(Production of Bio—oil and Value—added Material from

Waste Biomass)
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, B, dFER 2 HEA fXY AojoaHZ3 wrgo] 23 d3 wlojeoA A
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oz F719 £9& FEse 245 714 & Aoz J|gigEt. B AFdAME
Aurantiochytrium sp. KRS101& ¢} &3to] HZHAEZFE nvlo]l2od @ w{IIIA AE
249 F rles MRSz g

CAE SEFW UV, #ArbA A} )l 9% Aurantiochytrium sp. KRS1019] 54 M
SEAEXNS A 83 Aurantiochytrium sp. KRS1019] HZ A& g7 vix A9 F

3. Aurantiochytrium sp. KRS1019] vk ¥4 &3, 2ALdd € 53}
4. Aurantiochytrium sp. KRS101 X4 wlo]em22REH 24 F&, AA 7l AL

e
HE

v
1. A% SFTHOUV, Aok 24hHS 3 53 2 DHA AAs$ Hol: HolAZ @
o

2. AGEAEHAZFYAMZ, 29, Corn steep liquor, tHF4E, HFE)S &§& Aurantiochytrium
sp. KRS101 w59 wjx] # wjdz7 HAs £ o] 3 vARF 249 AAH A4t
7bsAd el
3. HZYHME o€ Aurantiochytrium sp. KRS101 #F W 338 2AdY FHAZRTAZ
50.6g/L, 2. d3=F 38%, DHAEZF 50%) .
4. ZFAR MAZRF 24 & 34 g9 €
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5. LFAE mAZF 249 A3 BB HE.
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SUMMARY

I . Title — Production of Bio-oil and Value-added Material from Waste Biomass

II. Research objectives

Recently, the demand for bio-diesel production from animal fat or plant oil(rapeseed oil,
palm oil, soybean oil) is high, and growing. However, a great deal of crude glycerol is
formed as the main by-product during bio-diesel production, and can be as much as 10%
(w/w) of the bio-diesel generated. Large quantities of crude glycerol may cause new
environmental problems but the efficient use of technology in the development, along with
high value-added industry is rather to strengthen the competitiveness of the bio-diesel
industry. Also, this link leads to bio-diesel supply and raw material crops expansion which
is expected to generate profits to farmers. in the research, the purpose is to develop high
value-added technology in bio-oil from crude glycerol using Aurantiochytrium sp. KRS101.

II. Research contents and spectrum

1. Improvement of Aurantiochytrium sp. KRS101 through traditional breeding
methods(UV, gamma irradiation, etc.)

2. Statistical optimization of medium component for cultivating Aurantiochytrium sp.
KRS101 using response surface methodogy

3. Optimization, scale-up and standardization of process

4, Extraction and purification of oil from Aurantiochytrium sp. KRS101

IV. Results

1. Obtainment of superb mutants that shows high production ability of oil and DHA
through traditional breeding methods(UV, gamma irradiation, etc.)

2. Optimization of medium component and culture condition using industrial
by-products(crude glycerol, melasses, CSL, soy flour) and also the possible economic
production of oil from Aurantiochytrium sp. KRS101

3. Scale—up process using crude glycerol is established

4, Oil analysis and extraction of oil from Aurantiochytrium sp. KRS101 are established

5. Study the validity of oil from Aurantiochytrium sp. KRS101 commercialization

V. Research application

1. Patent and paper - One patent application, four foreign paper publication
2. Distribution and marketing of Gendocs Co., Ltd.

3. Industrialization as a feed additive

4. Commercialization of producement used microalga-oil(DHA)
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el FHed, tFEXFAHAL, JIRE o=, AF A g w7l HAEE IHH

of Qo] AAY vpolo 0 TFARA ¢ FE



0.02

Aurantiochytrium mangrovei (DQ367049)
4‘39{Auranﬁoch ytrium sp. KRS101
100

58

Aurantiochytrium sp. BL1 (FJ821476)
' Thraustochytriun sp. ATCGC 26185 (FJ821482)
Thraustochytrium striatum ATCC 24473 (AB022112)

100 Schizochytrium sp. SEK 210 (AB290576)

10! Schizochytrium sp. SEK 345 (AB290577)
Schizochyfrium aggregatum ATCC28209 (AB022106)

Thraustochytrium kinnei KMPB 1694d { L34668)
Botryochytrium radiatum Raghukumar 16 (AB022115)

29

Parietichytrium sarkananum SEK351 (AB355411)
Thraustechytrium aureum ATCC 34304 (AB022110)

QOblongichytrium multirudimentale KMPE N-BA-113 (AB022111)
AmEObbngichﬁﬁum sp. SEK 347 (AB290575)
52

Oblongichytrium minutum KMPB N-BA-77 (AB022108)

BT,

511 Aplanochytrium stocchinoi (AJ519835)
ﬂg Labyrinthuloides minuta (L27634)
1 -Aplanochytrium sp. S1a (FJ810216)

Labyrinthulasp. LT2 (AB220158)
Labyrinthulasp. M8 (AB246794)

968

Sicyoidochytrium minutum SEK 354 ({ AB355412)

Thraustochytrium aggregatum KMPB N-BA-110(AB022109)

Thraustochytrium pachydermum KMPB N-BA-114 (ABD22113)

a

o

1. %A A Thraustochytrid Al¥ £&£9 % w4 = F

(2) Aurantiochytrium sp. KRS101 DHA 2.¥°] A3 Fo4

O tiEA ThraustochytridAl g€ 49 vIAIZF Aurantiochytrium sp. KRS101 @59 2.¥
< OFe dFEEIALAE Tt e, 53 DHA (Docosahexaenoic acid, 22:6n3)
o] e HAA AWAY 50%01 4 (2™ 2).
2 S (HX FHF 30~70%)
22:6 DHA
15:0, Pentadecoic acid
£ 16:0, Paimitic acid
& 17:0, Heptadecoic acid
S = 18:2, Linolesic acid PA
1 = 20:5 EPA
A o)
L =0 ~= 14 " 13
EPA ppA DHA DPA
FA 15:0 16:0 17:0 18:1 18:2 | 2005n-3 22:5n-6 22:6n-3 22:5n-3
(% Lipid) 18.5 8.5 3.3 0.0 1.0 2.2 10.0 55,2 1.0
Ch= & = 5hx| 2h4k
19 2. Aurantiochytrium

sp. KRS101 vlAlZ/F ¢ DHA ¢ A+
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20113 AZAIE 5,00024A 0]&F (O]=])

NFAMEe B2 sl 2= OF S22 2= HUE
(Frost & Sullivan, 2005)

EPA&DHA
PA&DI

%Y 4. DHA 299 483 33

3 %
2@ E AF AW F& F FTEEY 4, o8 FAY A3 FoE A HA HEF
HAZFA MAES o]& A FAHol FHEES I S €& FL Y AHEF
DHA 2¥< off ##¢ DHA 2o vz} dig oz urtoli (9 kg 9-120€8;
n AR 29 kg 17592801, 20129 74 WA DHA 24 A3 F 40%E AF v A
DHA %ol AT Aoz oqid. magx 71&9 o

%9 DHAS EPA 2 ¥& Aoz AT + e ZIeMde] digh #4ilo
H1 gEd, 2 hEHQ WYo]l DHAS EPA 29L FfsleE A4 HAES o &

(]
&
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Martek BIOSC[QI'IGB Corp.

. 1985: Founded
LA 1989: Commerdalized its first products, stable isotope reagents
MARTEK | 1992 Signed firstinfant formula litense agreement
1993 Went public

1994: 1st pretenn infant formula introduced with [ife sDHA™ & [ife s4RA™ (in Belgium)

Mdmamfactunng its DHA and ARA products in its Winchester, KY plant
9‘.? 1stterm ifant formula introduced with fifg'sDHA™ & life SARA™ (in Israel and other countries)
2001 Received US FDA GRAS for its DHA & ARA for usein US infant formula
2002: Mead Johhson launched 1st US infant formula u:ontgyl ?5%” & life'SARA™

2002: Mantek acfjuired OmeoaTech (another prm:luc oil from algae)
2003: Martek purchased FermPra Manufacturing in or o exp d production capacity
2003: [,{g[!gjse:benenced first profitable year
2005: Warek completes major plant expansion
2005: Martek signs supply agreement with first major food company (Kellogg)
2005 Revenue feached $217 Million

‘_.._l 2006: [ife %N and life’sARA™ availablein OVEr 90% of US infant formulas

More than 525 employees worldwide

a9 5 "s U}EE“/\}«] WA ZF DHA 2 483 3%

B JdFE AESEV)E S o] 839 Aurantiochytrium sp. KRS101 #39 /B, ke
=

GAES 283t 24 AMTe AR 5 &S 2

£ FAe] dPATFolA &R Aurantiochytrium sp. KRS101 PIHZF #F= 5-3H )
F7E ol &3 APAA wtEEHALY vAzF EF9% A FAE 59 DHA A4S
Holg Aoz FHo YA A7 He w2 ALE A¥E. vrEHAbe
Schizochytrium (Aurantiochytrium) limacinum SR21¢] DHA A4t o] 3.7 g/l day$ldl wb
3] Aurantiochytrim sp. KRS101 ¥+ 33 g/l day= DHA A4Hd & XS (SR21 @59
o]l o Ak TS Y3 294 AAFH ZULE o]FoHLES AUT W KRSI01

9 H5e A Fe3% £Zol wuw).

_10_



S
34

UET OMH=F

DHA 2¢

OjH=F vi

Glucose 60 g/L /r“ ..\
CSS5giL = _ ﬁHp@d%lﬁfm =
salt5 giL = O Glucose =y =
300 rpm, 28°C, 1 vvm £ o O Drycell weight | = 80 v Bl-lﬂg.ﬂu il s "
T £ 507 F25 5
= 60 < | [
g 54 05,
240 gm- 5T
= 2 201 10 G
= 20 = b
= = 107 5 &
2 2 o =
§ % 20 40 6 8 100 =% 20 2 e 80 10 2
\E Culture time (h) Culture time (h) '—/
29 6. Aurantiochytrium sp. KRS101 PlA|ZF9] 8¢S 53 DHA 24 A4 34

T T FAAL A= 7Y Ld=ERYH A &2
2] &2 24 FME AMESte] FEsE Wl dH, 2 AN BloleYd AR of

ez AAEn. 2006 @3 wSelA mpoletiAd RAME
2 IS SYAEY F2 B0 de=R AFE, GFE, AF AY 5 AA 2EAE A
6607 =)o oF 38% FEd. HEHUAEY FYTAL }eET 209 otz FY
AE 7149 F5e 2t oH, oz A& 7| SHUAE AL dA9 s Ad AR
o BIA7I= A2AE ¥ vk olHT SYAE 7149 2 ASYAZEY A&
Apgsto] wioletid AzGAd FA=<d ASHUAEE Astor = M=w &7 A
g FEe 7FAA Hleledd Al AAEes HS g 2o FEE Jo=

o4,

_11_



200 20

A
i ﬂ 5
o , 5
2004 2005 2006
Year

4 Zojol 4E RAE 2UAAE wAF A9 A2 S

mm Crude glycerol (80%) production (million Ibs)
= Biodiesel production (million gallons)
A Crude glycerol (80%) prices (cents/Ib)

a9 7. wolega

o
>
>

O HZ "= HAYol thdte] Wen 2 AFEHLE vpoletd BAEQ HEHAES ¥4
o7 g3 FXA F719% HMEFA Schizochytrium limacinumd] 93+ vlo] 2 o Y
2 ARIMA BELA DHAS A 348 A7 A#E LEIFS. ASHAES o] &S
Schizochytrium limacinum®] ¥& W ¥, O vAzF dx2oAZFY 2 FFL 221
g/L3} 45-50%°] 1 3z, o|u] Fn|EA (palmitic acid)®} DHA (docosahexaenoic acid)7} £
T4 Ao ® DHAS Hula4&2 491 g/lolgler, 23 22 5452 s 3=
2 e Aoz YehtS. ol#d AAZHE Schizochytrium VI AZF 9 vjgod o #HE
HHEZHE voleed ¥ IRIIMA 175 AELA DHAS A4t ol& #8&3 17
ZE7HA AR mlol oAl AAHE Fstste] wioletAde] BEgs EJFE B 9 ofye,
48 A=Y AE gdFe=zd w7t F4& Fdste AFEHE HAE F dE A
o=z 7. AR AR FUddA = HIHANES IR 83 A4 HAx

¥ Schizochytrium®] 81 2 24 A4 T AT+ FIHA 1 Qe FHd.

