLA T RN EEG S

z‘

SAES FEEE S

Tk ™ 5040 B B A2 A 0 R L i o

GE B FDA ¢ R L SRSEMT LR (F 8k S £ i 0
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PP AR ARG RN EROB PR AL BRI
¢ 7% @]%’K{%i”'&f%:ﬁ?;\_-ﬁié_f‘ vl BIVB B B B LAY 10~
200 gL ehz £ 24 tetfedrid @ G > 1F1,9‘4cﬁ1ﬂ]9r‘\:"g5 BB 5 7S R

i o
(2) = 32 * i (Blakeslea trispora)

WRde2 f& ¢ 0 Blakeslea trispora B 82 # ¥ £ 4 i F 0 A & TR
e fAAEA] o RS N = 3% 3 fa(trisporicacid)» 5 B AP BY F a8 0 S fAsE

A ETI L XA R[S ET E

J¥_Blakeslea trispora * % B-+* B § %7 T ¥ F L1995 & » g * LR

G e R B feith R A RT 4 BIAF FOFEHARAZ R X EDRRBE

W PIES > © 53 Blakeslea trispora i1 F R ﬁf" Micd (o4 & AL d GMP

SRRy EAd 0 T RS gl E 2SR ek bR A KR
ot AR BB B R A 5 B 4 JECFA R B 8 030 4 £ 95/AS/EC -

TEAE LR €L 5 Blakeslea trispora® f#TE I - B A 8D L HE LR

N~

LA S RFI AL g it TN TR ARF AR .

P AR gL {rd L7 5% d Blakeslea trispora * A B-# B § *
1 E4 F o HF Rz e GEF3gL IR R o
(3) * 5 /f #(Phycomyces blakesleeanus)

* 4 5 Jf #(Phycomyces blakesleeanus)+ >t E F > » L B-+* B 2 - f&
L KR A EFEET NAAFHKRY B-F R FDIE S YA 0.05 mgg
(B-carotene/ dry cell weight) ° 7 & % % kit 59 4% % ¥| 10mg/g (B-carotene/ dry cell

weight) » A1 %4 29 - A ¥ * ¥Rt ik
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all-trans B-carotene

]

9-cis B-carotene

/

13-cis B-carotene

)

15-cis B-carotene

B 2-3 B+ B &R



23 i pE* F(Rhodotorula)ff /i

Harrison *+ 1928 &z o fif® Ff, SfARF 5 b p* i § B3
B3 p 2R 5 1970 & > Phaff fv Ahearn & f# 7= ~ 3 X d g i & o g 2 B
BREAr* B3P 2 Re Y E 4 RREY A8 R Lt Bk e
ERA) PRI e nE LR 22T ME 0 F PRI AFdd F g
BOEAE TS RS O R AR R R bA B R N 4

78 (multilateral budding) > 7 252 + £ 4+ &+ o

FRepA Y ORBLLLL AT BT o o B ET R mEA Y
(torulene)fr[f] iz f#-* i (torularhodin)(Marova, Carnecka et al. 2012) = ¢+ b » ¥ 4%
s v Fofqsgfeia? % 924+ kR (Roadjanakamolson and Suntornsuk 2010) ;
LA PSR 0 BB R EE bl b i EH ST AL B
SURIE S S NS SRR S Lo T T B RS

Hwmrie [ Fieg 2 & FchgFd, & Ui » ~ 0% ff (Dworecka-Kaszak and

L

Kizerwetter-Swida 2011) -
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231 RAREEE-REFE? F(Rhodotorula glutinis)

Rhodotorula glutinis " = fE* F2-— > » B¥W R A FH- 8 s Bl
AES LR B (AR, 2012)  H- A F BEMH o AR > el i
FOPEA 0 FE AR o TRESAGREEALEY > ELE B20-30 T

5

PH5~6:19R 35 » @ Ao i * 4T} A i 20 ¥ 2 e feiy p ik e B R ET2 %
ks A & e F(CL8:1) 1:50~60 % ~ {2 17 (C16:0) 1:20~30 % » ¥ # 123 g 4
Mo Flp il & TE S Wi A T e o A PR A R HIT A RN R B £
FARE < A > X PR glutiniseh¥ wmre § Pk A £ R R G Mo

AR AR A > B R LG § » iB% (Malisorn and Suntornsuk 2008) °

f pt 2 ¢k > R glutinis » B EF 2 A B BY AR 2 }f?%j i d o Ak
AT AY RS B 5 0 T % (torulene) fr fl = E
(torularhodin) » & —%‘ £3 B+ ®§ 5 - L o+ (Ershov Iu, Dmitrovskii et al.
1%2’&@%J#¢é%ﬁﬂﬁﬂ?%%ﬁﬁﬂmw@ﬁ;ﬁaﬁg%aﬁﬁ
F= &L (Matelli, da Silva et al. 1990) » F]* 32 & R. glutinis ic it hfrd 5+ % 2

FARE B

41



24 AP A BE BT EF R

IR OB R - R RHAL e AP B B
FoONTABALA AN B R BF R AL LSRRI ARk E S ER
7 BINA o 4ol 2-4 (Ratledge 1991): 1. v Fi HEimre 57 & 4 g Whfk
L& R g A7 g i Sad —acetyl-CoAS IL i A ¥ £ % vafs & A AR 41 on

# J # —NADPH -

L. acetyl-CoA

. % R* & > P AMP deaminase FE 2 » 5§ e A% Z T

2. “%§% AMP deaminase /&1t = > e p Bk Y (D AMP JER T ' o

AMP—inosine 5’ —monophosphate +NHj;
3. d 3 AMP Jk B T *# > isocitrate dehydrogenase ~ §¥ ¥ i® 1k iF i

_w.-_,..

4. isocitrate dehydrogenase =% i+ > i¢ = isocitrate & ;= A& * Ffm ¥ 2RE Aconitase

2 citric acid & = T ff7 o

. Tt citrate 7 14 R Ff 2 ﬁ‘if_’ifjlo?ﬁ ;0@ B3 ehicitrate & » fn i B {5 4% ATP:citrate
lyase *7 %74 # 7 acetyl-CoA §- oxaloacetate °

Citrate + CoA + ATP—acetyl-CoA + oxaloacetate + ADP + P;
II. NADPH

% d malic enzyme ¥ ¥ NADPH:

Malate + NADP+—>pyruvate +CO,+NADPH
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MITOCHONDRION

CcYTOSOL anpose
lglycnlysis (7
pyruvate
pyruvate CO,+ATP P pym
02 1
ADP+Pi
'transhydrogenase
3 oxaloacetate 4
cycle 2 NADH
v
malate N AD+ acetyl-CoA
NADP"
NADPH
acetyl-CoA 6 citvate 4 citrate 1——1 5
‘citrate/malate

~

oxaloacetate oxaloacetate

LIPID ) cycle' ?f
BIOSYNTHESIS malate P malate —=

’

B] 2-4 A scheme to show how the citrate/malate cycle and the cytosolic‘transhydrogenase
cycle could provide sufficient precursors of acetyl-CoA and NADPH for lipogenesis in
oleaginous microorganisms. Enzymes:1,pyruvate decarboxylase; 2, malate
dehydrogenase; 3, malic enzyme; 4, pyruvate dehydrogenase; 5, citrate synthase; 6,
ATP:citrate lyase; 7, citrate/malate translocase. Net carbon balance: pyruvate —
acetyl-CoA + CO,. Net reaction for NADPH production: NADPH+NADP +ATP —
NAD'+NADPH+P;. The transhydrogenase cycle can operate independently of the
carbon flux from citrate in the mitochondrion to acetyl-CoA in the cytosol and
consequently can provide all the the NADPH needed for both fatty acid biosynthesis

and fatty acid desaturation and elongation reactions.( Ratledge 2004)
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HEU > T d B25 A B (AE) kAR

ENDOPLASMIC RETICULUM 16:0 — elongases and desaturases — | CPUFA

CYTOSOL

glycolysis — glucose

( CMT ] MITOCHONDRIAL MEMBRANE
P MITOCHONDRIAL MATRIX
TCA cycle

B] 2-5 A diagram to show the organisation of a hypothesised lipogenic metabolon.

The flux of carbon from the mitochondrion, via citrate efflux and acetyl-CoA
formation in the cytosol. thence into fatty acids and finally into chain PUFAs
(LCPUFA) occurring in the membranes of the endoplasmic reticulum, is shown by the
continuous lines. The system uses pyruvate (from glycolysis) as the provider of
intramitochondrial acetyl-CoA and for citric acid production as is shown in ] 2-3 but
which is not repeated here for clarity. OAA:oxaloacetate; AC-CoA:acetyl-CoA;
Mal-CoA: malonyl-CoA; FAS: fatty acid synthase; ACL:ATP:citrate lyase; ACC:
acetyl-CoA carboxylase; CMT: citrate/malate translocase; ME: malic enzyme; PC:
pyruvate carboxylase; MDH: malate dehydrogenase. The ‘yellow’ enzymes from the
citrate/malate cycle while the ‘purple’enzymes represent the cytosolic

transhydrogenase cycle. (Ratledge 1991)
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AP EF EL2EMAY 0 acetylCoA s LB B H oSy > @
H R S A~ 5 @ f8(1) Mevalonate pathway 14 2 R. glutinis %8 % 3 /2 > 4o B

2-6(Zhu, Zhang et al. 2012)

1. & 43¢0 citrate & » ‘w2 F {5 » A ATP:citratelyase *» %74 2 7 acetyl-CoA fr
oxaloacetate °

Citrate + CoA + ATP—acetyl-CoA + oxaloacetate + ADP + P;
2. { mevalonate pathway » .f% % Tiolase # 2 # Acetyl-Co # = acetoacetyl CoA
Acetyl-CoA —acetoacetyl CoA

3. & F 35 phytoene formation( ™~ & 4 iviz % 97 =)~ desaturation(ji 4¢ & T % ) ~
7

cyclisation(F it (€% )25 % B-# B
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—— Single step

p—

- Upregulation
- Downregulation

—— Unique reaction

multiple steps --=-+ Transport

—

Steroids

YEH1
T6L1.2 -

FFA

FAAY, FAAL, FAAS, FAAS, FAT1
FAAZFAAS.