0

WE vtEEAt TEGS JYA0R FER M AV1GY NARFY W 34 7]
22 Fuda YAW, o}H7A AZMES JYAOR BEF NG FA 1ee )

EE A S g9 volenAe ®Hgol Fdigd mE F43] dAFe] FUME AL
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2 45t ASTIAEEL TPPH QLR ARAE %9 Ful A5

(2) 844 54

t

ol e v APRAAE FHASYUAE HYG TA (HoleyAd ANF 10%)2 SEAE
tAe g5% V€ = g zHste HIS A EC] G A H7
2 Agd Aoz . ol HloleyA AxdAd APHE AFYE AT A=
S HEE VAT 23E T Ja. wEbd HASHAEY 28 Ve &
A SHAA AFAVIE AP ZRE A

AL
=,
i
>
2
Lo
ol

of.
oﬁ, Mo g

)

3) AAA - ¥4H =9

vlol et A kel oo wal A Y8 Hlolee U oyt FFIA L. HEF
JAEZHE AAE vAZRF Ho]2edL AEA odd g4 nloletd ds5= &
go] 7h58tH, BAd 7% AE4AAQ DHA 298 st ni77hx Aty 982
82 + I+ d, 20129 % DHA ¥ A2 A8AF% ¢ 50009 9 FEE =
g ovpoletd RAES &8% AFVIHA AAES HboletA A9 JHE AAES

Fatete] wloletide] A Hys FJE Aoz 7|giH.
(4) ¥Q473A 714 54

vtole v Aol AR Aot HEg FHE AT vlojeed o9 Frle A5 FAES

AuE FXFdezd Ad 719 I 2 £ SHE 7L 5 UAS A= 7hE.
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H 2% =Ue 7lsie

1. 79 7l& 4%
O vl=dA 5357]& :
/1S 10-2011-0128944; 2011 311€30¢¥
2 wge Rad EgtbaEsEIS mABRY ofet

dolth, & R 3 A=, S o4

[«

1ol F5F 3 Ed oA

A4 E, iFE, e 249 A

rlo

Y, 2 ¥ EGS2EJEHE, AEF 2 WAE 29S ARSI HHd #d
Ad.

-ATCC =¥ W35 APTA-9%6%3E 7|gd £2€ EFT2EITEZE vAE
-ATCC 8 W& APTA-9%6%63Z = 7194 £29 Ef¢2EIEE nAAE
-~ATCC % W3 APTA-96973.% 7|88 £ EfS2EJEHE MAE
-ATCC =¥ W35 APTA-96983.% 7|94 &£2€ EFT2EJEZE vAE

2.4 Jls 9%
O W3 537« :
TE5W3E 10-0700486 (2007'303€21¢Y)
gy eMr-3 EXI ARAE Addse ARVEY
RTO0100P1(Schizochytrium sp. RTO0100P1)(KCTC-10937BP) =+ HZXJE
SEK-228(Schizochytrium sp. SEK-228)(KCTC-10938BP)2 A| &3t} T3 2 @y
(a) A7) o5& Wgsts @A 2 (b 94 @A €z T A (biomass) EE W FH

g

¢

S2HY QWrt-3 X3 APitS FEEE 9AE TESE W73 X3 AWt
o AxHEE AT

SEW3 10-1068520 (2011309¥22¢Y)

2 g eHrk-3 Ex3t AN AisE ZE HAZEF(microalgae)o AFH
(curcumin)< AgstE @A, H7E-3 EX3F A4 Aibs 2 AFY WS 2= &
FE BEY3te dAE 23, 273 X3 At F EI3ALEALALE o] =
< o5 AW 2 A7 ARMHoeERY 4o evrt-3 EX3 A Aie
4 AFE WAEES ZE HARINEHL sp. CC44(Schizochytrium sp. CC44)(KCTC

_14_



11566BP)< A

|5 3.

St AYFATYd Ed7|E -
SEWS 10-1147450 (2012905€119)
B |lae: RS Hio] 2 2 A TS 7R = Thraustochytrid A o) N Z5F
KRS101(KCTC11686BP) ¥ 7] mAlzF KRS101& v sl AL EHoZE = v}
o] ool AW #AJ AY. B Ty WE mAZFE E5F T wiX A H)
FAE W FA ol 5L NS vloleede FHa, T5EE vole UL A
g 5 9.
719 9% v ZzFo o5 DHA A4 ## 8 E3F &4
=49 H] 31
Esus Ed A= i ;
i el (Z7h T (DHA §3)

A ) =2 R = . .

AT AT 7 A A7l Eg & =8 AL (1999121 Schizochytrium
10-0338193 |0l 23], 9|z y}o]-2 & 1 (3= 3 sp. St-2

Hj| o Hé - (37.5% TFA)

FE 7oA 33 vl E 9 ul-€| Schizochytrium
10-2008-00 |22 = #Hj ol o] 3+ Hlo] @ Mol A~ 2000.1.98 sp. ATCC
86938 IE=E XA UAS 73 IAXGolA 120888 (41.4%

A Aol ZXH AA W (=) TFA)

P T I
EgorEIETE X F X
o = o Alol A ElZ A= Ulkenia radiata
10-0680906 |t} & ¥ 3} A WAte] =5 2000.3.29

JAH2EHY NIO-TH 21

Z7H71E wy :
AR (%)
i lT__H]‘

EgerETEF UYL Lo wEsd Ulkenia s
10-2007-00| ' 1= AHAEHAE (2004111 P
o115 MAES HAstE AduMAE | 0 BP-5601

a9 F ol ury T 0
O] ) 01‘0:1 BH J:O]w_ s o ﬂ:wﬂﬂnﬂ]z (47.46 TFA)
Adusl (5¢)
e wn
£=4 Ulkeni
10-2007-00 |[Eeto- 2By Edlode = %o  |AiAHAT 2004111 oo 5P
BP-5601
42114 v AES wgste Y F= 0 (47.4% TFA)
g vdz o
AAMS} (%)
10-2008-00 | = Z A} & A} el AF (DHA)S obe| ~ebAl gl n] |2005.12.1 |Thraustochytriu

_‘]5_




AAE = Ef S AEYEGE . SC1

87820 e BEFAETEE = (%) |9 m Sb
T5-SC1 (30.9% TFA)
L W7-3 BEX IR AS Schizochytrium
BAsE F7 L o8 olgd AT A . RTO100P1

10-07004g6 | D HPHE AF B clF elg Rk HATAAL 0o o
L u7}-3 B X3 Ak (3+) & SEK-228
Az (19.7 % DCW)
Schizochytrium mangrovei Schizochytrium

10-2008-01 |MM103& o] &3k mangrovei

_ sw o)A (8Z) [20076.19| €T
-11586 Docosahexaenoic acid (DHA)2] MM103 (45.6%

A

TFA)

_16_




H3E dA7E =48 e A 2x

1 A A5SKFE7]ES o] &3 Aurantiochytrium sp. KRS101 #5 9]

# Lian &°l Thraustochytrid A€ vl|AZF Aurantiochytrium sp. CCTCC M209059
Fo #xe)Ad A 2 FetEdWolY (N-methyl-N-nitro-N-nitrisiguanidine, NTG)<
Al HHeZ 2U7 DHA (Docosahexaenoic Acid) 3ol z+zh 34.84%9} 38.88%
FE ¥ol#dF (HX-308) /Mol AHF3+S,

CDW (g/l) Fatty acid (g/l) DHA content DHA (g g ' dry weight)
(% total fatty acid)
HX-308M 45.24x0.40 17.83=0.30 58.25£0.20 0.23£0.15
40.16%=0.35 13.48+0.25 54.75+0.25 0.18+0.18
42 88%0.28 1544=0.17 535.66+0.34 0.20£0.21
CCTCC M209059 45.44x0.25 1341028 40.41=0.40 0.12£0.45
44 38+0.42 12.95+0.35 42.10x=0.25 0.12+0.21
40.72%=0.50 831+0.19 38.93+0.40 0.08+0.15

1. A& ZAE %3 Aurantiochytrium sp. KRS101 #5F /%
7t A
O Lian 9 4+ ZAFAE Ed2 M FALE 3 Aurantiochytrium sp. KRS101 #] A=

TE FYNF S, 24417 Wi g KRS101 ¥F 10 mle FHF F 4500
rpm, 10 min F< YA EH3 Y A5 AL W PBS buffero] #AE @83 5, 10, 20,
30, 40, 50, 60 & &< 23 W, 15 cm 24 A HdE AP AFEEo] oF 99% A H,
g dAE HAI3] A5t basal ¥lA| (glucose, 60 g/l; yeast extract, 10 g/l; Sea
salt, 5 g/1; agar 15 g/l)oll =&3ste] 28°Ceoll A 48 Azt &< Hl&sIA . oF 2007 HEe
Z2Y7 Age 4usE m2E ZHE AdA ddidoz wE #A 45S Hole
F2UE dAHeR AWS F, Fe23 wgs 559 AEE HolAEY #A A4S, 2

_17_



i WFe Sletel HEF WOASE 1d-ml ARBAA 3 ml whel FE5A 60 AT
o MG, WY FA FRE (OD6Wnm)IE ZAs] TAFe) FAE B0-ml Z
iz (50 ml WAoo Hate] 72 A Bk BlF SuA, AT A7 BALE T
T gee) o, #4 A% (OD600nm) 2 2UF DHAS AEe BAHANL.

A e oY stz B4 98] Burja 59 Bligh-Dyer & o] &3l 24L& F&3
L. 125 mge AZTA FR2EFXE 625 ml, WS 125 mlF 50 mM KsHPO. buffer
€4 (pH 74)& 5 ml H7lstd 28°CelA] 200 rpme & 1A|ZF 52 L

3} phosphate ¥ & Z+ZF 6.25 ml H7bste] oF 30 A= 4ol & vs AAFAE. £

A s fFr18 = (F ml)& 338t 80°C dry ovenol A of 30% A& X3
T 299 FAE FAHNAS. 249 FHL ol Ao upe} AAHIAL.

Total lipid (g of oil per 100 g sample) = [(WL-Wp)IVcI100] / [VeIWs]
Wpwas the weight of an empty aluminum dish (g);

WL the weight of an aluminum dish with dried lipid residue (g);

Ws the weight of sample (g);

Ve the total volume of chloroform in the graduated cylinder (ml); and

Vp the volume of chloroform transferred to the aluminum dish (ml).

0

A 249 AL g8 dxadAd 5% (v/v) F-vEE &9 3 mls HUrS F
90°Col A 1A1ZF &<t WrEet 3. A o 2EHE BEAES 06 ml HYAoE FE5TT F
NtxezmazntEa#ly [GC; Hewlett Packard 6890N  equipped with a flame-ionization
detector (FID) and an HP-5 (30 m [ 032 mm, 025 mm; Agilent Technologies)
capillary column] Ho 2 FEASAE. ZHY & 150°C (after 2 min of holding)ell A
270°C (with a further 2 min of holding)® #% 7°C & F713t4 2.
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O A9H 2A BAW] AP AAA

98 +4 %

positive control: PC)dll v 3] AAHo=Z 5 oA A5z
3l Wl %7) (24 A7HelE UV2¢ UVS HolA 7 v &
d we 74 4%e ngon AZFomwE UV3H UVIT WolA7t 73

Ao2 ey S 5

(2. 346 g [g of
30 £ MolAEL
s 2-34) A= we

5

S Holg AL=Z UEWYS

[e]
o
UV55 Et}h UV48 Wo|A7} =gkoem (293 DHA 7z 3115 g9 1254 g), kR

o2 $5%

Ao
Hol A &9 =Y

e oAl
ZAE 1S (OD600nm 71.9¢F 725) (2. 9). &4 % DHA &% ¥
UV19 HolAl7} 9% ¢ DHA AL Hol: o= YelygS
oil 100 g 'samplel$} 34.39 g, DHA: 14.31 g9} 1419 g). g% e
3 AP E UV42, UV4S, UV51 HolA7F ok T#FE (PC)o H]

HYow, HFAHoE UVES HolA7t 7HE Hojd 74 A%
(29, 10). ¥d o A3} DHA9 &FHe #F4 5ol

M
4

o

A5

o

P
T
s
T

sl

H s @ A3 DHAS FHaFo] z4zh 15ui¢} 49 5718 o2 YEHS.