Acyl-CoA

Acyl-CoA pool

Palmitoyl-CoA

2-PGA  Aldehyde ™“*+'Acetate  Malonyl-CoA Acoe7 S
Pé:‘, W Acst Acm‘cc’ Enoyl-CoA Enoyl-CoA
alate Iecm,s
OAA% | /M \Q Ks) . I
A \ Z pyei OAA 3+ CoA 3+ CoA
: Ny — Heor -
st PX/ » \ Gl 3-Ox0-Acyl-CoA 3-Oxo-Acyl-CoA
| i ) e e
H LAT1, LPDT AcL1| AcCoA Acyl-CoA
e AcCoA 2o Acyl-CoA
A Malate || Malate AcCoA
.\~ ’I o
AA Citrate ====-~ -'8'; = Citrate -
OAA
Aconitate Citrate
ACO1,
ACO2
Aconitate
Malate TCAcycle Isocitrate
=
- 1012 Malate Glyoxylate cycle
Isocitrate
Fumarate
Fumarsta | 2. 8 AKG === i AKG o
Succiﬁ‘a—te ~~~~~~~~~~~ <~ Succinate* %oz l- hgae
i scr.2 Glu
E = Glyoxylate Succinate
i Mltochondrloy ‘”’uw
ij Gin
1
Succinate

[l 2-6 Reconstruction of central and lipid metabolism pathways of R. glutinis .

The metabolic network that was reconstructed from the KEGG pathway and SGD
annotation ( http://www.yeastgenome.org/ ) included glycolysis (grey), the pentose
phosphate pathway (olive), the TCA cycle, fatty acid de novo synthesis, isoprenoid
biosynthesis (blue), triacylglycerol and phospholipid biosynthesis (purple) and
lipolysis, B -oxidation in mitochondria (orange) or peroxisomes (pale green) and the
glyoxylate cycle. Metabolic reactions that were present in R. foruloides but absent in
S. cerevisiae are indicated with blue arrows, and upregulation and downregulation of
genes in response to nitrogen depletion are highlighted in red and green, respectively.
Abbreviations for the components of the fatty acid synthase system are ACP, acyl
carrier protein; AT, acyltransferase; DH, dehydratase; ER, enoyl reductase; KR,
ketoacyl reductase; KS, ketoacyl synthase; MPT, malonyl / palmitoyl transferase; PPT,
phosphopantetheine transferase. More abbreviations, gene symbols, annotations and

expression abundance data are included in Supplementary Tables S8 and S9 .
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(2) WpF ~ FHE 2 4ES ¥ 12 Non-mevalonat pathway 1% 2 ™ 38HEE 2k & =
geranylgeranyl pyrophosphate(GGPP) » 4% % £ 1 4p It = ;% phytoene formation( ~ &
% 3viz % 075 2) ~ desaturation(R 48 & 7% )~ cyclisation(Fg 1 17 % )35 = -+ B 5
% > Non-mevalonat pathway 4] 2-7(Ye, Jiang et al. 2008) :

‘ o ) OH
|
I
|

1 o HO 0
4 . 0 I :
“/HA(,_ —o /L[(n £l vkl/\n ho B2 (<'Au "
OH OH " |
0 ~ OH OH
NADPH NApp+ OH OH OH

p-glyceraldehyde 3-  pyruvate ’ 1-deoxy-p-xylulose 2-C-methyl-D-erythritol
phosphate (GA3P) 5-phosphate (DXP) 4-phosphate (MEP)

CTP
E3 NH;
NH- PPi

Z
(6]

| AN HO,, 0 0 (‘\
y O 0—pP—C( 0 o /ﬁ/\ x>

). I I
C [ i S 0—P—0—P—0— N7 0
o0, 0 ES OH Kﬂﬂo PO P—0 LNA<) F4 o
4 PT - | | o_| OH OH 0 0
g o OH OH oo ¥ N
[\
OH OH ~ I\ ADP ATP HO OH
emp HO OH . .
2-C-methyl-p-erythritol 4-diphosphocytidyl-2-C- 4-diphosphocytidyl-2-C-
2 4-cyclodiphosphate methyl-p-erythritol 2-phosphate methyl-p-erythritol (DPME)
(MEcDP)
E6 0 0

" 1l
NN ll'f()— P—OH

|

1) o)

® f E7 isopentenyl pyrophosphate (IPP)
X 0—P—0—P—OH
o o o kS )\/\/\/\M/‘\/\ i i
= N = X O—p—0—P—0H

I
4-hydroxy-2-methylbut-2-enyl o o 2)/' b o

pyrophosphate (HMBPP) AN N0 b o0—b—on geranylgeranyl pyrophosphate(GGPP)
| |
(8}

3X1PP
dimethylallyl pyrophosphate (DMAPP)

B8] 2-7 The non-mevalonate isoprenoid biosynthesis pathway for the generation of

geranylgeranyl pyrophosphate (GGPP).
E1-E9 are the enzymes for relative reactions.

E1:1-deoxy-D-xylulose 5-phosphate synthase, DXS;
E2:1-deoxy-D-xylulose 5-phosphate reductoisomerase, DXR;
E3:4-diphosphocytidyl-2-C-methyl-D-erythritol (DPME) synthase, CMT;
E4:DPME kinase, CMK;

E5:2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, MEcPS;
E6:(E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate synthase;
E7:(E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate reductase;
E&:isopentenyl pyrophosphate (IPP) isomerase, Ipi;

E9:geranylgeranyl pyrophosphate synthase, GGPS.
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25 FpER%
251 PEFREEE

CEEBEARL B LR AS Y  E RTINS R BRI
K2 FTERDREAERY BROMAFAREFR L ARAFDIF BB R IR
AP B RE LT T T AN ey F R R
MERAT B wmF A w4 M ABRETRA B2 AR FHM e Lk

FREAEAEBE Y AR WAL AY AR LR 2R o
252 @EFmEE

L8 it (fed-batch) Bty At =0 3 ¥4z Y > BB RS 4o~ 33 % fhens
FoA - AP IERENFROERTE SN BRI RAEY B D
AL N L A EAFEREF BEY AT AFRR A AR iR A
WE LG ACELA T A AR T S IR 2T ek S A AR F o

et R Yt L A E L R L i

253 A EAABFE AR R0

Ap BRI GUR R FA 2 £ @ S oengl 2 50 B AU s I ZE e R PR 2 e

FREITGreniEida @077 258 L 2Pl 50 gRpI g Ry 7]
BAAFE AL FEBEAZMA A FAREER S 2 g

BERAEAT > 2N RFEY > RN FRGRER TR €8 @5 AT FER
SHE AR AE K AP 8 e 3 K enil R e 5 R e R Rend £ 4

AR PR B e S R R R R A S e kR
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2mted AR E o TSR ES AP 92 E & 5 (Cheng, Wu etal. 2002) -

F&:ngi

Vs
F @8 4k inid - Lihr
So: AALER 0 g/L
Wit A £ 1hr
Xo: pr=x g ah s 2 58 0 gL
V:gpsa Az 84t L
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31 &
3L F

R BT Y SDE TR Rhodotorula glutinis » R FEp A F FREF 2 AL P <

(Bioresource Collection and Research Center ) » Ff&.% %L : BCRC 22360 ©

i

Bl 3-1 Rhodotorula glutinis 7 agar plate + 2}
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02t #2 I
R Glucose ROQUETTE

31 Eiadr e Crude glycerol A ERF AL
+ Glycerol SHOWA

YM BROTH Yeast Malt Broth ST BIO

s 5 P40 Yeast extract DIFCO BD

o fl 4% Ammonium sulfate SHOWA

T e 4% Magnesium sulfate heptahydrate SHOWA

L= & 4 Potassium dihydrogen phosphate SHOWA

§ig

Calcium dichloride dehydrate

Sodium chloride

Hydrochloric acid

Sulfuric acid

Sodium hydroxide

Hydrogen peroxide

Methanol

51

RN

SHOWA

AENCORE

Scharlau

SHOWA

W1 E

ECHO



>

Lﬁjg
z fr;;c ﬁq

S

Ethanol

Ethyl acetate

Propan-2-ol

Chloroform

Acetonitrile

ECHO

ECHO

ECHO

Seedchem

ECHO

52



32 FRKE

232 FHKREAHE

RERA R W 35

T xT Precisa BJ 100M
B HESRE CORNING PC-420D
pH 3+ Lutron PH-206
BRAFAFAS TRIDENT EA635

£ AT HIGH TEN 3BH-24
EERTEEH LIAN SHEN LUS-150
= G Thermo Smart2Pure
5 o g BAgER Biotop

15 o 2 338 3 pE i Biotop

50 & F BN Biotop

% » 4P & #7 &R UV detector  Hitachi L-2400

% % 40 & 47 & Rl detector Hitachi RI 5450

® 2Tk 40 K 47 &R Pump Hitachi L-2130/ 5110

% »ci 4p & 17 % Auto Sampler Hitachi L-2200/ 5210

FERIE IKA MS1 minishaker
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o HUK A R K
BT A % kR
CR Ay

2,

] g

G

i E S R

A ST A

Air compressors

Vacuums pump

23 kBT ARR

48

HARTE

T5 p k% &

LED &

e

IR 35

Thermo

Hettich

HSIANTAI

YSI

PAN CHUM

SWAN

EDWARS

MISONIX

LIAN SHEN

DECTA

T5-8W/D 110V

MR16-7W

LI-COR

DENVER INSTRUMENT

GENESYS 10UV

Universal-32R

CN-2200

2300STAT

CT-series

DR Series

RV Rotary Vane Pumps

S-3000

LO-150

DC300H

SUN

LI-250A
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33 &3
331 kBRBARR TS Z

BREAREELRLGAIANMLS s A8 F v 2P 2T AL o
TR o gt BEATRIR 2 KRR BTHE TR AL KRR H MG

umol photon/mzs °
332 MR A

B0 Sml /ik 0 wdgiE 7000 rpm T3S 10 min o 2 f A kS
ber Sl EAEk o SR R RR FME kAR AL TS L i
Ffdd PR T S 3 “,% P BT R AR U 2 SR A R R

e

¥ #) %8 52 £ (Dry cell weight, DCW) -
333 FERBERAZ

#5—}?]”3_5_ IR AN ? ¢, oo % 2 #7000 rpm“f,%g:» 10 min > /v\vs}ﬁ—]}f]ﬁ?@"
frtd it o P i 2 10 518 0 4% YSI 2300STAT Glucose analyzer % £

/PIJ o
334 B FkRAE

FEP L R G AR S0 mg o Ae > TR/ F P(12)B R Sml uEE RT R
REEY > T URF AR EFER (HF 5 T FRF 2min) 0 REFEF
P~ 1 hreo £5d o ggsg 7000 rpm s 10 min o qof bk Bkt e g

2 0 RHA GV E 2 el ke 2 3ml Y FE PARERIRS 0 b
A



0 Wi s (%, w/iw » Lipid content) » #-%; feng B %k b ARk & (21

Biomass) > ¥ 3-8 1) 3 Fg B ek & (g/] 0 Total lipid) e
3.3.5 pP-carotene 4 37 j*

FEBE k6 N F R 50 mg o 4e r T /R E R/C LT f5(40:40:20 0 v/v)
B 2ml NRERTIBEREHE] > T UL ABBPEFES (B#F 5 i

R 2min)> #% 55 1 hris > £ 54 #o i 7000 rpm 4w 10 min o B~

T

ViR Tk 045 um 4 FiER R E R

f1* HPLC (Hitachi UV detector L-2400, Hitachi pump L-2130, Hitachi
Autosampler L-2200, Hitachi High-Technology Corporation, Japan)4~ 7 B-carotene
Sk R o A friE R 0§ 4 C18 (Vercopak N5ODS, 250 mm x4.6 mm, Taiwan) » #%
AR R Bk G L /R PR/ fhe fig (40:40:20 0 v/v) > i 0.7 mL/min > i

Bk £ 457 nm 0 L EFE 20 ul o
33.6 Hib Ak

510 ml3 g% + 24 i 7000 rpmtos 10 min » B b i £ AR08 0 120,45
umét i EiEm o

41 * HPLC ( Hitachi RI detector 5450, Hitachi pump 5110, Hitachi Auto Sampler
5210, Hitachi High-Technology Corporation, Japan) 4 74 i )k & » ~ 470 i @ ¢
+1.C18 (Vercopak N50DS, 250 mm x4.6 mm, Taiwan) » # #4p 5 0.01 N H2SO4 » /i

i# 0.4 mL/min > ;3 5 & 50 pL o
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34 R
341 Ri-FHAEF S

¥pEp FfLY s e Rhodotorula glutinis 2.4 % ¢% ¢ > &1 YM BROTH
(Yeast Malt Broth) /& f5 32 & LB » T3 rfE 8 %47 1 24CE % 72hr > B

0.8 ml Fiz fr 0.2 ml & FH > e B 3w 8 ¥ 53R & 16 > % r ACHkHRS -
342 BAAes
3421 #3+32 %7 (Seed culture medium, SM)

&4 3-3 fAF A K2 Hpe® > 75 Yeast Malt Broth (YM BROTH)» & 2 1N

HCl#A FpH 5 55 -

£33 EIsih

Compounds Concentration (g/L)
Yeast extract 3.0

Malt extract 3.0

Peptone 5.0

Dextrose 10.0
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3.43 #igF i3 £ & (Fermentation medium, FM)

434 FEEmE A

Compounds Concentration (g/L)
Glucose 60.0

Yeast extract 2.0

(NH4)2SO4 2.0

KH,PO4 1.0

MgSO, - 7H,0 0.5

CaCl, 0.1

NaCl 0.1 g1

ki 3-4 FEEB A A bERE > T INHCIAFEpHE L 55

58



3.43.1 C/N#»

P 3-4 FEEr A RiEE §ee % CiR(Glucose )ik A £ N R((NH4)2504)
BB 4eT 4 35C/N A& A ¥ INHCI# & pH % 5.5 ¥ 5 457 C/N

RS A A

435 C/Nrwzixid

C/N ratio Glucose conc. (g/L) (NH4)2804 conc. (g/L)
18.4 30.0 2.0
23.6 60.0 4.0
36.8 60.0 2.0
51.1 60.0 1.0
73.7 120.0 2.0
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344 #FpH#FEE£ A (Fermentation medium, FM)

136 FEREA

Compounds Concentration (g/L)
Crude glycerol 60.0

Yeast extract 2.0

(NH4)2SO4 2.0

KH,PO4 1.0

MgSO, - 7H,0 0.5

CaCl, 0.1

NacCl 0.1

4 3-6 FEEE ARz v HfE 2 INHCIAE pH E 5 55

345 £

#-32 % 24 hr 2 Seed medium # 3 Fermentation medium *® » 33 ~5 L airlift ~
20 L airlift 384 2_ 4% E?’]'fé_ % Fermentation medium 109% 2 #84% > 50 L airlift 384 2

# F| £ 5 Fermentation medium 1%z %8 f# -
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35 RHEHE

Rhodotorula glutinis

Based-medium

R.O. water

Deep ocean mineral

Concentration of peroxide

Adding time

Concentration of ethanol

Aeration

Pressure

Aeration

Pulse feeding 3.5 L

Pulse feeding 7 L

Constant feeding rate 3.5 L

NacCl
— Culture medium
C/N ratio
Environmental ;
Light
Shaker flask conditions g
. —1 Adding peroxide
|| Additive effect
—| Adding ethanol
... u Batch
— 5 L airlift
Kra
— 20 L airlift Batch
Fermenter m
. .. Batch
— 50 L airlift —I:
Fed-batch
| 15 L agitation Batch

tank

61

Exponential feeding 3.5 L

Exponential feeding 7 L




3.6 FEkwKEE
3.6.1 gy =xF 42/ (Flask Experiments)
3611 2 FREFRAA '?T-iﬁiigz

Peni st 2 A (BBEEH K BEFE L) 0 FAML L 5y

B R A& B-carotene 2 F2 5 o

1. R glutinis ¥48>* 50 ml SM 3 % & > »t#:# 150 rpm ~ JF & 24°C1 % 4

o3& 24hre

2. A W|MHRE AR S BIEIFR KRG BH 0 T iR A 3-4 fe@l 50 ml

BRA -
3. N 10%REFESSMAEIL L iR -
4. @k 150 mpm -~ B R 24CHE K 0 24 48hr e
3.6.1.2 C/N w2z g5
PeniFt e 2 e C/N V3 AR 2 &~ P B R 4§ &2 B-carotene 2. F2 58 o

1. R glutinis #45>* 50 ml SM 3 % & > »t#:# 150 rpm ~ JF & 24°C1 % 4

o3& 24hre
2. MEBEFEKTLAHR P ERBRA3S RESOmMIBE AL -
3. M 10%EFESSMET P E R o

4, fEid 150tpm -~ BB 24CR 447 > 124 48hr o
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3.6.13 AP
Pen: iFid s ARRETAMA L g R A2 B-carotene 2. B2 o

1. R glutinis #%4> 50ml SM 3% & & > *t# & 150 rpm ~ F & 24°C3 % $9

ook 24hro
2. MBS FARTLRA T ikEL 34 Y S0ml A A -
3. M 10%ERFAER-SM T Ptz g E AP o
4. FrdlesrdEiE 150rpm -~ E R 24CE A7 > 3% 48hre

5. Bk k3R 5% 38.18 umol/m®s > ¥ ¥ *tigiE 150 rpm ~ B 24°C 1

%47 1% 48hre
3.6.1.4 ;’,9]&4\:5E§ “EERZBR
B et it PIRAR BT & $0 AL K 2 Bocarotene 2 5 o

1. R glutinis #%4> 50ml SM 3% & & > »t#:# 150 rpm ~ F & 24°C3 % $9

oo 3% 24hre
2. BB EFAKTIRA o L ikEL 34 Rl SOmlnE AL -

3. A \:,‘J;g]:écz FERGEE & (0mM~025mM~ 0.5 mM > ImM) *

i%%i%ﬂ o
4, E10%BREHEHSMET btz LAY
3615 FptciF b E AL F

Pen 737 PR BT e iBF & T A2 £ & B-carotene 2 F25F -

63



1. R glutinis #%4> 50ml SM 32 & & > »t#:# 150 rpm ~ F & 24°C3 % $9

P& 24hre
2. MHBEFAERTLAH T iERE 34 ®S0ml B E A
3. M I0%BHEASMED F it BEAY -
4. % 48hr Bi:ﬂ]‘ e 025mMiEE Y& o
5. A w60 hr ~ 72 hr B o
362 5L §F B\ g ptses (Fermentation Experiments)
3621 HFELBYF

vvm>~ L5vvm~2vvm~2.5vvm) 3 F8 2 & -

Fere R F £ (1

g B % % &2 P-carotene 2.