L= R

O Aurantiochytrium sp. KRS101 vlHZ2F o592 AYH ZALS T3t dUldoz 9543
[e=]
AA

o9, JJEEFH ¢ 29 % DHA B4
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Growth [ODggo)
s = =

_
=

Sample NO.

G3

G4 G5 G6 PC

udh

B12h
B2h
n36h
H4Bh
050h
B72h

Y 9. Ae]A ZA} Aurantiochytrium sp. KRS101 ®HolAlel #AAS 4 (1)
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¥ 1. YA ZA} Aurantiochytrium sp. KRS101 ®HolAle] oA, & gz EA (1)

Total lipid DHA
(g of oil 100 g'sample) (g of oil 100 g 'sample)

UVl 29.08 12.72
uv?2 34.60 14.31
Uvs3 25.62 10.38
uv4 17.47 7.23
UVb 33.31 13.79
Uuve 29.70 12.31
uv7 18.70 7.11
Uvs 29.61 12.12
Uve9 20.27 9.68
UVv10 30.08 12.35
UuVvlil 32.40 12.93
Uuvi2 24.94 9.69
UVv1i3 16.51 6.33
uvi4 23.66 10.16
UuVvis 21.50 8.79
Uuvie 26.41 11.17
uviv 27.11 11.42
Uuvig 29.92 12.40
Uuvi9 34.39 14.19
uv?20 22.34 8.67
Uuv21 20.76 8.97
uv?22 19.82 8.48
uv?23 14.24 6.01
Uuv24 29.39 11.82
uv2s 20.18 8.07
Gl 25.51 10.51
G2 27.67 11.33
G3 20.60 9.13
G4 15.77 13.24
G5 27.80 11.20
G6 32.26 6.26

PC! 24.06 954

LpC: Positive control
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=

(18]
(=]

8

10

UV26 UV27 UV28 UV29 UV30 UV31 UV32 UV33 UV34 UV35 UV3E UV37 UV38 UV3S UV40 UV41 UV42 UV43 UV44 UV4S UVAE UV4T7 UV4E UV49 UVS0 UV51 UV52 UVS3 UVS4 UVSS PC

Sample NO.

moh

mi2h
m24h
W36h
m4s8h
m60h
m72h

WHolA e FAES 4 (2)

28 10. A ZA} Aurantiochytrium sp. KRS101
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¥ 2. A9 A ZA} Aurantiochytrium sp. KRS101 o] A 2]

1 Total lipid DHA
AGlucose ) 4 4
(g of oil 100 g sample) 100 g “sample)

Uv26 43.79 18.65 6.268
uva7 48.63 26.99 6.300
uvzs 41.37 15.82 4.933
uv29 4457 20.05 3.144
Uuva30 34.33 13.28 4.779
UVv3l 41.00 18.01 2.865
uv3z2 37.37 15.85 1.839
uva33 39.41 14.61 2.762
Uuv34 29.63 9.55 3.468
UVv3b5 42.14 17.11 2.978
Uv36 48.81 23.49 8.907
uvar 42.02 19.92 6.289
UVv38 42.05 19.19 3.571
Uuv39 40.00 15.79 5.845
uv40 37.50 22.58 8.706
UVv4l 42.48 25.45 8.896
uv42 4545 19.96 7.461
uv43 41.98 1857 2.593
Uuv44 44.33 18.96 2.967
UVvi4s 38.34 15.88 6.804
UV46 4797 24.28 10.379
uv4i 44.14 22.33 5.050
uv4s 46.82 31.15 12.538
uv49 51.50 26.43 6.912
UVvis0 42,74 17.50 3.873
UVvsal 4797 24.16 4.670
Uuvs2 37.53 17.45 6.333
[OAYR 35.20 14.74 5.027
Uvb4 44.05 24.81 4.652
UV5h 43.82 20.30 3.659
pC’ 41.11 18.58 3.893

LAGlucose: Glucose 24 & (27|28 F2%-ALZF 2T 1Y)

*PC: Positive control
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2. vl ZAE £ 3 Aurantiochytrium sp. KRS101 #5 A%

7t AEHEY

O Aurantiochytrium sp. KRS101 "M ZF TF¢ ®WHol4E A7) 93ty #vlAd (gamma
ray) A A¥E  FHIAE (= dAH AT, A AgAT L),
Aurantiochytrium sp. KRS101 & 364 5
min ¢ YAEEIY, F5 42 ¥ PBS bufferd] AEI F #AvldS 1A ZAS
o AHEE oF 99%) wAE HYG3| 8438 basal #1A (glucose, 60 g/l; yeast extract,
10 g/I; Sea salt, 5 g/l; agar 15 g/D)oll Z=&sle] 28°Coll A 48 A|7F &<tk wlgslA . oF
2007 AEo E2U7E Age dMuFE 9E ZHOE A AdHoE wWE 7
AEE Hole FEUE Aoz HAdEd § Z823 wgE Fsto ddEE ¥HolAE
o #A A&, oY A4 4 DHA =& 43}

N
=
o
_O|L
2
=

38

Kol
= .

O dA IS Hstd AEF WHoAES 14-ml AF&HAA 3 ml vl HFst 60 AlzH
o Aujgsly, wlF FA FFE (OD600nm)E ZAHs o TAdF #AE 250-ml
23 (50 ml ¥iX)oll o] Adte] 72 A7t Het Bl WA, 4AI Azt 1FoR ¥%
T F&de ol &, ¥A S (OD600nm) ¥ 2d97 DHAY AAFS EX43A 2.

i

O oA e o4 & £4& 93l Burja 59 Bligh-Dyer #H & o] &3l 2d& F&3
L. 125 mgd AZTAY FEZEXE 625 ml, W& 125 mlF 50 mM K:HPO, buffer
49 (pH 74)Z 5 ml A71ske 28°ColA 200 rpme 2 1A7F B¢t wfe & F22XE
7 phosphate ¥ & ZtZF 625 ml FA7Fste] oF 30 A= 4o & vy AAI}AS. £
€ 9 F71&v F (¢F 125 mD)ES 33l 80°C dry ovenoll A ¢F 30% A= =gl
F 249 FAE SANIAS. 294 FHFL ot Ao wE AAHIAS.

O Total lipid (g of oil per 100 g sample) = [((WL-Wp)IVcI100] / [VpIWs]
Wpwas the weight of an empty aluminum dish (g);
WL the weight of an aluminum dish with dried lipid residue (g);
Ws the weight of sample (g);
Ve the total volume of chloroform in the graduated cylinder (ml); and

Vp the volume of chloroform transferred to the aluminum dish (ml).
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O

AR 249 B4L A8 AxTAN 5% (vv) FA-HEE &4 3 mls HUME F

90°Coll A 1A &g vkl XA diHz2 HEAES 06 ml Aoz FEI F

i

7t2az2utE a3 [GC, Hewlett Packard 6890N equipped with a flame-ionization
detector (FID) and an HP-5 (30 m I 032 mm, 025 mm; Agilent Technologies)
capillary column] Heo 2 EX439S. AHY 2%+ 150°C (after 2 min of holding)el A
270°C (with a further 2 min of holding)® %3 7°C & Z7}8t9 <.

23

oll

Zebd AP A@eA F 29 F9 Aurantiochytrium sp. KRS101 ®olAE FHEFAL. G
St G6 Wo A7 WiF Z7|d wWE #A BEE Hole ALE yENon HFHo=
Gl13 G5 WolA7l 7bd 58 dA A8S Bole Aoz ZAHIAS (OD600nm 62.19F
554). 8 243} DHA AdolA = G6 HolAZE & 24 A4ZFS E<Q dtd DHA ¢

ol

Fl(‘

F e 02 YU (626 g), G2¢ G5 HolA X 2767 g7 2780 g9 H|wF Y
AabEdt 1133 g3 1120 g9 ¥ DHA %S B3NS T G0 G24 WHolA7E =

_?,_
g oA S L& 249, DHA %<& ERow, G24 HojA|9 U3} DHA A=
77 39.02 g# 1050 g0 2 tZ2 T ofEF (POl Hls] 2427 15 wish 1.3 w7k F7t
A5 (2¥. 1D.

AV 2AE Bael dRHoE FA A%l $4% WolA 20 F& HEsgon, oF
2RE 949 29 @ DHA 4452 uol: WA G2 AFAY 8.
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mOh

mi12h
m24h
m36h
m48h
m60h
m72h

a9 11. ZvpA ZA} Aurantiochytrium sp. KRS101 #Hol A 9] A
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¥ 3. 77t ZA} Aurantiochytrium sp. KRS101 ®ojAle] oA x| & gt £ A
AGlucose! .T otallipid . DHA
(g of oil 100 g-1sample) (g of 0ill00 g-1sample)

G7 56.04 34.77 9.61
G8 96.56 31.29 8.31
G9 55.45 33.12 8.15
G10 55.90 34.54 8.65
G11 55.06 31.00 6.93
G12 56.19 34.51 8.20
G13 56.48 31.62 7.05
G14 51.81 2781 6.83
G15 51.67 29.30 6.77
Gl6 94.51 32.11 8.43
G17 49.25 21.23 7.66
G18 96.70 33.51 9.43
G19 49.65 28.42 7.19
G20 04.18 31.74 9.32
G21 5541 32.43 8.54
G22 52.00 29.83 6.47
G23 56.19 34.62 10.85
G24 96.27 39.02 10.50
G25 56.23 28.83 8.39
G26 49.00 26.73 6.99
G27 55.79 3541 7.87
G28 54.82 34.25 7.46
G29 96.44 33.97 7.42
PC? 54.03 29.87 7.73

C — >
AGlucose: 27|12 FAAY-HEFSFA2Y

2PC: Positive control
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3. 48

O Aurantiochytrium sp. KRS101 T A&

4
2

o A 2Abe Bate] FWHoE S48

_Z’__
oA A5S Bole WHolA 55 F& AE3ey, ojg=2y

i)

5% 29 @ DHA A4

52 mol: WolA UV2E AFAR L.

O &3 ZAvhd ZALE T3t dAF o= dA Ao 8 WHolA 29 T2 AR,

o] EEZRFEH 3% 249 I DHA Hibess Hole WolAl G245 HFAYE 3+,
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A 2 A Aurantiochytrium sp. KRS101 #5 wi w|x XA 9@ FA
H A 5t

1. wixz=4d HA3}

O Thraustochytrid A€ tlAlZF e DHA 2.4 dizAA FAHAA AAH| &9 A4S 93
71E AGLEY gAGEY 8o A, 1l FFIA BHAYY UA 9E=
F (molasses)S, Yeast extract 24 YL thA37] 98 CSL(Corn steep liquor), &5
g gy g, &AW FALe oiE = fuk g A8 AA YT, 2U]E, T, gFE

T U dALET d7HT AE.

1). 34 (F429)& ol &3 Aurantiochytrium sp. KRS101 9| Al Z5F v %

O
!
B~
rj\g
r [*]
s
it
M
to
[
s
=
>
_c\)_lg
a2
oft
e}
o
R
ofo
ofl
g
off
al

= 12%, 24%, 36%, 48%).

O Aurantiochytrium sp. KRS101 v AZF #AZ 250ml 23 WA (glucose, 60 g/l;
yeast extract, 10 g/I; NaCl 5 g/, KHoPOs 9 g/DIellA 60A17F &<t Aujdd 5 500ml
AET A JEFE F 2A T R WEE AASARS WA (KHPOs, 9¢/L;
NaCl, 5 g/l; yeast extract 10g/L), ¥l =% 28°C, ¥4 % 250 rpml.

O #A e 2d &F £4& 93 Burja 59 Bligh-Dyer & o] &3l o4& F&3}
2. 125 mge] AxTA EEEXE 625 ml, #WEE 125 mlF 50 mM K:HPO. buffer

€9 (pH 74)& 5 ml #7}ste] 28°Coll A 200 rpmeE 1A]7F &9 wutst & S 22X E
3} phosphate ¥ & Z+Z 6.25 ml F7lsted oF 30W A= 4o & tg BAFAS. &4
H 3o F718w = (9F 125 mD)S 3438t 80°C dry ovenoll A ¢F 308 AE AX3Z

O Total lipid (g of oil per 100 g sample) = [(WL-Wp)IVci100] / [VpIWs]
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Wpwas the weight of an empty aluminum dish (g);

WL the weight of an aluminum dish with dried lipid residue (g);

Ws the weight of sample (g);

V¢ the total volume of chloroform in the graduated cylinder (ml); and

Vp the volume of chloroform transferred to the aluminum dish (ml).