1. R glutinis 348> 50ml SM 3% & & > »t#:# 150 rpm ~ F & 24°C3 % $9

P % 24hro
2. MBS FEAKITLAR > ¥ RpRE 3-6 ftl 5000ml 3 & A o
3. BB 10%SM i gAY -

4, £EMAREF E(lvvm~ 1.5 vvm~2 vvm~2.5 vvm )> ¥ ¥ 2 2 N NaOH
Al pH 550 2 JI* R A R HIR R 24 CEHFEETEER
£ o

5. & 12hrB~$- =X -
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3.622 R4 2ZEBE

Pen: Heil § £ 5 1.5vvmo fFidee®/& 4 (0atm ~ 0.2 atm ~ 0.5 atm ) 7 7

AL P R A& B-carotene 2 B 5 o

1. R glutinis #48>* 50 ml SM 32 % & > »t#:# 150 rpm ~ JF & 24°C1 % 4

o3& 24hre
2. MHBFEAEKTLIBA > TR A 3-6 fr@ 5000ml 3 & A -

3. BB10%SM gAY o

4, HzH sz E 5 15vwm £ %1% Fid /&4 (0Oatm~0.2atm~ 0.5 atm) »
#2022 NNaOH #4] pH 5.5 2 1% 4538 57k K 4 218 & 2 24 C
FREETRERA -

5. & 12hr B4 - =x o

363 20L F F\px g a2 R (Fermentation Experiments)

3631 HFEZLEY

Pen dFtee A F £ (0.75vvm ~ 1.25vvm ~ L5 vwm) ¥ FM A £ ~ 5y

T % #% &2 B-carotene 2§48

1. R glutinis #48>* 50 ml SM 32 % & > *t#:# 150 rpm ~ JF & 24°C1 % 4

o3& 24hre
2. MHBREFEAEKTLH > FikPRA 36 R ISLAA

3. BB10%SM gAY o

4, w2 REFE (0.75vvm > 1.25vvm ~» 1.5 vvm) » # ¥ 12 5N NaOH
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:IFW#J pHSS’;‘? ’#} l}ﬁ_I% J‘ﬁ% a\’_}iy\ 24 C-L:E-l'—rr—l;-"'rxihi‘“
£ o
5. & 12hr 24— =x o
3.64 15L #FE = F 45 (Fermentation Experiments)

Pen: Adple ik ™ o F3 R * 2 @ pE Y $° Rhodotorula glutinis #)%8 2

£~ Pg B R f &2 P-carotene 2. B2 o

1. R glutinis #%48> 50ml SM 3% & & > *t# & 150 rpm ~ F & 24°C3 % $9

oo 24hro
2. MNHBREFAEKTFLZSIH FiREEA 36 W IOLEA -
3. BB 10%SM* e .
4§ % 1.5vvm~i3§ 30% 2 SNNaOH #74] pH5.5 2 1% 1238 7
HokWITHIER 24 CEFETEFRZ -
5. & 12hr B~} - =< »
365 S0L F Ep=x kg pkse” (Fermentation Experiments)

P ‘IZFEmf%‘}""\ﬁ*“?] B2 EEF R fE 58 B-carotene

4 A

7' B, 8 o
~®’F

-Lr?‘

1. R glutinis #46>* 50 ml SM 3 % & > »t#:# 150 rpm ~ JF & 24°C1 % 48

o3& 24hre
2. MHBEFHEKITLERA T iRRA 36 AL BERLE -

3. BAB10%SM 1 gAY o
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Azl § £ 1.5vvm > ¥ 2 22 SNNaOH #4] pH 5.5 % §1* 8 %

KA R 24 CEEE TR E o
3 & 48 hr PRIE (AR o

A 37 AR AR S SR FA > £ 2 E 12hr BofR- e
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337 AR i Ago N

- AR e e
(Pulse feeding) (Constant feeding)

S
(Exponential feeding)

Bl 0

RPN BB R | I2hr ) 0 1203
- S G | Vhr ¥ T e A
¢ o 7[,' o

{1* % 48 hr 83| h

#L;’(Q’{% ) i)u PN ’4} 5\

Vs
GECEIE FEX -5 B
(F) & p& /& (t) cn B %
FoF B 120 poo
ME QhriThL R
FEATE D) chdh kg &

e

K

fefl= st

P 2400 g e 3 SL s F#g > £ * HCIAF pH I 5.5

gz A S 351

P~4800 g e X A FLSL & jpFg > X2 * HClI 3 % pH 1

550 2 BAlF S TL -

3* ! Exponential feeding FS, =

_ X Ve
Y
Vs

F o8 4arting > Lhr

So: AALER > g/L

Xo: P g pEer@ bt 2 48 0 gL

VigmEsi A28 L

Yxs:* A2 252432 238 ~g/g
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37 RHEKEW

AA SR s E R > SR SLF BN 201 F RN

oS ISL AN E R 2 SOL § BN, -

371 #HAAEERAELXEN

B 3-2 Rhodotorula glutinis 2. #-¥1F % % % B

372 SLFHENE 0L F BEARFpEnLEE W

B33 SLFRNFEEALER
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B34 20LFFNEHELR

373 1SLEENPEER L LEF

B 3-5 151 #4555 i 5 1 )
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374 SOL § B FE2 4 XL W

Bl 3-6 SOL §F B #psth %% B

71



Fri BRAHSG

41 AT PR

B oo B R EFDZE o AR EKR Y FALRB A Rhodotorula
glutinis > » F = A ML FHE B-P R FZ 2 TRF (D282 4 Q%%

Tl % (3)if e ¢
411 2 FRBREANFTLEE

r’*f“f?‘lmﬁiﬂ%’}4’1\;!/})3’!#9@“4"@3”‘Lr'lﬂ‘:‘!'%ﬂf pr-SPE APk

%I
o
-~

.
I
&l
R

g4 BT Rhodotorula glutinis # £ ~ % "q A %2 B+ B § 32 2 T2 B R
Hepgpsd o 285 P BBEEGKTTRE CBEFE KT BE ~ BEFER

K7 3”)3 Wi o FE% 4B 4-1 2’)5 ’)5 Wi s pdlez B R 25 E
PRI AR K B 0.7 mg/g o BN R E T T W E B AEIRE K o
CEENRIASERER S SR RS b RN § R E L R RN

SRR KERAWATL 57 P RT O IPEMER LT 5 BT a2

="
~.
P
R
ul
-
N
i
‘-::1

FWE e REERS 7851 %-

ko AEFE K AR FFAASFEAL AT T PF T 2GR
T2 ddfi o Ra bk’Q}*%(Bhosale and Gadre 2001)¥ #r{# 3| & % % 2 »
IR N N R IR N BRIt $08 DR i W
AL AR B2 Rglutinis RiptRiE 2T g AFE AWM o @ PP RG FF R

L
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)
=
50 > 20 80 r 10
et Il Biomass (g/L) v Lipid content (%)
E— EEEE B-carotene conc. (mg/L) %  B—carotene content (mg/g)
= [ZZ Total lipid (g/L)
40 E EZZ2 R. glucose (g/L) s
= 1564 \a
= @ o)
~ =) - ~ £
3 £ - S =
= a £ [° &
c
2 S - g =
g 8 101 2 g 8
=] o I o )
= c = o c
> 20 Qo a 3 -4 ko)
x o vl 2 S
= | ke - =
@ = @©
: . ;
= 51 . =
10 - - 9 -2
= o
) &
® %
® A
g |
0 - 0 - = -0
% RO water w/ YE deep ocean mineral w/ YE deep ocean mineral w/o YE

Different solvent

Bl 4-1 xR A0 FQEE%E F4-K 7 Yeastextract ~ /% 3% & -k 7 Yeast extract ~ /&

ARk -k * Z Yeastextract)yz & 48 hr » #3734 R. glutinis # £ 2. B2 5

41 ®B A AN FTGEHE E4 K 7 Yeast extract ~ 5 ¥ 74 -k 7 Yeast extract ~ /&
AR k3 7 Yeastextract) 35 & 48 hr v T £ 3 R. glutinis 2 £ B2 5825 % ey

Based-medium Final pH Biomass Lipid content Total lipid - carotene - carotene
(g/L) (%) (g/L) content conc.
(mg/g) (mg/L)
RO water w/

2.69 +0.30 4.50 +1.27 29.12 16.63 1.27 +0.07 2.22 +0.21 10.13 +3.77
yeast extract

Sea water w/
2.25 +0.14 5.00 £1.06 2471 +2.77 1.24 10.35 1.53 +0.59 7.25 +1.35

yeast extract

Sea water w/o
2.70 +0.01 2.40 +0.92 44.11 +3.27 0.83 10.13 1.32 +£0.36 2.99+0.68

yeast extract
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412 RRZBE

Aok ESd Ak R AT

YR BERF YD §FCRETS f I3F R
TP mggprepips 7857 75 LBR N5 35 g/L(National
Oceanographic Data Center) » # & 7 #7314 & 1t 40 (NaCl)¥+ Rhodotorula glutinis
AR BE T HEPRERS Y S 0.10EF12)~ 102203040 gL - F %5 %
420 R EA AF 4 AR 0.1 gL i @5 koA SEEA 6.73 gL o
EREFEF CHERERD I 40gL 2 ﬁ%ﬁ?&&“ﬁfi—f 3 493g/L; i A A
G 0 1 5 B AU 5 183% 167 % 153 % ~ 14.4% ~ 14.7% » & o it 5 5
BRERER §IrH| AWML £ 2 0 R ff > R R glutinis iv % 40 g/L hg

SfERTMYAE

I
g]
A

WL - 2o @ARR > 3R] R glutinis i K¢

CRLPtE S AN SR TR

g
50 - 2 25 30 r8
o I Biomass (g/L)
i [ B-carotene conc. (mg/L)
5 1 Total lipid (g/L) s
40 4 |9 20 - [ R. glucose (g/L)
- v  Lipid content (%) F6 o
< *  p-carotene content (mg/ I
. = p (mglg) | 20 = £
< S T s =
S 30 = 15 - T i, T < £
2 g . £ ],
- - e}
9 8 T % 15 € r4
=2 c o )
> 20 o 8 10 A 2 g
o = T o
3 g
@ F2 A
10 = 51
@ -5
a
©
o4 E o0 i il il i o 0 Lo
o 0.1g/L 10 glL 20 g/L 30 g/L 40 g/L

Conc. of NaCl (g/L)

Bl 42 e @B (0.1~10~20-30-40 g/L)ss % 48 hr» ¥ £33 ¥ R. glutinis * £ 2. B 8
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# 42 g @R0.1~10~20~30~40¢g/L)2 & 48 hr > T 45344 R. glutinis # £ 2. F %
LSl
NaCl conc. Final pH Biomass Lipid content Total lipid - carotene - carotene
(g/L) (g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