Az F @hel ¥E7 BlASE B FATAS BolY A Fe U 48% 7

ZFEF302 H] 97%°l °]E (& 4). B2E Aurantiochytrium sp. KRS101 ik A7}
A

X 4. 2L o83 Aurantiochytrium sp. KRS1018] < A3}
DCW TFA
HEzHEFILE) 21.72 g/l 12.35 g/l
g9 12% 11.03 g/l 2.44 g/
g 24% 24.00 g/1 5.24 g/l
T 36% 40.83 g/l 9.17 g/1
T 48% 41.88 g/1 11.97 g/l

(2). 5YHAES 0]£3 Aurantiochytrium sp. KRS101 v Al =5 v %

]
ol
£
ox,
ofj
2
N
=l
tlo
B

[0}

2
Q

(-
o
()
=l
o,

O Aurantiochytrium sp. KRS101 v[AZ2F #AE 250ml =823 [WA] (glucose, 60 g/l;

yeast extract, 10 g/l; NaCl 5 g/, KH:PO, 9 g/D]olA 60 A7+ st Aujdst & 500ml
N EFFEAAA JES T T2A7 T FEA IS AANSHAE WA (glucose, 60g/L;
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KH2PO4, 9g/L; 2449 2ml; NaCl, 5 g/l), s1%¥ &% 28°C, 2¥& % 250 rpml.

O #A W 2 IF £4& 93] Burja 59 Bligh-Dyer W& o] &3t 2d& F53¢

. 125 mge] AxFA F2EZXE 625 ml, "W 125 ml¥ 50 mM KoHPOs buffer

€9 (pH 74)& 5 ml #7}ste] 28°Coll A 200 ripmo.E 1A17F &< o

7 phosphate ¥ & ZtZF 6.25 ml H7Iste] oF 30 AR 4o & vs AAI}AS. £

H 3R {7180 & (¢F 125 mDS 3o 80°C dry ovendll A ¢F 30 AZE AXR3I
T 2de FAE SASNE. 249 FF2 ofd Aol met AR E.

e 5 EREEXE

O Total lipid (g of oil per 100 g sample) = [(WL-Wp)IVc100] / [VeIWs]
Wpwas the weight of an empty aluminum dish (g);
WL the weight of an aluminum dish with dried lipid residue (g);
Ws the weight of sample (g);
V¢ the total volume of chloroform in the graduated cylinder (ml); and

Ve the volume of chloroform transferred to the aluminum dish (ml).
. A3
O vt da29e o] &3t Aurantiochytrium sp. KRS101 ) % (working volume 100mi)3F

23, wjF A F 2T P vl FEeE Rols ZAdE e, AAUF,

o) Tk 2] (29, 12). Fe FEES 220X 853 H Aurantiochytrium sp.

P

KRS1018] %S A A1 g A7} yeast extractE T 433 AAE A

¥ 5 U5 gFEE o] &3 Aurantiochytrium sp. KRS1019) <% 43}
A9 DCW (g/1) Lipid (% DCW) TFA (g/1)
Yeast extract 29.5 1751 5.17
Ht 20.36 44.00 8.96
AFE 25.55 31.39 8.02
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(3). 343 CSS (Corn Steep solid, CSS) =<2 %3 Aurantiochytrium sp.
KRS101 v Al Z=HF vl

7F A g Hy
O A9l Yeast extract Al corn steep solid(C.S.89)E ©4¢9 FF=2e2 9 FHdyg =%

Fotel A&

O Aurantiochytrium sp. KRS101 v[AZF #AE 250ml 823 [WA] (glucose, 60 g/l;
yeast extract, 10 g/l; NaCl 5 g/l; KH:POs 9 g/D]ell Al 60 A &<t Aui gt 5, 500ml
Az EeaadA HF 3 F 72 A Bt FEA wES AASAE WA (glucose,
60g/L( 93 24%); KH:PO, 9g/L; NaCl, 5 g/l; yeast extract, 10 g/l (C.C.S, 10g/L)), ¥ <=

% 28°C, nHFE % 250 rpml.

O oA e 2d gdxF EAE 93] Burja 59 Bligh-Dyer & o] &3l 24& F&3
Ho. 125 mge] AxTAd 222X E 625 ml, WEE 125 mi¥} 50 mM KHPOs buffer
|99 (pH 74)E 5 ml 7k 28°ColA 200 rpme & 1A &<
3} phosphate B & 27} 625 ml F7lsle] oF 30W A= 4o & v BAdAE. &4

B FFo {718 F (¢F 125 mDS 3539 80°C dry ovenol Al ¢F 308 HAE X3
S Yo RAE FAHGANS. LYo FHL oy Ao w A2AHFFIAL

O Total lipid (g of oil per 100 g sample) = [(WL-Wp)IVcI100] / [VeIWs]
Wpwas the weight of an empty aluminum dish (g);
WL the weight of an aluminum dish with dried lipid residue (g);
Ws the weight of sample (g);
Vc the total volume of chloroform in the graduated cylinder (ml); and

Vp the volume of chloroform transferred to the aluminum dish (ml).

. 2
E 6. CCSE AArdo= o] &3 Aurantiochytrium sp. KRS101v) % A 3}

"
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249 dAAZ &80l 7ItsA.

5749

A1
w0

_33_



Q). A=ZHAZE(FA2Q)E 0] &3 Aurantiochytrium sp. KRS101 v Al &5 wl <%

O

2 # 83 Aurantiochytrium sp. KRS1019 #HZ#AZE I A %

o]
vkS- X A

oE

Glycerol< biodiesele A4tet= HAAHoA AAEHE F8 FAEE 2 10% (w/w)e H &
2 Qo] A A ds AUALEH SLuETF AFOZ A biodiesel®] ike]l F7het
WA glycerole] AitH T3 F43] F7lstar vt o]o welglycerold] 7142 IFAIH S
2 3A #AaxIFPew, AiE glycerold] TE&ZHQ o]fo] Hasdtt wEBAd I

glycerole &4¢o 2 ol &3dty MAZFE sty ALt (fatty acid)S H4abstarzt gt

=]

—

E Fd=dH M 2942 HHoRE ©@AYoF Crude glycerol (glycerol 81.5%, water

Y

HEAMH (Respone Surface Methodology, RSM)& 2 & A3 A T 23}

=

olo
=3

19, metanol 0.5%, others 17%)<S AF-83t Aurantiochytrium sp. KRS101 vl A=/ <] Dry
cell weight (DCW)AAtA] 718 F&S v o+ Qe ¥y F ="4¥ST Xn) =, Crude
glycerol(X3), Corn steep liquor (Xsz), Inoculation volume (X3), Initial pH (X4), & A A3
own, Zt 2AEL -2, -1, 0, 1, 284 A dAR FIgega, A2 & 7 2ANH
viol g vk A9 wlx] 50 ml & X ¥sE 250-ml EZ2F | Aurantiochytrium
sp. KRS101 PIMZ/HE HF3F] 28°C, 125rpmol A 72 A1ZF 59 vl &3 <.

X 7. Experimental range and levels of the independent variables

. Sympol Range and levels
Independent variables Zodl(je = =) g 0 1 5
Crude glycerol (g/1) X1 10 20 30 40 50
Corn steep liquor (ml/1) Xo 10 20 30 40 50
Inoculation volume X 1 5 1 16 91
(%,V/V)
Initial pH X4 5 55 6 6.5 7

O & 79 Yl SR, E FAEAH NI AE (central composite design, CCD)oll Wzt & 8

=
I o] 3072 dAsRer, B3 SPASF ¥ = FHEF (V) =, 44kd DCW



g 245 1 g AARNA AESHAT, od vl b SYWFG FHAG B 2
4 fAnge gev 2.

Y= Bo + BiXi + BoXs + BgX3 + BiXy + BuXi® + BpXo® + BuXs® + BuXs® +
Bi2XiXs + B1sX1Xs + B1aXi1Xy4 + B2sXoX3 + BosXoeXy +34X3Xy

O A7 Y& TH5HF X, Xy, X3 Xy SHHSE, B Z2H, Bn2 3 AASF L, TATA

Hol| A% L& HIAANE vl ®E  "Design Expert” software (version 7.14,
Stat-Ease, Inc., Minneapolis, USA)S ©¢]| &3l FAHoE B35t s|AUYAAE T3
om IAEAN A AR HAAF HAHo] ofYa IAFY BeedeE sHEHE F
o HAFE T3, contour mapd 3 HHSHEHEASZE Dry cell weight (DCW)

CRTIEEIESER SEY

A e 24 &F £48& $38] Burja 59 Bligh-Dyer H & o] &3l o4& F&3}
ge. 125 mgd AZFA ] ER2EZXE 625 ml, WEHS 125 mi#F 50 mM KoHPO, buffer
€94 (pH 74)& 5 ml #7138t 28°Coll Al 200 rpm o2 1A &<k

3 phosphate ¥|HE 717} 6.25 ml H7lstd oF 30 A= 4o & t& AXAsAS. £
71€v] 2 (2 125 mD<S 343t 80°C dry ovenoll A oF 308 A= AXI

%
F odel BAE ARG 0d9 FFE ok Aol m 2HHAL.

Total lipid (g of oil per 100 g sample) = [(Wr-Wp)IVcI100] / [VpIWs]
Wpwas the weight of an empty aluminum dish (g);

WL the weight of an aluminum dish with dried lipid residue (g);

Ws the weight of sample (g);

V¢ the total volume of chloroform in the graduated cylinder (ml); and

Ve the volume of chloroform transferred to the aluminum dish (ml).

A 249 EA4E g8 AxTACd 5% (vv) FA-dEE &9 3 mls HUbS F
90°Coll Al 1A1ZF &<t vh33tA 5. A4l d2HEZ WHgAES 06 ml A2 F53 &
7t2=az2utE 2383 [GC;, Hewlett Packard 6890N equipped with a flame-ionization
detector (FID) and an HP-5 (30 m 1 032 mm, 025 mm; Agilent Technologies)
capillary column] HoE FAsRE. AP &EF 150°C (after 2 min of holding)ol A

270°C (with a further 2 min of holding)® %3 7°C ¥ Z7}3sl4 2.

_35_



3 8. Experimental design of RSM studies using five independent

variables with eight center points

Run X3 Xo X3 X4 DCW (g/1)
1 -1.00 -1.00 -1.00 -1.00 2.9
2 1.00 -1.00 -1.00 -1.00 9.3
3 -1.00 1.00 -1.00 -1.00 8.1
4 1.00 1.00 -1.00 -1.00 12.9
5 -1.00 -1.00 1.00 -1.00 3.6
6 1.00 -1.00 1.00 -1.00 9.9
7 -1.00 1.00 1.00 -1.00 8.7
8 1.00 1.00 1.00 -1.00 18.8
9 -1.00 -1.00 -1.00 1.00 2.2
10 1.00 -1.00 -1.00 1.00 7.7
11 -1.00 1.00 -1.00 1.00 9.2
12 1.00 1.00 -1.00 1.00 14.6
13 -1.00 -1.00 1.00 1.00 3.3
14 1.00 -1.00 1.00 1.00 11.5
15 -1.00 1.00 1.00 1.00 9.3
16 1.00 1.00 1.00 1.00 18.1
17 -2.00 0.00 0.00 0.00 1.5
18 2.00 0.00 0.00 0.00 17.8
19 0.00 -2.00 0.00 0.00 3.6
20 0.00 2.00 0.00 0.00 15.1
21 0.00 0.00 -2.00 0.00 6.6
22 0.00 0.00 2.00 0.00 8.5
23 0.00 0.00 0.00 -2.00 8.3
24 0.00 0.00 0.00 2.00 10.2
25 0.00 0.00 0.00 0.00 9.8
26 0.00 0.00 0.00 0.00 7.3
27 0.00 0.00 0.00 0.00 8.0
28 0.00 0.00 0.00 0.00 9.8
29 0.00 0.00 0.00 0.00 11.1
30 0.00 0.00 0.00 0.00 10.9

Hj 2] off Ak

Aurantiochytrium sp. KRS1017 39 #HZFYANE T+

el DCWALE HH3E stz st 43 2= 9

9] Table 79 Z23ZE e}t 2F A crude glycerol = 40 g/l, Corn steep liquor =
40 ml/l, Inoculation volume = 16% (V/V), Initial pH = 559 ZAA 71&=2 188 g/l

9] DCWE HYGY(Run 8). &3 crude glycerol = 10 g/l, Corn steep liquor

Inoculation

< DCWE

30 ml],

volume = 11% (V/V), Initial pH = 6.09] ZARun 17914 15 g/1o 713 &

HAE.
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O

Aurantiochytrium sp. KRS101 ©AZF o]8£3l9 Dry cell weight (DCW)A Akl 5 &S
FE 4709 ¥F FolA FI8E (Probability value, P value) gtol 7HAlE 9ujs duty
o2 005 Bt o At T Zo|7t “TAHLE Fefsit} (significant)"EH3L 31,
o] gto]l 001 Bt} Zow "EAH R g F93ttt (highly significant)” #x @ o
714 Foatad &ole 7R 2ol HolE s gn7t dne £4
1% (ANOVA) Z3d 93t RHAL P-valueZt <0.000122 FA 4
¢ g Jdom, Mg WEgF (CV)Y e 1339 o=z Hd9
olZ3] AN oste] FHH WSEAARL R’E 0935308 EA
A o] AA 9 quadratic 384 E b Zo] YEYAoH,

-054X:% + 0.03X5 - 091X5
- 0.25X2X4 + 0.05X3Xy

Y = -15.35 + 0.18X; + 03X+ 0.17X3 + 0.46X4 +
-0.36X42 + 0.18X1Xse + 0.19X1X3 -0.23X1Xs + 0.30X2Xs

48.08 g/1, Corn steep
o] =7

A& 9 Dry cell weight (DCW) A4F 32 27L& crude glycerol =
liquor = 48.19 ml/l, Inoculation volume =12.02 (%, V/V), 7] pH = 6.2°]3 29,
stol Al DCWE ol AAEA = 13.00 g/1f e, AA] ABAAE 1356 g/l A dA 3=

#E BHlon, 145 g/19 Total lipidE Y+ (& 10).

¥ 9. Analysis of variance for quadratic model (ANOVA)

Source SS DF MS F-value Prove > F
Model 559.3 4 139.82 90.30 <0.0001
Residual 38.71 25 1.55
Lack of fit 28.16 20 1.41 0.67 0.7655
Pure error 10.55 5 2.11
Total 598.01 29
R2 = 0.9353; R2(Adj) = 0.9249; CV = 13.39; SS, sum of squares; DF, degrees of freedom;

MS, mean squares

¥ 10. vbEH Ao o3 HAHAZANMY Aurantiochytrium sp. KRS101 ¥j%¥ 23}
sample DCW(g/L) Total lipid(g/L) lipid content(%)
HHzA 13.56 57 42.1%
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2) ASHAE s Y

7h AEEH

O Glycerol< biodieselS AAtstE FA A AiHE F8 FAEE ¢ 10% (w/w)e] H&
2 Abo]l At M AR AT GdAwEF ATOR Q1F biodiesel®] AAko] F7}at
WA glycerol®] A4t Tk F43] F7H8t k. oo wEglycerol®] 71EAL2 FA|H o
2 3A #ixIFgem, AiE glycerold] EEAQL o]&o] Fastt wHBA LHEE
glycerol ©4&Yo 2 o] &3ty vAZRFE gt AWAiH(fatty acid), 53] DHAE A

REEE3

O ©AZF2 KRSY vigol= oF 80%9 crude glycerolS o] &3tdtl. wlx] W eglycerol®]
stge HPLCE o] &3l EA43AY. ZHL phenomenex® Rezex ROA-Organic acid
H+ 300 x 7.80 mmE °]&3tHom, o]gAd< 25 mM HSOs HZE7]E RIE o] &3tRt.
v ZF e 93 7|8 x| Z2A L yeast extract 10 g, KHoPOs 9 g, sea salt 5 goll
glycerol® CSL& ZtzF 25 ~ 70 g/L, 25 ~ 125 g/l 55 & @331 DWE #7189 total
volumeg 1 LE 39 glycerol® CSL ¥ =d m& MY AL Adqdsge. %7
glycerol®} CSLY HAE FEE FA37] 98] 500 mL flaskE ©]&3t] vigFHEIHE 100
mLZ A AEE APsAT. MFe 2479 mj A tetracyclined 10 mg/L =& 7}

3to] shaking incubatordll Al 125 rpm, 28 C=E u]%3slg &

v, A3

O AdaZAx 19 139 YeErd uvlel Zo] vk 9 AIZF oo x7] cell growth®= glycerol 35
g/LAA AxgFe]l & o #wE Aoz Yeyy I3y I ofF AEXEAFS LsE9
glycerol BiA oA =4 Jelsith KRSE glycerol 352 E 283 A3 9%F 60 g/LY 5%
AN MEAGG] 7HE L AL UEiET. dA s SFBAAA glycerol AEE 50 T 60
g/Lol A 714 Be Aoz Jehwtth vl 96 Al7bkol] 50 g/Lol A+ glycerol& A9 tf &

o2 Rol WA W9 glycerol®] F%7F Yol B o] KRS growth7t F7}8hA]
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(a)

80 r -
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<
e}
=
o
>
< 20 gly 25g/L
o gly 35g/L
gly 50g/L
gly 60g/L
gly 70g/L
0 L
J
100
Time (h)
(b)
80 r
gly 25g/L
gly 35¢/L
gly 50g/L
— gly 60g/L
S N ly 70g/L
= 60 gly 70g
o
S
©
a
© awf
o
E
o
o> -
T 20}
O
— A
— A
-
ol 3
L 1 1 1 1 J
0 20 40 60 80 100

Time (h)

a9 13. 7] glycerol F%X9] & KRS AXA% W3} (a) cell growth, (b) glycerol &%
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¥ 11. 7] glycerol 5% W& growth ¥ glycerol AR % W3}

Glycerol Glycerol Glycerol Glycerol Glycerol

25 g/L 35 g/L 50 g/L 60 g/L 70 g/L
growth | glycerol | growth | glycerol | growth | glycerol | growth | glycerol | growth | glycerol
0 0 25.99 0 35.47 0 47.31 0 57.71 0 67.80
12 5.24 22.50 6.83 32.27 4.11 44.79 9.67 54.49 3.70 65.34
24 15.23 13.01 15.92 24.59 15.86 38.38 21.57 45.21 17.01 58.43
36 25.93 1.71 24.32 13.54 26.66 28.59 51.17 35.44 33.21 50.07
48 26.73 - 37.22 3.96 40.86 19.24 69.97 25.63 56.51 40.44
60 - - - - 57.76 12.46 77.07 18.84 65.91 33.81
72 - - - - 68.96 7.46 79.47 15.04 73.21 29.48
84 - - - - 66.86 4.46 78.87 13.15 71.41 26.75
96 - - - - 65.46 2.29 74.67 11.44 67.31 25.02
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3) CSL(Corn steep liquor) %9 %93

O AAYdoF A83 yeast extract® A 3NA A 7HalX] Q] corn steep liquordl 419l KRS

AZAAEE G, 7] glycerol®] $%=F 50 g/LE 3tal CSL =& 25 7 125 g/L

ga710 g HA® Ao v,

=3

12. 7] CSL H=°] W& growth ¥ glycerol 2R % W3}

CSL 2.5 g/L CSL 5.0 g/L CSL 7.5 g/L CSL 10.0 g/L CSL 12.5 g/L

growth | glycerol | growth | glycerol | growth | glycerol | growth | glycerol | growth | glycerol
0 0 47.02 0 47.89 0 47.80 0 4877 0 46.97
12 1.1 4471 1.03 45.89 1.23 46.26 0.87 47.73 0.26 46.67
24 22 39.64 2.06 42.56 1.74 43.06 1.06 4594 0.32 46.40
36 4.29 33.21 3.68 37.24 3.03 38.85 132 4251 0.37 4555
48 5.12 24.09 476 3042 447 34.47 1.38 37.26 0.49 4495
60 9.82 14.40 10.78 21.24 8.43 28.33 7.59 31.93 1.18 4197
72 17.42 5.36 19.98 10.71 15.83 20.05 12.99 25.34 3.76 38.74
84 28.42 1.64 29.58 425 24.13 17.55 18.99 22.16 8.67 34.23
96 43.92 0.00 44,68 0.00 39.43 14.79 23.39 19.98 17.27 31.23
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(a)

80 r
— e—— CSL25g/L
........ Q-+ CSL5.0g/L
———w—— CSL75g/L
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z
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T 20F
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Time (h)
(b)
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g | e
5 % N
S NS
% 20 M e
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% ........ foXRrneen CSL5.0g/L
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O 10t ——A—.- CSL10.0g/L
— m — CSL125g/L
0 L.
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1% 14, 27 CSL ¥ %0] W2 KRS M¥AH ¥l (a) cell growth, (b) glycerol 5%
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2. Mg 4 A5 HH3)

(1) pHe 93

7F AR
O Glycerol 50 g/L, CSL 50 g/L 283 1 99 X HEL FUsA4A X3 5 L
bioreactorZ ©]&3le] WyF £2E 200 rpme 2 A3 pHS vvmel W3l wWE cell

growth 2 lipid A4t&Fe] ¥3E vl

ﬁ.,h
2
Z

Y. 23
O pH 55 7 7022 Zdstd KRSE Z47 wjgd 23 19 159 et uist Zo] cell
growth= pH 5594 ®l%k 72 A 7tol] optical density 62.94% 7} =& Aoz eyt
w3 o] o AEAZX FFE 3114 g/LE P ¥ Aoz yehgth Glycerold AE7}
pH 55914 72 A|7te] AR 2=m® Aoz vepdth wakA glycerold £Fo2 Q3 o
1oz ®th pH 55 o9 A= Al
glycerol®] A% T3 Zoj5o] HlY 96 Al
b o]Fd = glycerole]l BiA] o] HoldE AR UERGES. HAZERFY total lipidel A
DHA® 3% 2E pH A A9 FASA o 40750% < ez UeEt (Fig.
17). AEWS lipid e AR FolA AEH o2 Frste Aoz Yegen, Ay
FE pHe Wste whel Aozt 2A veEbgth AxFFAA lipid7t AR e H&L pH
550014 3528%= 7H¢ ¥ pH 70004 1858%= 7Hg & zez yebgrh v L
Z lipid®] 4= =3 pH 55904 1099 g/L= 74 A et Crude glycerold] ©)
£3 Wikl A pHO W3lE DHAY &3 Wgd wAye dF2 ofF3 L& Aoz Holn
total lipid® el AdFE v E o2 e

¢

o] ArehA] E3ta AEAFo] ol F A

»

>
o
N
2
)
O
HU
\l
)
DX

QL
rir
>_E
HU
T
o
X
lo

>1 £ >\‘

El.,q_'a
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Glycerol (g/L)
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(a) pH 55

O o

m]
—&— Glycerol (g/L)

—&— Growth (O.D. 600 nm)
O DCW (g/L)

80
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20

40 60 80 100
Time(h)

(b) pH 6.0

—@— Glyceorl (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

1 1 1 ]

40 60 80 100
Time(h)
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Glycerol (g/L)
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Glycerol (g/L)

10

2% 15. 5L STR Hi%7)olA pH Z & W& KRS cell growth

(c) pH 6.5

—@— Glycerol (g/L)
—&— Growth (O.D. 600 nm)

O DCW (g/L)

L 1 1 1 1 ]

20 40 60 80 100
Time(h)

(d) pH 7.0

—@— Glycerol (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

80
J
60 D
(@]
o
40 j
~
=
c
B
20 E
O
0
80
J
60 D
O
o
40 ’_T
~
=
e
B
20 E
O

L 1 1 1 1 ]

60 80 100

Time(h)

=i

=

glycerol 2%. (a) pH

55, (b) pH 6.0, (c) pH 6.5, (d) pH 7.0. Total sugar, closed circles; growth, closed squares;

dry cell weight, open squares.
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(2) Aeration®] 93k

O KRS gl A aeration®] F3FE &R13t7} 13 5 L STR W71 E o] &3t vvmel wE
A3lE Ay A AR 2 AujIde pH 287 FLdA FASAL Aa2TF

(vvm) 9] viFEd2 28 T, 200 rpmSE pH 6.0 X389 w43t A <.