0.1 2.04 +0.05 6.73 £0.61 18.30+1.47 1.24 +0.20 2.36 +£0.28 15.79 +1.44
10 1.94 +0.06 6.33 +0.61 16.7+0.67 1.06+0.14 1.98 +0.44 12.51+2.89
20 1.97 +0.01 5.27 £0.61 15.3+0.30 0.81 +0.09 1.59 £0.18 8.38+1.57
30 1.98 +0.01 5.13+£0.58 14.4 +0.66 0.74+0.09 1.43 £0.22 7.42 +1.89
40 1.98 +£0.02 4.93 +0.12 14.7 £1.15 0.72+0.07 2.00 +£0.22 9.91 +1.22
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413 %A CNw2 B

*F Bt e AR (glucose)E F R ((NH4)2SO4) M 5%t Rhodotorula glutinis
4 £ B < pr(Braunwald, Schwemmlein et al. 2013)3p &1 C/N 3 % i &= 7 "3 7]
FE B-F R EFAES ZAFHL A BIA - LT HELF RER
(NH.):SO4, 2 g/l) » #8854 ik & (glucose, 30 ~ 60 ~ 120 g/l) » C/N i & % 18.4 ~
368737 PR AR 43 KA NEFAMERRD o b5 R P AR
oA B R REAS LR HY B R EEARF VL1516 mgL
e $43 R glutinis Je R 32 G % & e o d Qo da Rl R glutinis tedp ficd £ 9 12
2 pH AT @2 L8 *mALE M2 - %I FBIRRAERT

HH R @ 8 S BRI e B B R g A e

¥ = 3% #p Rk B E 2(glucose, 60g/1)  rr % F Rk B ((NHy),S04, 124
g)> B2t 4-4 37 R glutinis Sk BB g b H G 2R E
J*T/Técmamﬁh oo HOEE R HESF Y fed e PR e oo Ap¥EE 4 ek
Bri- o ¥R pH B P-i# P BERMER A A L RA ABP R 2 E

By

l\‘“‘

FRIOFFRER SN e LB R ZDZEN F 0.6 mg/g
23R E265mg/g o ¥ acetyl- coA LP-w B A frid g2 b 4 & e
BT b o - S ERE TR 0 £ 2§ 2 f&(Luo, Niuetal. 2013)¥ 45

Hps enm st ™ 4 120 B9 B 08 30 S5 57 B3 B £ e 2 Rp

8% 1§ 0412 pH B

o
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R. glucose (g/L)

-
100 - 2 2
o]
=3
IS
80 22
2
()]
£
60 T 1
[&]
c
o
[&]
[0)
c
40 o 1
o
[0}
T
(<=}
20 g
2
2]
2]
@®
0 - €
)
m

(&}

o
1

[}
1

o
1

(&)
1

o

I Biomass (g/L)

EEE] B-carotene conc. (mg/L)
71 Total lipid (g/L)

EZE3 R. glucose (g/L)

Vv Lipid content (%)
* P-carotene content (mg/g)

C/N 18.4 C/N 36.8

C/N ratio

B 43 FTF RER - RBRER B % 48hr T4FHH R glutinis 2 £ ¥
- (NH4),S042 g/L 5 #il- § % #& 30 g/1~ 60 g/l ~ 120 g/l)

%43 FEFRER - EFARER > B % 48hr o T IFHH R glutinis & £ F
ZWcyy (F - (NH)SO042 g/L s k- F 5 #% 30¢g/1~ 60 g/l ~ 120 g/l)

30 - 10
- 25
8
- 20 :\;
=~ r6
c
2
15 <
Q
o
° -4
2
10 <
-2
-5
0 -0

B—carotene content (mg/g)

B

C/N ratio Final pH Biomass Lipid content Total lipid - carotene - carotene
(C conc.-g/L/ (g/l) (%) (g/L) content conc.
N conc.-g/L) (mg/g) (mg/L)
18.4 (30/ 2) 1.98 £0.05 6.3 £0.14 16.82 +2.43 1.06 0.18 1.57 +0.88 9.98 £5.75
36.8 (60/ 2) 2.02 £0.03 6.4 £0.57 17.88 +1.48 1.15 +0.20 2.05 +0.74 13.31 +5.89
73.7(120/ 2) 1.97 £0.08 6.9 $0.42 21.67 +2.36 1.51 £0.25 2.18 +0.49 15.16 +4.28

77



R. glucose (g/L)

-
100 - 2 25
o]
=3
S
80 2
2
(o]
£
60 - ~
[&]
c
Q
[&]
[0)
cC
40 ko)
o
[o]
T
(<=}
20 A g
2
(2]
2]
(o]
0 - E 0
)
m

20 A

15 A

10 A

(9]
1

30 r
I Biomass (g/L) v Lipid content (%)
[EEEE B-carotene conc. (mg/L) * B-carotene content (mg/g)
=23 Total lipid (g/L) s
EZ=2 R. glucose (g/L) L
V2 L —_
20 3
% g |
2
r15 <
S
o
° L
2
r10
- 5 i
0 L
CIN 23.6 C/N 36.8 C/N 51.1
CI/N ratio

B 44 FzphER ~:c%F RER B% Bhr THEHFNY R glutinis 2 £ F
B-5 54 60 /L F k- (NH,),S0,4 g/1~2g/1~1g/l)

B—carotene content (mg/g)

F (s

%44 BEBRER % F RER > B A 4A8hr TIEFE R glutinis A £ R EF2 7
Sy (BR-F 4% 60g/L; F k- (NHy),S0,4g/1~2¢g/1~1¢g/l)
C/N ratio Final pH Biomass Lipid content Total lipid - carotene - carotene
(C conc.-g/L/ (g/L) (%) (g/L) content conc.
N conc.-g/L) (mg/g) (mg/L)
23.6(60/ 4) 2.04 +0.01 7.0 0.4 20.77 +0.53 1.46 $0.15 1.96 +0.22 13.76 +2.64
36.8(60/ 2) 2.02 +0.03 6.4 +0.57 17.88 +1.48 1.15 +0.20 2.05 +0.74 13.31 +5.90
51.1(60/ 1) 2.2 +0.01 7.4 £0.20 20.22 +1.39 1.48 $0.13 2.65 +0.05 19.3540.02
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414 BBk B

< )“L(Sakalu Nakanishi et al. 2001)4p & R. glutinis X |35 v 6 fe it ™ #-¢

AR BFEFE U Y KGR EF G R A BT LR K e

oo HMEA v ’Ffrb ™ HRA T 0 B R ggf,gs;]] *ﬁ'ggﬁ—,i E 2N e
4 T A =R 5 R o R K (38.18umol/s/m’) 2 A BB k(8 % )¥>t R glutinis

AECRBAME BV R EAALEE FRES R4S REET Bk
o #-R. glutinis kR 7 K45 g/l 3 6.7 g/l> BEi P A & AMER >
B Fa g Bendle > 2 BREF IR E 6.37 % 0 X PR glutinis ) B P @
FhERM BRI R ERE T EF 152 gl 5d BELEB-# R ZeD2
FaHE2 991 % L;?i’é}gk..‘%'%#p 4 T2 S F R glutinis Je R B & 7 B

By 2ERK10.13mgl# 38 3 16.84 mg/l -

FwmoBETONKRAFAMERNE BF R A E OB NAFTE R 2
FRET O FMERE BT R FF R REH R NG TR o4 0

PRAOBET BB R AN FLF A 4 (ThE, 2011) 0 38R R glutinis #-F)
BOERED 2 A B-F R ENUP LB SR ERB L EFIRER G

AT OIS o
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2
100 - 2 30
i)
a
©
S 25
80 L
2
(o] 4
3 EX
o 60 A .
Y 2
2 8 15
E 2
D 40 - o
; (o]
o 5 10
T
(<=}
20 =
= 54
2
[
(2]
(]
0 - €
K]
m

I Biomass (g/L)
B B-carotene conc. (mg/L)
=73 Total lipid (g/L)
EZ=3 R. glucose (g/L)
Vv  Lipid content (%)
*  B-carotene content (mg/g)

WI/O light

W/ light

100 -5
- 80 L4
9
L60 = |3
C
L
c
Q
[&]

L40 T |2
=
-

L 20 L1

B—carotene content (mg/g)

B 45 2 REEmi-12% 48 he I K3 ¥ R glutinis # £ B2 55 (6% & 138.18 umol/m2

/s)

445 2 REBEK =R 48 hro I 4F ¥ R glutinis #

38.18 umol/m”* /s)

LT Ry (RRA

Effect of Final pH Biomass Lipid content Total lipid - carotene - carotene
irradiation (hour, (g/l) (%) (g/L) content conc.
pmol/s/m”) (mg/g) (mg/L)
W/O light 2.69 +0.01 4.50 +1.27 29.12 +6.63 1.27 +0.07 2.22 +0.21 10.13 +3.77
(48,0)
W/ light 1.90 +0.01 6.70 +0.83 22.75 +0.50 1.52 +0.17 2.44 +0.46 16.84 +5.86
(48, 38.18)
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4.1.5 i,? W E(H0)2L B

2 )’%(Yan, Liang et al. 2011)¢ 45 ! A 1+ % 4 fé(reactive oxygen species,
ROS)#is & chf (/B4 » A fmme ¢ g iR vy ¢ B B B i 2
chi £ B &Ry P - o dEd § 1 orig 8 R4 S 3 Rglutinis
2 APB-FEG EU ek g d ABUR o d Y B B §E 4 R glutinis =

A F 0 B AR B A JUA R B - 8 B & % 0] PR 4 0.5 mM

2 ETLE Y ’%Mﬂ”ﬁ);ﬂ]‘%x@As i“ & ¥ R glutinis 2. B 580 5 5230 b %
¥ 48 | El—*wlf/,l e kA G H;0, (0mM > 025 mM ~ 0.5 mM ~ 1 mM) » T+ 4