&

. A3

O ®iY Azt 19 16, 179] veRA uvlel o] 35 vvmeolA wl 96 Al7tell optical density
65.38%2 7HE %2 ALz yeEnoern, I 99 xHAAE i 50 A=Y Aoz HEN
9 AXAZ FHL 20 vvimTF 3.0 vvmolA FHuolgtol Z+zF 26.88, 25.96 g/LE & X}ol7}
AdRoew 35 vvmollAE 2945 g/LE A UEYY. Ad2xFFEd oE wWY$AF total
lipide] 3t digF 20730% B ALS=Z vEyth Total lipid 5ol DHAS 3&& At
o7} A vYe A= JJAT dIFE < 40750% BEQ AoZ YEET. 35 vvmol Al
total lipide= 8.78 g/LZ YExtorw o] uf DHAS AAHEFS 354 g/LE FAFHAS.

(a) 1.0 vvm

50 r 180
40
30

20

Glycerol (g/L)

ey
Grwoth (g/L), DCW (g/L)

10

—@— Glycerol (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

L 1 1 1 1 ]

0 20 40 60 80 100
Time(h)
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(b) 2.0 vvm

—@— Glyceorl (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

1 1 1 ]

40 60 80 100
Time(h)

(c) 3.0 vvm

—&— Glycerol (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

1 1 1 ]
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Time(h)

_47_

80

60

40

20

80

60

40

20

Grwoth (g/L), DCW (g/L)

Grwoth (g/L), DCW (g/L)



(d) 3.5 vvm

50 1 80
40 g
160 2
2 :
_9 30 a
g 140
S k=)
Z\ 20 | ~
O S
o
120 2
10 | G}
—&— Glycerol (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)
o+ -0
L 1 1 1 1 J
0 20 40 60 80 100

Time(h)

29 16. bL STR #l%7]o] A air aeration®] W& KRS9 cell growth 2 glycerol &%. (a)
1.0 vvm, (b) 2.0 vvm, (¢) 3.0 vvm, (d) 3.5 vvm. Total sugar, closed circles; growth, closed

squares; dry cell weight, open squares.

(a) 1.0 vvm

60 r q 10
~~
g ° o
£ S0 o o . ls
S ° o d
< 4f 2
5 I
J 30} —e— Lipid (% DCW) Q
g O DHA (% TFA) -
O —a— TFA (g/L) 14 3B
O ot O DHA (g/L) ;—{
(=}
S L
© 42 ~
3 10r o
5
(U -0
L 1 1 1 1 J
0 20 40 60 80 100

Time (h)
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Lipid (% DCW), DHA (% TFA)
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(c) 3.0 vvm
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Time (h)

_49_

80

100

10

10

TFA (g/L), DHA (g/L)

TFA (g/L), DHA (g/L)



(d) 3.5 vvm

60 7 10
50

40 Q

30  —e— Lipid (% DCW)
O DHA (% TFA)
—=— TFA (g/L)

20k O DHA(g/L)

Lipid (% DCW), DHA (% TFA)
TFA (g/L), DHA (g/L)

0 20 40 60 80 100
Time (h)

2% 17. 5L STR uj7lolA pH Zdd wE KRSY lipid ¥ DHA AAtZE #3 (a) 1.0
vvm, (b) 2.0 vvm, (¢) 3.0 vvm, (d) 3.5 vvm. Lipid(% DCW), closed circles; DHA(% TFA),

open circles; TFA(g/L), closed squares; DHA(g/L), open squares.
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Q) #A AFF] %

S Wl FA WEFS %L FA3}7] 930 5 L STR WP S ol§3tel 43
0 WstE FAstarh WA YE R AWFe pH AEH T FARGT Ak

FTFZH(vvm) Yol wFzAL 28 T, 200 rpmeE pH 6.0 HA 3 wjFat S

. A%

O %7] FE%F WE cell growth®] AolE v A 27 18] vebd uFe} o] 140
g/LAXE % OD. 90 B= =gdA ot 1 ojele] HFFANME 60770 A== @2 A
o2 Ueht. AExdz %2 0D. #9 o 60%=Z EFBE #&AL wet wmsfA vf5
A et HFF 140 g/LolA oY 96 Aol AEZAX FFE 5154 g/LE S &
AAT. MEAZFTFNA lipide] FFL d=F 30% % AoZ veigoew, o] & DHA
o FFL ok 40750% Atell ReZ uEltth Total lipide DHAS F#HE HEH 14
g/LAlA 7vd =& Aoz yeyten Zh7y 1326, 7125 g/LE SAUAHAE.
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(c) 30% (10.5 g/L)

80 r q 100
~~~
.|
~
=
41 80
60 | %
) a
2 -1 60 c
—_— jo
) S
= 19 4
© <}
2 c
120 5
—e— Glycerol (g/L) é
—&— Growth (O.D. 600 nm) o
O DCW (g/L)
(VR -0
L 1 1 1 1 J
0 20 40 60 80 100
Time(h)
(d) 40% (14.0 g/L)
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J
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@ o
> 1% 4
O o
N—r
20 + -
120 5
—@— Glycerol (g/L) E
—&— Growth (O.D. 600 nm) 0]
O DCW (g/L)
(R -0
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Time(h)

% 18. 5L STR wig7lel A =7] HF = wE KRS9 cell growth 2 glycerol &%, (a)
10%, (b) 20%, (c) 30%, (d) 40%. Total sugar, closed circles; growth, closed squares; dry

cell weight, open squares
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(1) v £ 2 (Repeated fed-batch) Wl %

7},

O

A9

ju)
)

e 25 28 T, AfrEE 200 rpm, AHAEHFS 35 vvmeE A3 auto controller
£ Ab&3dted HCI NH.OHE HiA W& FYste] pHE 552 #FASHA wjgsidnt. A

£3 ¥]X]+= crude glycerol 50 g, CSL 5.0 g, KHoPOs 9 g, sea salt 5 gol D.WE #H7}3s}
o] total volumeS 1 LZ 3o A S WEQh Al =3 FAI wjAE o]&3le] 1 L
baffle flaskel 200 mL& 28 C, 125 rpmolA] oF 34zt wi4stdth. 5 L STR #ig71 & o]
43 KRS " ¥<2 working volume 2L, 5 %2 KRS AZXFHoZ 14 g/LE FFTsIA.
Repeated fed-batch= HlF 48 Al7vit}t HlYHlA 9] 40%E H7]2 M= HIXE H7bs)
o A3

1} A

O

W FA} 48, 96 AlZbl WX mBS & W 27 AE w27t 343 FUetE ASE e
wow AE Ax FFE I wE 2A T AR URNHY. 27 AE HITH
At AE Az FF F7HE vAdtd R 48 96, 144 Azt A F7hFe] 247 2594,
39.72, 4034 g/L2 T WA wFolA FrhEFe] oF 50% ol Eolxom 1 olF FUtFE
FAsHE AoE YeEgt (I¥ 19 a). AX Ax A total lipide] F3FE x7] al %
o] mpA Q] 48 AJzbel| 3824% EA JERG oY o]F 96, 144 AT AE °F 20 %E lipid
o] o] 543 A4 o2 Yehyt 13y DHAS 32 ¢F 40750%E X5

Aow YUY AAHoR wIIAE AXNAA AX HE FFol F7HA e lipid
o] FrFo]l AA 748 total lipidE 48, 96, 144 A|7kell Z+zh 11.72, 11.88, 1367 g/LE L
zkel7F AX] &Rt (2" 19 b)).

als

i
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2% 19. 5L STR vl %794 KRS9 repeated fed-batch. (a) cell growth %
(b) lipid 2 DHA A4tz W3}
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al
=

1.

3 A Aurantiochytrium sp. KRS101 #F Wl 2Ady A

50, 500L W F71 & o] &3 w714 WMF

7 A9

O

g goll Al KRS 473 2 lipide] AAZFS Fdstz] s 50 Lk 500 Lol v ¥ &
o] &3t scale-up AES AAFAUT. HWIFLEE 28 TE FX3A%2H, pHE auto
controller® AH&3t HCIZ NH/ OHE wiA W2 FYste] pHE 65% FASHA v Fst
g}t AF&3E WA= crude glycerol 50 g, CSL 50 g, KHoPOs 9 g, sea salt 5 go] DW
Z 7184 total volumeS 1 LE 3le] wiX & wHETh Aulg =3 5L BIXE o] &
sto] 3¢ 7 wlFste] working volumed] 10%E HZEsA ok #l¢7]2] working volume2
507 500 LolM Z+7} 20, 300 L= 3t wigFatieh. 50 L wi¥7lolA e &4 =212 100
pm, 2.0 vvm o & fed-batch H] %3} <.

oA e 2d &3F £4& ¢33 Burja 59 Bligh-Dyer < o] §3le] o9& F£3)
Ho. 125 mge] AxTAd 222X E 625 ml, WEE 125 mi¥} 50 mM KHPOs buffer
|99 (pH 74)E 5 ml 7k 28°ColA 200 rpme & 1A &<

3 phosphate B# & 27 625 ml #7718t ¢F 30WH A= 4o & v BAFAS. &4
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¢
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e
1o,
4

o)
T

Total lipid (g of oil per 100 g sample) = [(WL-Wp)IVcI100] / [VeIWs]
Wpwas the weight of an empty aluminum dish (g);

WL the weight of an aluminum dish with dried lipid residue (g);

Ws the weight of sample (g);

Vc the total volume of chloroform in the graduated cylinder (ml); and

Vp the volume of chloroform transferred to the aluminum dish (ml).

1}, @3

O

50 L #jr)ofiAde &4 2788 100 rpm, 2.0 vvme E fed-batch ]9l iv). w4 3}
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cell growth® OD. 67.197}R] ZF718tE Aoz Ve on N Ax %L 3459 g/L7t
A zgddte A2 Yggt (I8 20 a). Total lipid® 32 vl 72 A olF ¢
22723% AEZ AdAHE Aoz YEg o DHAY §F2 o 50% AF=2 Histe Ao
2 JUEst (29 20 b). Total lipid®t DHAS At) BatZe zhzh 774, 357 g/LE 5 L
izl e] A3 & AT A= YeEth 500 L wigrldAe &4 242 100
rpm, 0.67 vvmo =E fed-batch Pl 43ttt Wi A3 AXE 442 OD. 124677HA =23}
E Ao ygygen Az FFHouE A 5058 g/L7tA E9dtE Aow yehytt. o
= 5 L% 50 L Wl Ao v ZA F718 Aoz YUY AX dAx FFAA9Y
lipid®] ¥FL2 60 AZF o]F oF 35738%= WEINton, DHAS 32 old 4FH #Atst
A ¢ 50% FEZ et Total lipideh DHAS Hd) AA%e Zz} 1915, 1052 g/LE
5L mEr|olde Ao ws) 258 o] AA F e Aoz YEYS.

(a)

0L

70 - 100
60
50 F
40

30 F

Glycerol (g/L)

20

10F

—@— Glycerol (g/L)
—&— Growth (O.D. 600 nm)
O DCW (g/L)

Grwoth (O.D. 600nm), DCW (g/L)

L 1 1 1 1 ]

0 20 40 60 80 100
Time(h)
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(b)

2L
60 114
~
o
E 50 k o O 412
|_ (@] o —~
NS 5 o o © o000 =
[ 20 o 4110 @
< <
a 48 E
I 30} —e— Lipid(% DCw) ~
§ O DHA (% TFA) 16 -
O —=— TFA (g/L) S
O 5t O DHA (g/L) -
S 14 &
Q/ g0 o a-.g L
S [
5 f {2
-
o+ -0
L 1 1 1 1 J
0 20 40 60 80 100
Time (h)

a7 20. 50 L STR Hl¥7]ol A KRS®] repeated fed-batch. (a) cell growth 2 glycerol A&
2 (b) lipid ¥ DHA AArsF W3}

(a)
300 L

80 r 9 140
-
~
4120 2
60 ;
. 4 100 8
- .
~—
2 {80 E
5 f s
8 {60 ©
> a)
o) g
{20 2
20 =
IS
—@— Glycerol (g/L) 420 E
—&— Growth (O.D. 600 nm) o

O DCW (g/L)
ot -0
L 1 1 1 1 J
0 20 40 60 80 100

Time(h)
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(b)

300 L
70 120
~
E oF oo
~~~

R 50 115 <
< S
% 40 © <
o 5

X 30 {10 —
g J
8 20 2
X . <
S —@— Lipid (% DCW) 45 LL
= 10 O DHA (% TFA) I—
= —m— TFA(g/L)
5 of O DHA (g/L)

L 1 1 1 1 ]

0 20 40 60 80 100
Time (h)
a9 21. 500 L STR w719l 4] KRSS repeated fed-batch. (a) cell growth @ glycerol &

&, (b) lipid ¥ DHA A4t& Wz}
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2.

AHEAL F2 GE o) AFAAQ vAxT v F

(1) 2¥g(STR) " %7]

7}, %

O

PR RENS

[e]

t&
)

Aurantiochytrium sp. KRS101 "AlZF #AE 5-1 2823 [2 1 wlA (glucose, 60 g/l;
veast extract, 10 g/l; Sea salt, 5 g/l; agar 15 g/DIolA 60 A7+ B¢ Anjgst & 5008

g ujdriel 72 AzF T m g wdd s 58 wiYVIE ol st 12A17F tRoE X ®
T FEEY ol &, #A A5 (OD600nm) H Y3 DHAS AMZFS ZAARS. HF 2

& 28°C, uHtE % 80 rpm o2 3£ e AAs A S

oA W oY ¥§F £4& 93] Burja 59 Bligh-Dyer ¥ & o|83te] 294 F%3}
S 125 mge AZFTA FEEIE 625 ml, WS 125 ml#F 50 mM KoHPO, buffer
|9 (pH 74)& 5 ml H7Fstd 28°CollA 200 rpme. 2 1A1ZF &<t o

3 phosphate ¥ & Z+Z} 625 ml H7tstd ofF 30W AX 4o & oF AAIAS. £
g 8o f718d F (9F 125 mDS 3|38t 80°C dry ovenolA ¢F 30& AR Axg
T de FAE SHSAS. 24 FHFE oty A wt AHFAS.

Total lipid (g of oil per 100 g sample) = [(Wr-Wp)IVci100] / [VpIWs]
Wpwas the weight of an empty aluminum dish (g);

WL the weight of an aluminum dish with dried lipid residue (g);

Ws the weight of sample (g);

V¢ the total volume of chloroform in the graduated cylinder (ml); and

Vr the volume of chloroform transferred to the aluminum dish (ml).

A zgel BAL g8 AzFA 5% (vv) TR £ 3 me W

¥
90°Coll A 1A T+ 1 -

olo
(o0

FRe. AAE d2HE2 BESAE S 06 ml o E F53T 3
f2zaz2vtE 288 [GC;, Hewlett Packard 6890N equipped with a flame-ionization
detector (FID) and an HP-5 (30 m 1 032 mm, 025 mm; Agilent Technologies)
capillary column] B2 ® EA3Y S ZH9 2= & 150°C (after 2 min of holding)l A
270°C (with a further 2 min of holding)® 7 7°C & F713t94 4.
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v, A3

O 5000 @& ¥j%¥71E o] &3+ Aurantiochytrium sp. KRS101 vl A (working volume
2500 1 media), WY 48 A|ZHA] 305 g/19) AxTdAFo] oS (Td. 22). 24 A=
2 AZ TAFL 269%2 82 g/l ¥EFOoZHE oY HIFEL 196% (&
g/ g E=)olen, DHA TF A4 AW4itel 395% ool lew, DHA AL &
16 g/1 91 Ao 2 JENGS.

¥ 13. Aurantiochytrium sp. KRS1019] 2500 @18 8]<F (5000-2] & ukd wjek~])

Stage 1 Stage 1I Stage 1III Overall
(0-24 h) (24-48 h) (48-60 h)
Specific growth rate (m, h™) 0.076 0.046 0.002 0.057
Specific glucose consumption 0.013 0.090 - 0.064
rate (gsh™)
Specific lipid accumulation 0.031 0.066 0.001 0.039

rate (gp,h™)

1510 35
30
~ 40
8
< 2h o~
i
5 3
< 30 -
i 20 %
3 <
3 15 K
o 20 .
2] =
e O
E 10 ©
O]
E 10
2 5
o
0 ' ' ' 0
0 10 20 30 40 1510 B0
culture time (hr)
—B—residual glucose (g/l) —e—TFA (%) ——DHA (%)
—a— DCW (g/L) —e— TFA(g/L) —— DHA (g/L)

239 22. Aurantiochytrium sp. KRS101 #5¢] 2500 &8 #]%F (5000-2]H WEE 8 <g~])
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(2) 7123 (Air-lift) W g7]

O wuty wjgr|st 34F WHoR 7|XHY Y 658 MIF7E o83 Fdst &AL wjF 2
=

=3 vt} go] 5-2H %] AYolA DHAQ AL 33 g/l day2 A9 AlA
H3 52 d ¥ksly 300-, 5000-2 8 w ¥ E o] 83 Aurantiochytrium sp. KRS1019
vt AFA 1.08 g/l day$t 16 g/l dayE A @2 DHA A4S B S, wuky vt
71¢F 2d, 6000-H TR VIEYE wErIE ol&F  wiYdlA (3000 = H)
Aurantiochytrium sp. KRS101 @59 4 &E9 ¥v49d 4% £+ IA F7HI9oH
(ZtZr m, 0.090 /h¢} q.,0.115/h), 7} A F7Hstd oy, A &= o
ol vla) 29 A= FUAskE Ao2 vEgon (q,0.060/h 163g/), H 3 FF<] DHA
A9 56 g/l dayS BHES. 71E9E ] 4ol A Aurantiochytrium sp. KRS101 ¥
H3 F< DHA A2 56 g/l daysS RIS, vl2EAL SR21 #5¢ #i DHA

k>

rl
o

2 w3k wuk

h Y

ol

ARl 13/1 g/l day (14000 =)ol F7H4 224 F7IFY wWE =AM dod=2
Zarg W, 39 AL Fstel KRSI0L #%9 494 DHA 44 240] 7158 Ro=
SES:

¥ 14. Aurantiochytrium sp. KRS101¢] 3000 &8 ®l < (6000-3 8 7|E¥3 HlL¥7])

Stage I Stage I Stage III Overall
(0-12 h) (12-24 h) (24-36 h)
Specific growth rate (m,h™) 0.195 0.069 0.007 0.090
Specific glucose consumption 0.062 0.092 - 0.115
rate (gsh™)
Specific lipid accumulation 0.095 0.129 0.053 0.060

rate (gp,h™)
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a9 23. 7IE¥E 8Yr]E o] 83t Aurantiochytrium sp. KRS101 "Ml ZF v <&t

L

L 3

Dy
e L 3
mT

3% 15. Comparison of parameters at different type of bioreactors on DHA fermentation by
Aurantiochytrium sp. KRS101

Stirrer  type Air-lift  type

(5-ton  scale) (6-ton  scale)
Lipid conversion rate (g g 'glucose) 0.196 0.262
Lipid productivity (g 1'day ') 4.08 108
DHA content (% total fatty acids) 39.5 52.3
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70 35

DCW. TFA, DHA (g/L)

residual Glucose (g/L), TFA, DHA (%)

0 g 13 27 36
culture time (hr)

—B—residual glucose (g/L) —e—TFA (%) —&—DHA (%)
—8— DCW (g/L) —e— TFAig/L) —A&—DHA (g/L)

29 24. Aurantiochytrium sp. KRS101 #¢] 3000 €& ¥l (6000-8H 7| Z&3H
vl ¥F71)

N &
6] o q-"hﬁ S -13“‘@ 8.5
g & &
= 4 - 3.7
_E‘ 3.3 29
u—'& 9 . 1.7
u [ T ]

35L 30L 24L  1000L 3000L

LAB scale PP scale

Martek SR21 : 7|5 H (U Y 2)
KRIBE KRS101 : 7|2 5%

a9 25. Thraustochytrid A€ wAlZF<9 DHA A4k vl
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Al 4 A Aurantiochytrium sp. KRS101 DHA 2.9 &% IA /¢

P 1 step ethanol processing

Cell paste (20g)
Cell powder fgu\atalag

! Sonication
300W, 20kH=, run Ss+off 5s

[
\-.--—---»"l

¥
Final ethanol 35%(v/v)
80°C, 30min
v
Centrifuge

Cell debris @ Ethanol phase @

Rotary evaporation

¥ N

@ Non lipid Lipid in ethanol &
|n ethanol (Folch methad)
acid hydrolysis)

O Dry cell weight 10%(w/w)2] cell paste 20g< 50ml F 2o ¥ &L 380mle H7}35
o HF & FE7 B%7t HEF & F 80ToA 303+ vrAF. vkgAs dAE
5 3000gell Al 10&3F 94 & A5d3s 1HES 2T A4 7Y FFHEH
95% ol¥rZo o+ cruded lipideE 3%, 34§ crude lipide Folch Hell <3|

!
lipid fractiong £2)3}1 non lipid fraction®] ZF3] Y& lipidE £33
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P 2 step ethanol processing

Cell paste (20a)

Cell paste (20g)
Cell powder 2g+waterl8g

Sonication
300W, 20kHz, run 5s+off 5s

o -

Final ethanol 50%(v/v)
STR 30min

pm————

Centrifuge
1000g, 5min

¥ N
Cell debris Ethanol phase
v

Final ethanol 95%(v/v)

80°C, 30min

Centrifuge

3000g, 10min
C

Cell debris 3 Ethanol phase @O <—

Rotary evaporation

—~ Non lipid Lipid in ethanol (2)
~in ethanol (Felch method)

(acid hydrolysis)

O Dry cell weight 10%(w/w)<] cell paste 20g= 50ml FEo 93 &L 20mls H7tstS
HF deEE 357 50%7F HEE 3 & A2oA 3083 wRkgh vEgA3-& 1000gol A 10
= 50% ol gr2ol FolUE cruded
lipidg 3|3 ZFEL LS Hrtsto HFdEdE % B%v/V7E HES & F 8

0TClA 307t JHSA. ¥HgAS W¥zhgk & 3000golA 1027 e & A4sd

TYPEL BT AR B FFstd 95% A& Holle crudedt lipidE 343

A

cid

=

=] 5 @ S [e] B S
7 AAEAT F ASAG 132 2T 45

o

343 crude lipid= Folch el 23 lipid fraction® non lipid fractiong ¥3 3}

hydrolysis®y © 2 non lipid fraction®] 73] 3= lipid S|

o

j=]
e

]

%259 A2 (Sonication)

O dgs& F& d DA 253E o83t AMEFGH XIS o dedS FF a8 IF
S A=A Loty Y8 2S9 AHIYE g 50ml FEO Dry cell weight 10%(w/w)<]
cell paste 20gS &F3ta AEZo] FEo| He AE WA sl FEE  ice-water
bathel %¥&. SONOSMASHERE ©]&3te] 300W, 20kHze] ¥ o2 °F 152 ZH(run-time

5sec, off-time 5sec) * &3t
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Folch Y

O

Folch &< #%3 crude lipid 1gol S22¥ 23 wetLS Ruju 218 T3 &4

EZF9S 3000go A 1087 AAEE

liquid phase? 33 & F 28 & A3 F/HT 4mle ¥ 4. 2000rpm o= 10

A st 12 mE2 Bystx, ol FL dA 50% WMEES(v/v)E 4ml ¥

&8 % (washing, 23] W), o} F L Fgste Y FHat ZEEXES

< 353t ogh2d ol lipidE A #FE(lipid in ethanol). WZ 3
&

Al 73 E& dy e ol E non lipidE A =3 (non lipid in ethanol).

A

[}
[

mlS ¥ g2olA 1572083 EEHA wSAIZ.