FAEEF L EPEEL L A2 P T8 A6l s 60 | FFE 5 72 Bk

B 2RA 0 ] BB F E 2R SR AR 460§ 7 e HoOs R A
BEFRBFRETE N EA2 I mg/gkT T 2.64mg/g 2 ®E PP R 2

sk B 1372 mg/L 22 3 1850 mg/L> 2R @ $300d Pg A AL G + R M o

$ oA AF 60 ) B2 P R E 4oB) 47 S F H0, ek B H 4 R,
glutinis e i F L FF Y @ AR L2 LR LRl LLF 48 o e B g S
£ @ £ ] BT (catalase) 0 R AL 0 § A HO, & 2
SOREFFONPFF FRARBEAN Y LRF 2 R glutinis kAR
Aok AW A o HoOr ek R 0mM 3l 0.5 mM > H b #q 3 & whRE2Z T %
et I mM Gk R G4 T 0§ R ArA T 23.46 % 42 e HyOp MOE R T 4
BRA2 AP R R e ihd Lo B B R 4o m ) A

A lmMaHOp kBB W% B-a" B F -%A’gﬁ_Jmﬁr;,,}] iy

4

e 72 PR PFER R K Ao @] 4-8 0 KL ¥ HoO0 ek B M 4 R glutinis )k

B E

I

b
W

FrA o e A HyO0 kR 5 1 mM > R glutinis Je B ArizF 4 £ » 8 3 %% 1%
2927¢g/1 48 1 mM e HyO, 0k B ¥ % 3t hmbe ity f g e “%t“i“ ’ ’ﬁ'v"
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CLtmr B F O E PR R P JRIE R RGF h H0p0 WK R glutinis kR T
5 AL 2304 0 HOy kR OmM 2 0.5mM > i PP AR IR B-oF B
FARELH 0 AW AR T A H0 kR S 1 mM P dp)

RO R B BF A DG TR R H0, 0 AT B B R

[ 22

EFF o REPFRTATETE S R EE A O #3F R glutinis
'EIS ﬂ"\mrﬁgl

-

=0

o

) SR T B LS - RN R UL N N S W e
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g
100 - 2 30 50 -5
o° I Biomass (g/L) Vv Lipid content (%)
2 EEEE B carotene conc. (mg/L) % B carotene content (mg/g)
T 25 =22 Total lipid (g/L)
80 E R. glucose (g/L) L 40 L4
3 =
> 204 -~ S
- E S =
D 60 1 =~ [0 23 S
o
g . g| %
Q 8 15+ c ]
o 9 o
3 e o o
D 40 - 5] I 20 B L2 §
o °© Y e i k= S
510 = Y ] <
S = g
= - o
= - & =
20 =5 a a - 10 -1
= 5 = =
=2 o 2
o 5
) = e
8 = =
i = = = L
0 5 0
m control adding peroxide

Bl 4-6 FEHEZEFEFO ) B*B*,,’"I‘ 4o 0.5mM i § C & ¥ R glutinis # £ 2. %

2046 HFFR AR O ) PR 0.5mM i F & #T R glutinis 2 £ 2 R

Concentration Final pH Biomass Lipid content Total lipid - carotene - carotene
of peroxide (g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

0 mM 2.01 £0.01 6.50 +1.30 18.74 +1.52 1.22 +0.07 2.11 $0.21 13.72 +3.77

0.5 mM 2.25 10.03 7.00 +0.40 16.77 +1.69 1.18 +0.18 2.64 +0.02 18.5 +1.20
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50 - = 40 - — 30 r5
=) I Biomass (g/L) V Lipid content (%)
E EEEE B-carotene conc. (mg/L) *  B-carotene content (mg/g)
2 ZZZ] Total lipid (g/L) | 55
40 © EZ=E R glucose (g/L) L4
S 30 - b4 5
a 3
— - § r20 o S
d@ 30 A g S s g
2 ® v 5 =
8 5 % g F15 T 8
3 ° & © @
o 20 A ® 2 t2 3
o m?. L 10 % g
[&]
5 10 &
10 =) -1
e -5
:
0 - & o .ﬂ .H : Lo Lo
0 mM 0.25 mM 0.5mM 1mM
Different concentration of peroxide (mM)
B] 4-7 :}“71’5’;?};'7"]: e R RiEE Y3 HY R glutinis * £ 2 BB ‘;;«'Z]"%%_f'i%. %3 48 /)
Bi‘ﬂi‘/,"’]‘ 4v HyO, » % 60 /] PFB~4%)
+ 4-7 :}“71’5’;?};'7"]: e R R iEE Y3 Y R glutinis * £ 2R ‘;;«'Z]"%%_f'i%. %3 48 /)
BJ*‘B“}/,"’]‘ 4v HyO, » % 60 /] PFB~4%)
Concentration Final pH Biomass Lipid content Total lipid - carotene - carotene
of peroxide (g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

0 mM 2.04 +0.02 8.13 1£0.31 22.80 +0.56 1.86 +0.10 1.65 £0.27 13.47 £2.63
0.25 mM 1.95 10.03 9.13 +0.46 19.55 +0.64 1.76 +0.17 1.71 £0.20 15.69 +2.40
0.5 mM 1.98 +0.01 9.13 +1.81 16.30 +0.71 1.32 +0.13 1.99 +0.47 18.36 +6.37

1 mM 1.95 +0.01 10.0 +1.78 23.46 +0.85 2.47 +0.33 2.56 10.50 22.52 +5.81
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B 4-8 itk JE R hiE F 1Y & ¥ R glutinis * £ 2§

R. glucose (g/L)

50

40

w
o
1

N
o
1

N w Py
o o o
1 1

Biomass (g/L), p—carotene (mg/L), Total lipid (g/L)
S

o
i

I Biomass (g/L)

0.25 mM 0.5

[ZZ1 Total lipid (g/L) Vv  Lipid content (%)
EEEE p-carotene conc. (mg/L) B2 R. glucose (g/L) *  B-carotene content

(mg/g)

Different concentration of peroxide (mM)

P 4 OO, 0 8 72 o] E4R)

3 4-8 #;:‘ﬁ;f]: e kRGBS 4 Y Rglutinis 2+ & 2

40 -5
-4
- 30
S
=~ r3
c
o
r20 <
Q
3]
S 2
2
3
- 10
-1
-0

B—carotene content (mg/g)

B*z,"’]‘ v HyO, 0 % 72 /] PFE~3R)
Concentration Final pH Biomass Lipid content Total lipid - carotene - carotene
of peroxide (g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

0 mM 1.89 +0.06 10.20 +£0.87  22.87 £1.76 2.34 +0.35 1.92 +0.77 20.04 +9.27
0.25 mM 1.92 +0.02 11.07 £1.33  23.75 +3.04 2.76 +0.72 2.22 +0.08 24.54 +3.31
0.5 mM 1.91 +0.04 11.57 0.57  22.17 +3.59 2.57 +0.55 2.41 +0.32 27.75 £2.73

1 mM 1.92 £0.03 9.27 +0.90 21.40 £2.12 2.08 +0.35 2.12 +0.24 19.56 +1.10
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416 Fieo BLBF

4 3> HMG-CoA B R s 2.6 % B A - ehd B4 > Fut > 50 i § sk

B-#* By &7 & 1% MIkR S BTG B> # 2 HMG-CoA i it > 3 %
HEFEAS AR ER (0gL 2gL 4gL~10gL) Fii
Rhodotorula glutinis <04 £ 2 B-* B § 2 2 £ J B 4-9 1 I R glutinis
EREBF R AN E A AL B2 }%%{E“i"fj' Phaffia rhodozyma /,91‘ 4v 0.2
% fig R iE(Gu, An et al. 1997) %% 2 4p ¢ > ’,}_;‘,9]: e BT @i P R/ B-
PEREYAGEORR BRI AL S ANHAY > RRAMBFL LG

4e o

=
50 - B 30 . 40 -5
o I Biomass (g/L) v Lipid content (%)
o E=E8 B carotene conc. (mg/L) * B carotene content (mg/g)
T g5 | 20 Totallipid (glL)
40 E EZ R glucye (g/L) L4
g § - 30 g
— D 20 o S
3 E ¥ = pot
D 30 1 ~ - r3 %
S
5 c _ E €
5 S 15 4 20 ¢ Q
o © o o
> 2 > 2
201 § 2 r2 s
x % 10 4 I =)
8 8
@ - 10 A
10 - - L1
5 °]
n
1]
: A | 1 O | 7 |
0- g 0 T T T T 0 -0
o 0 2 4 10

Concentration of ethanol (g/L)

B] 4-9 w:% v R R 0 B & 48 hr o T F ¥ R glutinis # &

=g
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% 49 E:‘C%;'fli vz ERIER 0 3 & A8 hro T IFIHH R glutinis 2 £ B2 F B By

EtOH conc. Final pH Biomass Lipid content Total lipid - carotene - carotene
(g/L) (g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

0 1.82 +0.02 9.46 10.12 30.47 +£1.42 2.88 +0.17 1.43 10.48 13.62 +4.33

2 1.82 +0.04 9.40 +0.40 2421 +1.64 2.28 +0.23 1.11 +0.35 10.50 +3.95

4 1.81 +0.02 8.27 10.12 25.12 +1.87 2.08 +0.17 1.57 +0.15 13.00 +1.44

10 1.83 +0.03 8.73 +0.50 27.60 +1.27 2.41 +0.25 1.48 +0.14 12.87 £0.68
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FERREBRFIE Lm0 BhArdk 4-10 Hfon 0 T E A WEAMER -

Ellpqg'ﬂ'};‘ B K @b% ggf’“’ Hﬁ*“ REFHF

BFRER o o s gRURER » C/NT3.7(glucose 120 g/L)4p #>t C/N36.8
(F#1 % > glucose 60 g/L)#& = 7.8 % R glutinis )= B ; <% % h)kE > C/N
23.6((NH4),S804 4 g/L)4p #** C/N 36.8(control, (NHs),SO4 2 ¢/L)¥ %= 9.4 %R,
glutinis ) B 5 T %Zﬂﬁ%] 05 mMiBE 3 TR TT%AMER C UER

AL R Sd KRV RS 88%L AMER

Mo s B ENA s BBURE R - C/NT3.7(glucose 120 g/L)ta s C/N36.8 (12
#1% > glucose 60 g/L)¥ #& = 212 % 5 Az ¥B A ANTRES 9 A s+ >
PR AES AR 5,9]:4\275 B RT R AR 78S % A hA et 8
FeEET AL AMA L ERELRAS G E M FRL B REE AN A E

g o

B-# Bg &7 & = ®¥mAER C/N73.7(glucose 120 g/L)¥ 7 »xie = 6.34
Yoi@ i AeiBF E TR P A 7 R 2521 % BT TR 991%:
: —E]—#}s —EZ@{{&‘JEQ’.%{E “%F RER > C/NS5ILI ((NH4),SO4 1 g/L)enig 2 = # 3

=.29.26 % °
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Z 4-10 AFEFR kK ~BE ~C/Nv ~ BE -~ ifltéc@é? vz~ v e fR2 R glutinis k
B~ B By A

Condition Biomass Lipid content Total lipid - carotene - carotene
(g/L) (%) (g/L) content conc.
(mg/g) (mg/L)

RO water + YE 4.5 +1.27 29.12 +6.63 1.27 £0.07 2.22 +0.21 10.13 +3.77
Sea water + YE 5.0 £1.06 2471 £2.77 1.24 +0.35 1.53 +0.59 7.25 +1.35
Sea water 2.4 +0.92 44.11 +3.27 0.83 +0.13 1.32 +0.36 2.99 +0.68
NaCl 0.1 g/L 6.73 £0.61 18.30+1.47 1.24 £0.20 2.36 £0.28 15.79 £1.44
NaCl 10 g/L 6.33 +£0.61 16.7+0.67 1.06+0.14 1.98 +0.44 12.51+2.89
NaCl 20 g/L 5.27 +0.61 15.3+0.30 0.81 £0.09 1.59 £0.18 8.38+1.57
NaCl 30 g/L 5.13 +£0.58 14.4 £0.66 0.74+0.09 1.43 +£0.22 7.42 £1.89
NaCl 40 g/L 4.93 £0.12 14.7 £1.15 0.72+0.07 2.00 £0.22 9.91 £1.22
C/N 18.4 6.3 £0.14 16.82 +2.43 1.06 +0.18 1.57 +0.88 9.98 +5.75
C/N 36.8 6.4 +0.57 17.88 +£1.48 1.15 +0.20 2.05 +0.74 13.31 +5.89
C/N 73.7 6.9 +0.42 21.67 +2.36 1.51 £0.25 2.18 +0.49 15.16 +4.28
C/N 23.6 7.0 +0.4 20.77 +0.53 1.46 $0.15 1.96 +0.22 13.76 +2.64
C/N 36.8 6.4 +0.57 17.88 +1.48 1.15 $0.20 2.05 +0.74 13.31 +5.90
C/N51.1 7.4 £0.20 20.22 £1.39 1.48 £0.13 2.65 20.05 19.35 +0.02
W/O light 4.5 +1.27 29.12 +6.63 1.27 +0.07 222 +0.21 10.13 +3.77
W/ light (38.18) 6.7 +0.83 22.75 +0.50 1.52 +0.17 2.44 +0.46 16.84 +5.86
H,0, 0 mM 6.5 £1.3 18.74 +1.52 1.22 +0.07 2.11 $0.21 13.72 £3.77
H,0, 0.5 mM 7.0 +0.4 16.77 +1.69 1.18 +0.18 2.64 +0.02 18.5 +1.20
EtOH 0 % 9.46 10.12 30.47 +1.42 2.88 +0.17 1.43 +0.48 13.62 +4.33
EtOH 0.2 % 9.40 +0.40 2421 +1.64 2.28 £0.23 1.11 £0.35 10.50 +3.95
EtOH 0.4 % 8.27 $0.12 25.12 +1.87 2.08 +0.17 1.57 £0.15 13.00 +1.44
EtOH 1 % 8.73 10.50 27.60 +1.27 241 +0.25 1.48 +0.14 12.87 +0.68

&9



42 SL FBEAFRERNPEBRER

Y =

% 7§ 2xdk ! Rhodotorula glutinis A 4+ 2. 2 &2 5 > A % F|* S5L § #

B3

FEEW T R glutinis e r 3 % > T RFHRG o LR AWM LE S o
ARADRER PR EFAAETCE P FEFU A R RS F R P

—

FE LA BIA (1) HBELFE Q) HBEHHUBRAS -

421 HFE2BE

d ** Rhodotorula glutinis /6> %+ ¥ 5= > m A 87 3 ¢ FIRJ|* SL g
SR A R glutinis T3 F R 0 A Bl B 60410 %2 25410 % 0 %
BT a®idd THAMERRKRS L g R FIrRMGREA S, 2011) “,’TT gzt G
TR K AFERET AL T HEME A G T AR SLF
BFERRE £ R glutinis ¥ 3% §F £(1 vvm > L5 vvm ~ 2 vvm ~ 2.5 vvm)#5 3
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5 1 100
Vv Lipid content (%)
*  B- carotene content (mg/g)
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14 20 A z
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1 vvm 1.5 vvm 2 vvm 2.5 vvm

Aeration

4 E

Bl 4-13 ¥ § £(1vvm~ 1.5 vvm ~ 2 vvm ~ 2.5 vvm)#F 31 $F R. glutinis % b ' 7 £

5 (1
BBy AFELEE

N

Z 4-11 i@ § £(1vvm~ L.5vvm ~ 2 vvm ~ 2.5 vvm)$+ =% 3 i vk 2.5 4 R

Aeration Max. Max. Max. lipid  Max. lipid Max. Max.

biomass biomass content  productivity [p-carotene  [-carotene

(g/l) productivity (%, w/w) (g/L/h) content  productivity

(g/L/h) (mg/g) (mg/L/h)
1 vvm 16.6 0.12 46.80 0.05 0.36 0.08
1.5 vvm 18.0 0.31 56.42 0.13 2.04 0.45
2 vvm 254 0.38 51.37 0.21 1.06 0.69
2.5 vvm 234 0.46 39.03 0.22 1.05 1.10
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B 4-15 SL F BN#pH > R glutinis 238 § £ 2vvm ™ 120 hr 22 % i 53
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59 80
v  Lipid content (%)
*  pB-carotene content (mg/g)
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0 atm 0.2 atm 0.5 atm
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Bl 4-18 H =zl § £ 1.5vvm> 22 /& 4 (0atm~ 0.2 atm ~ 0.5 atm)#F 34 ¥ R. glutinis * %
=
2]

2
RS NS SRR AN &

# 4-12 HEHEF £ L5vvmo ¥ H /A& 4 (0atm ~ 0.2 atm ~ 0.5 atm)$* =t 3 fi¥ L vk 2
LA S

Pressure Max. Max. Max. lipid  Max. lipid Max. Max.

biomass biomass content  productivity [p-carotene  [-carotene

(g/) productivity (%, w/w) (g/L/h) content  productivity

(g/L/h) (mg/g) (mg/L/h)

0 atm 18.0 0.31 56.42 0.13 2.04 0.45
0.2 atm 222 0.21 46.25 0.06 2.13 0.83
0.5 atm 17.0 0.26 64.20 0.19 1.59 0.74
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v Lipid content (%)
*  B-carotene content (mg/g)

S 3 60 -+
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0.75 vvm 1.25 vwvm 1.5 vwm

Aeration

B 4-22 i § £(0.75 vvm~ 1.25 vvm~ 1.5 vwm)4x 31 ¥ R. glutinis % fz i ' 7 £ % B-
—E‘ =

% 413 s F (075 vwm ~ 1.25 ywm ~ 1.5 vvm)é = 5 % vk 2 80 4 Sk

Aeration Max. Max. Max. lipid  Max. lipid Max. Max.
biomass biomass content  productivity [p-carotene  [-carotene
(g/) productivity (%, w/w) (g/L/h) content  productivity
(g/L/h) (mg/g) (mg/L/h)
0.75 vvm 10.6 0.08 43.30 0.09 1.04 0.18
1.25 vvm 18.6 0.41 39.80 0.13 1.22 0.20
1.5 vvm 232 0.65 41.27 0.27 1.00 1.50
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Z4-14 2y F BEASLEENEEN ~SL §F BSw )T a g 264
5

Bioreactor Max. Max. Max. lipid  Max. lipid Max. Max.
biomass biomass content  productivity [-carotene  [-carotene
(g/L) productivity (%, w/w) (g/L/h) content  productivity
(g/L/h) (mg/g) (mg/L/h)
15 L agitation 20.6 0.51 45.62 0.19 1.66 0.5
5 L airlift 16.6 0.12 46.80 0.05 0.36 0.08
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% 4-15

G R 2 B R

FCR AR N (- AR R AR 4y

A 4EAL) 2 ALk B (686~ 1371 g/L)

Feeding
method
(culture

volume, L)

Max.

biomass
(g/L)

Max.
biomass

productivity
(g/L/h)

Max. lipid
content
(%, w/w)

Max. lipid
productivity  B-carotene
(g/L/h)

Max.

content

(mg/g)

Max.
[-carotene

productivity
(mg/L/h)

Batch

Fed-batch
1 pulse
feeding
3.5L)

Fed-batch
Constant

rate feeding
3.5L)

Fed-batch
Exponential
feeding
(3.5L)

Fed-batch
1 pulse
feeding

(7L)

Fed-batch
Exponential
feeding
(7L)

24

46.4

44.8

39.2

43.4

48.8

0.64

0.40

0.45

0.49

0.42

0.55

55.45

62.20

62.10

43.30

59.88

63.20

0.22

0.45

0.35

0.23

0.44

0.37

1.16

1.42

1.06

1.42

1.22

0.53

0.82

0.76

0.43

0.99

0.46
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#4-16 F AR o LA TR F SR

Fermentation Strategy Max. Max. Avg. Max. Yield Max. lipid
(Aeration, Pressure) biomass biomass lipid content  total lipid  (Yxs,2/g)  productivity
(g/) productivity (%) (g/) (g/L/hr)
(g/L/h)
Batch- 5L
16.6 0.12 421 £ 3 6.7 0.32 0.05
(1 vvm,0 atm)
Batch-5L
18.0 0.31 508 + 4 10.0 0.99 0.13
(1.5 vvm, 0 atm)
Batch- 5L
254 0.38 495 + 8 16.8 0.48 0.21
(2 vvm, 0 atm)
Batch-5L
234 0.46 30.7 + 8 8.4 0.20 0.22
(2.5 vvm, 0 atm)
Batch- 5L
22.2 0.21 398 £ 6 9.3 0.26 0.06
(1.5 vvm, 0.2 atm)
Batch-5L
17.0 0.26 51.7 7 8.5 0.23 0.19
(1.5 vvm, 0.5 atm)
Batch- 20 L
10.6 0.08 351 £ 5 3.7 0.07 0.09
(0.75 vvm, 0 atm)
Batch-20 L
18.6 0.41 300 + 8 5.7 0.14 0.13
(1.25 vvm, 0 atm)
Batch- 20 L
23.2 0.65 374 £ 3 9.6 0.20 0.27
(1.5 vvm, 0 atm)
Batch- 15 L
20.6 0.51 316 + 8 8.9 0.22 0.19
(1 vvm, 0.5 atm)
Batch- 50 L
24 0.64 298 £ 17 13.2 0.62 0.22
(1.5 vvm, 0 atm)
Fed-batch- 50 L
1 pulse feeding 46.4 0.40 4452 + 11 26.9 0.76 0.45
(1.5 vvm, 0 atm, 3.5 L)
Fed-batch- 50 L
Constant rate feeding 44.8 0.45 48.20 + 13 27.8 0.67 0.35

(1.5 vvm, 0 atm, 3.5 L)
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Fed-batch- 50 L

Exponential feeding 39.2 0.49
(1.5vvm, 0 atm, 3.5 L)

Fed-batch-50 L

1 pulse feeding 43.4 0.42
(1.5 vvm, 0 atm, 7 L)

Fed-batch- 50 L
Exponential feeding 48.8 0.55
(1.5 vvm, 0 atm, 7 L)

31.5 £ 12

45.79

43.17

I+

14

14

16.7

26.0

29.9

0.90

0.80

0.84

0.23

0.44

0.37

Batch- 15 L" ¢ #4558 5 A2 4,
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2417 HWB-P B F R LB RLE S T ST

Fermentation Strategy Max. Max. Avg. Max. Max.
(Aeration, Pressure) biomass biomass B-carotene B-carotene  B-carotene
(g/) productivity content conc. productivity
(g/L/h) (mg/g) (mg/L) (mg/L/hr)
Batch-5L
16.6 0.12 0.2 £ 0.1 4.60 0.08

(1 vvm,0 atm)

Batch-5L

18.0 0.31 0.88 + 0.6 36.8 0.45
(1.5 vvm, 0 atm)
Batch-5 L
25.4 0.38 1.21 + 1.1 26.9 0.69
(2 vvm, 0 atm)
Batch-5 L
234 0.46 0.57 £ 03 22.8 1.10
(2.5 vvm, 0 atm)
Batch-5 L
22.2 0.21 1.89 + 0.4 46.2 0.83
(1.5 vvm, 0.2 atm)
Batch-5 L
17.0 0.26 042 + 04 24.5 0.74
(1.5 vvm, 0.5 atm)
Batch- 20 L
10.6 0.08 0.85 £ 0.2 10.1 0.18
(0.75 vvm, 0 atm)
Batch- 20 L
18.6 0.41 0.89 + 0.3 22.4 0.20
(1.25 vvm, 0 atm)
Batch- 20 L
23.2 0.65 0.7 £ 03 22.7 1.50
(1.5 vvm, 0 atm)
Batch- 15 L 20.6 051 148 £02 341 0.50

(1 vvm, 0.5 atm)
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Batch- 50 L
(1.5 vvm, 0 atm)

24 0.64

Fed-batch- 50 L
1 pulse feeding 46.4 0.40
(1.5 vvm, 0 atm, 3.5 L)

Fed-batch- 50 L
Constant rate feeding 44.8 0.45
(1.5 vvm, 0 atm, 3.5 L)

Fed-batch- 50 L
Exponential feeding 39.2 0.49
(1.5 vvm, 0 atm, 3.5 L)

Fed-batch-50 L
1 pulse feeding 43.4 0.42
(1.5 vwvm, 0 atm, 7 L)

Fed-batch- 50 L
Exponential feeding 48.8 0.55
(1.5 vwvm, 0 atm, 7 L)

0.98 +

1.15

0.85

0.85

0.92 +

1.13

0.1

+ 03

+ 0.2

+ 0.1

0.2

+ 03

27.91

62.09

37.69

32.00

53.35

52.24

0.53

0.82

0.76

0.43

0.99

0.46

Batch- 15 L" : #4558 5 A2 4,
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Fermentation strategy ~ Carobon Feeding Max. Avg. lipid Max. total Yield Max. lipid Reference
(aeration, feeding source solution biomass content (%) lipid (g/L) (Yxs.g/g)  productivity

volume) components (g/L) (g/L/hr)

Fed-batch Glucose +
. Glucose 86.2 25.0 11.3 0.29 0.14 (Zhang, Zhang et al. 2014)
5 L stirred tank (NH,4),SO,

Batch
2 L stirred tank Glycerol ~  --—-—-- 8.17 52.9 4.33 0.07 0.06 (Saenge, Cheirsilp et al. 2011)

(2 vvm)

Fed-batch
2 L stirred tank Glycerol  Crude glycerol 10.1 60.7 6.10 0.03 0.09 (Saenge, Cheirsilp et al. 2011)

(2 vvm)

Fed-batch
5 L stirred tank
with 3 LEDs

(1 vvm)

Glucose Glucose 45.1 545+£2 24.6 0.19 0.39 (3% ¢ ,2011)

Fed-batch
5 L stirred tank  Crude glycerol Crude glycerol 42.2 60.7 5.01 0.22 0.05 (£ i%4£,2012)

(1 vvm)
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Batch
5 L airlift

(2 vvm)

Crude glycerol =~ --—----

254

495+8 16.8

0.52

0.21

This study

Batch
20 L airlift
(1.5 vvm)

Crude glycerol =~ --—----

232

374+3 9.6

0.24

0.27

This study

Batch
15 L stirred tank

(1 vvm)

Crude glycerol =~ --—----

20.6

31.6+8 8.9

0.23

0.19

This study

Fed-batch
50 L airlift

1 pulse feeding
(1.5vvm, 3.5L)

Crude glycerol Crude glycerol

46.4

445 + 11 26.9

0.84

0.45

This study
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Fermentation strategy =~ Carobon Feeding Max. Avg. Max. Yield Max. Reference
(aeration, feeding source solution biomass B-carotene -carotene ( Yxss,mg/g)  P-carotene
volume) components (g/l) content conc. productivity
(mg/g) (mg/L) (mg/L/hr)
Fed-batch Glucose +
' Glucose 86.2 25.0 11.3 0.11 0.14 (Zhang, Zhang et al. 2014)
5 L stirred tank (NH,4),SO,
Continuous
3 L stirred tank
o Radish brine ~  ---—--- 14 - 0.08 0.03 0.02 (Malisorn and Suntornsuk 2009)
(1 vvm, dilution rate
0.24 hr'")
Batch
14 L stirred tank Molasses = --—--- 122 - 34.0 0.85 1.79 (Bhosale and Gadre 2001)
(0.5 vvm)
Batch
2 L stirred tank Glycerol - 8.2 15.4 125.8 2.04 1.75 (Saenge, Cheirsilp et al. 2011)
(2 vvm)
Fed-batch
2 L stirred tank Glycerol  Crude glycerol 10.1 13.0 131.5 0.70 1.83 (Saenge, Cheirsilp et al. 2011)
(2 vvm)

118



This study

Batch
5 L airlift

Crude glycerol

23.4

0.57+0.3 22.8

0.61

1.10

(2.5 vvm)
Batch
20 L airlift

(1.5 vvm)

Crude glycerol

23.2

0.70+£0.3 22.7

0.69

1.50

This study

Batch
15 L stirred tank

(1 vvm)

Crude glycerol

20.6

1.48+0.2 34.1

0.87

0.50

This study

Fed-batch
50 L airlift
1 pulse feeding

Crude glycerol Crude glycerol

43.4

0.92+0.2 534

1.74

0.99

This study

(1.5vvm,7L)
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0.5 ~ 0.5

® ka v
Vv  Max. biomass productivity
< 04 4 0.4
> v
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420 JIrHRAF 2 RPIFAFFEEOL §F BAFENEISL § B -
500 F BV )T 57 R glutinis 2 £ 2. B

Bioreactor (aeration, agitation) kra (min™) Max. biomass productivity
(g/L/h)
5 L airlift (1 vvm, 0 rpm) 0.135 0.117
5 L airlift (1.5 vvm, 0 rpm) 0.176 0.305
5 L airlift (2 vvm, 0 rpm) 0.268 0.383
5 L airlift (2.5 vvm, 0 rpm) 0.272 0.458
15 L agitation (1 vvm, 300 rpm) 0.661 0.508
50 L airlift (1.5 vvm, 0 rpm) 0.870 0.639
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Intensity (m¥f)
°
-

Reported: 2014/07/24 01:25 T
Processed: 2014/01/18 01:06 +¥F

Series: 0848
Wial Number: 7
Wal Type: UNK
Volumne: 200 BL
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Retention Time (min)
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D-2000Elite: HORM Series: 0848

T 5 BR)

Report: original System: Sys 1

D-2000 HPLC Systean Manager Report

Analyzed: 2014/01/18 02:30 ¥

Data Path: C:\WINZ2APP\D2000HSM\HORMDAT 440848\
Praocessing Method: beta-carotent

Systemn{acquisition): Sys 1

Application: HORM

Sample Name: UNKNOWND12

Injection from this val: 1of 1

Sample Description:

Chrom Type: HPLC Chanrel @ 1

Intensity (m¥f)

Reported: 2014/07/24 01:08 T
Processed: 2014/01/18 02:50 t¥

Series: 0848
Wial Number: 12
Mial Type: UNK
Volume: 200 BL

Retention Time (min)
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