3t

h 4

ML
r{o
o>
L

i

flo

=
°©

B2
e
&
e

o)
o

N
18 K o, = o

gy’

ofj

Acid hydrolysis®

o +

2
)
fifo
2
i
rr
)
to
O
o{}lr

(non lipid in ethanoDdl ol A& IFHF LLE A3y s

| £ 3 non lipid in ethanol A& ethanol 1mlol =< 50ml F&H
o et Fsriet E v &o] 25:111(v/v)Ql &H4E 5ml FE & EEs 755T
gz Yol 4083 A F A2 B4 dwE SmlE H7Fet 12ml ethyl
ether® ¥ 1 187 9-E. 12ml petroleum etherE A7}t 187F nwkdl & Zo] £y
9 Q= filter paperol 35t 343, t}A] 8ml ethyl ether® Y3 1837F mutgh
8ml petroleum etherE F7}8tx 183 ke & Zo] EF A &7 filter paperdl <
Fste] 34 (235HE). 35 FEHE 135C

29 TAE A,

i)
o

58.7%, Cell debris™= 41.3%°|t}. £ A

e T3 259 Y HYE A Z1 194 deEE FE2% A 35T 299 G
ol HAER Wl LLTF v FF&0] 675% Y. EJT
o] = Dry cell weight(g)d 0532g2] <

dE 2Ry HAERF 2d FF Uiy Jged 06%E a3 Agd o g0

23 A AHYE A &2 294 dEE FEE P& 9 Dry cell weight(g)d 0.407g
o] 2¥4S P 3g4Eo] 69.3%01R e, =29 B AP F 204 dEE FE2& &
W Dry cell weight(g)®d 0542g¢] 2.¥& 4o 923%Y 3F-E&S RIS ©l2X =57
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=

Weight percent of drv cell weight

53.2
40.7
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Lipid in ethanol
39.6

2

o3l
k=

Ethanol phase
55.2
73.4
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1

=

T

Non sonication
Sonication
Non sonication
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1 step
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i
s
el
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ste], 125l A 30&E3

S

=
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=
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A

=

=

&t

st E 1%

6
25C Al 14000rpm 2.

27}t Autoclave) o) A

1691 A oF o] F

O wWigAE 4ToA 9000rpmeZ 4023 d4 &£
¥ #AFel 50mle]

1o
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ey

ol

7k dojyi 90TlA < 30

4. 2w
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]
eyl

O Aurantiochytrium sp. KRS101 2¥48 &

718w E A8

[e)
T

o

N

o

Hlo

AN Y FAE o1 $EH7E 7] Wi, Bo

4

=
=

o

el

=5

Aurantiochytrium sp. KRS101 2.¥

ki3

(125TC A 30% &<t Autoclave)o] 9]

Lag'ak

DHA

L= L=y

L

||ﬂdd.1ﬁ.“l|-

OOt t= | =-=3

1\

S LT L -

040 & =g

fp—— ——————— ————————— ——

18

18

4

12

10

ra
i
0

N

=K

%%

ol
=

F Aurantiochytrium sp. KRS101 &

3|
i

29 26. Lkl o

tel mAl =R

3]

°o]-&

=
=

ZIAFAFEE ZA

B o]

A

3|

:TL

B!

o}

ol

v A7

L Al = shslel AE9 ust

o] 7}53 W o2  Aurantiochytrium sp. KRS101 299 F&d $83F9LS. =44+

ol

—_—

3
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o ¢J38] Aurantiochytrium sp. KRS101 "lAlZF ¥4 90go =8 H 37ge] 2
W (FAFY 41%), 7t=AZetEOHIAE o] &3 At A4 A A

o
ald
rie
0 oE
32
o

DHA 3$H&2 45% 91 Aoz YERtS.
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A5 A AYRAE &8 Aurantiochytrium sp. KRS101 DHA 2 ¥ 9}
3 A 24

O HZYHMZE &3 Aurantiochytrium sp. KRS101 Pl ZF 299 ¢tAXS HAF3]7]

£ 17. A=29AE o1& Aurantiochytrium sp. KRS101 vjAlZF wFde FalE4d &4

3

. Hg Pb Sn Cd As

==

= mg/kKg

=S| _ _ _ _ _

e B4 el B4 B4 245
B ForM ICP-AES ICP-AES ICP-AES ICP-AES
v S S SAH S S

B74%&7]%: Hg 0.0005 mg/kg, Pb 0.0197 mg/kg, Sn 0.0348 mg/kg, Cd 0.0013 mg/kg, As
0.0641 mg/kg ©]3}
e AEATY YT A3 (Y A A02013-07-25-249%)
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Al 6 A Aurantiochytrium sp. KRS101 DHA 299 &% HZXE

L MAZF APAR L BUAE AN

@)
2,
N
L
me
s
A
)
>
N
o,
M
%
o)
>
fr
o
Jo
=°.‘=
O_u
M
2
flo
>
aY)
T
¢ [o]
rok
H
mV)
=
>
fr
bins)
St
1o
)

(2) MAzF dIFRE 243

O 4719k 7o) 500 L #l%~”] (working volume 300 L media)E ©|&3t9 Aurantiochytrium
sp. KRS101 #F& wigstnon, widZda, 4412 g/Le Az A=, XA 30.65%, 1
2]12 DHA %3 A At 4895% A+

O Aegel FIUTAEYS ABENAE gFsted AR FAY HES AR BN
23}, ARBeY A7) BEs fE b

i
N
N
2
»
i
l-l (
pous
o
fr
i
i)
il
ne
o
7
[—
x

. _ oE | 2o | ofE | of= | o=
fol |z | Ae . § wet
e e Ma | e | 2% | B | ds | Aw | A% | ds | gw |
=R ABL | A A | AB2 | MGl | G2 | ¢
T ppm ppb

H =
"2 20 |05 | 40 | 05 | 100 | 100 | 50 | 200 | 50 | 50 | 50 | %
At | Az | 42 |02 | 42 | 4% | 205 4% | 880 | 4% | 4% | 4z | 4=

¥OAH@=EAIR Y AAREHAH 2498 23 (£4 A 2012-4693-1%)

O WAZF AR AL o5 300 Lulds fAEs 70 L) sEo
GasAe} 4348 E8atel 1 Lo Sapay &7 T4 AMSRS (18 29),
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2. FHAS At 2 TR Ask Fol H2E

(1) Aurantiochytrium sp. KRS101 a4 du|Alg A 9-%24 Fo] A}

7F FAAS (A3 Fol AEH
O Aurantiochytrium sp. KRS101 AT HAIZE A -2 & o
Agualg FolHEHe vgAE FolHY 03%Y (WITAIE 1ED Aurantiochytrium sp.

KRS101 ©@vAts 3 Lot 71€ FAF AHE S HEEHEE A AR

ol
o

sto Foldde I oA
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e KRS101 DI Al &5 i &4

23 29 A ZE G2 FolAF

O X% 19% Aurantiochytrium sp. KRS101 AT PALE Fo] HEE Q& HAF3 &
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N E
Folg Fd 34

N
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& Fol gL

¥ 19. A ZE Fo] H2AE /e 2L Al2AS A
SR EE A4 BY4 3
= 9 AAEA diAEg 7128 | 9 AL gidks diZ2e
=AA T A 7732 W=z 013-7 aFo] Ak
FA WA 193 9543 2353
42 = 20123 69 20123 69 9¢ 2012'd 59 26¥¢
A4 vz S 1009 w}g) 100% ©}g] 2005+ v}
PEEEE:
(20129 109 129 15 1358 PE
71%)
PERETE:
(20124 109 129 2MEE 1375 36E
71)
AEAF
. 1:1.01 1:1.13
AtEF o F/A & 1:15 . e
sHe5) (W $-<42) (&%)
KRS101
@A FolF - e 108eI
FA% A7
SoFH A (3 Foldd An
O Aurantiochytrium sp. KRS101 A GFUAIRE Fo|gk Ao dutdA g Ao FAS
NEg A3 GuAERE Fold ALY 2AL] A ASFAY Brh EES (E 20). I
A 90dH e AS 32% ol FAE T YRS
o g oA FolArel F& 2

ENAEA EHEAT o FoiAEd FH
Ao A 1209 Abelell 20 goll =& z
834 88l A+ FAZE 20 gl =

13t 2 FolXEHE

et o AR HTojrel MAEF
29 + 9e JHsAol WS woI DY, B}

25 AL v8dzto] 7he i




3 20. Aurantiochytrium sp. KRS101 @rjALE Fo|Ad A

A4 44 90
A4 1949 | 94 3094 601 (93)91 20g =4 7|3
A gk A 001 g 08 g 40 g 12~15 g 115¢
AGAF 001 g 170 g 60 g 220 g 83¢d
B4 % 002 g 178 g 6.24 g (22.0 g) 88Y
O 1% 302 1549 % A< 0LBEAT-E vluste HAF1 5.

a9 30. &4

(2) Aurantiochytrium sp. KRS101 @ujAls A 423 23 (FH) Fo] 27
7h. FE Fo| Aduy
O Aurantiochytrium sp. KRS101 3

AL AR AP G DHAS T853 9o
DHA 7154 AR $hat DulAez Adar] 98 34
AR MARF FAAZ LA AR WPstel Aoke AS Astl Foldae (s

Alg FF %9 1%).

O vlAZF o AtmE A% Aste] o4& Levo} (Artemia) YA A3
& E@ devicle] Ho| 4B ZEF ] JYPHAZ ALESHAL (0% AAS] Lo
3t Al 172 ml AH8).
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o #E Foldd 23
O lMZF KRSIOl WolAls FRuFge] Bolg 2% 23 2% Azgo TATo|
Wel 5% ol RS (E 20, olghge AR WTolne} HAEF Foz 1% 2
el G welel 378 Aoz dE. Ase) Axgel Zagel we As TP A
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Abstract We examined the growth of a novel oleaginous
microalga, Aurantiochytrium sp. KRS101, using cellulosic
materials as nutrients, and the resultant production of lipids
containing high levels of docosahexaenoic acid (DHA).
The microalgal strain could grow using either carboxy-
methylcellulose or cellobiose as a carbon source, and
produced lipids containing high levels of DHA (49-58%
of total fatty acids). In line with this growth behavior,
carboxymethylcellulase and cellobiohydrolase activities
were evident in both cell-free lysates and culture broths.
Additionally, an industrial cellulosic biomass, palm oil
empty fruit bunches (POEFB), a by-product of the palm oil
industry, were utilized by the microalgal strain for cell
growth and lipid production.
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Introduction

Single cell oils, which are accumulated by many micro-
organisms (e.g., algae, yeast, bacteria, and fungi) under
certain culture conditions [1-3], have attracted intense
research interest. Compared with plant oils, microbial oils
offer many advantages; in particular, microorganisms have
a short life cycle; are more easily handled than plants; are
less affected by location, season, and climate; and are a
source of oil that is amenable to scale-up [4]. Although
microbial oils may be especially valuable, considering the
rapid expansion of the biodiesel industry, commercializa-
tion is hindered by the fact that microbial oils are usually
more expensive to produce than vegetable oils, because
heterotrophic growth nutrients are costly.

Among the heterotrophic microorganisms studied, yeast
has the particular advantage of a fast growth rate and high
oil content. Some yeast strains, such as Rhodosporidium
sp.. Rhodotorula sp., and Lipomyces sp. can accumulate
intracellular lipids to levels as high as 70% of biomass dry
weight. Most such lipids are triacylglycerol (TAG)-con-
taining long-chain fatty acids; the lipids are thus similar in
structure to vegetable oils [5-7]. The microalga Chiorella
protothecoides grows to a high cell density (155 g LY
under heterotrophic culture conditions, and the oil content
is also high (=509% of dry weight) [8-10]. Apart from
algae and yeasts, fungi also synthesize oils under partic-
ular culture conditions. The mold Mortierella isabellina
accumulates lipids to 50% of biomass dry weight [11]. As
with fungi, some bacteria also biosynthesize oils under
certain growth conditions. Mona et al. found that
Gordonia sp. and Rhodococcus opacus could accumulate
oils under particular culture conditions to achieve a
maximum oil content of 80% dry weight, but biomass was
only 1.88 g L™ [8].

@ Springer
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An oleaginous microalga of the Thraustochytrid fam-
ily may be especially valuable for oil production because
at least 50% of the dry biomass is lipid, with a high
content of omega-3polyunsaturated fatty acids (PuFA)
[7]. especially docosahexaenoic acid (DHA, C22:6n-3)
which plays a key role in development of the brain and
eye [12-14]. A high content of valuable fatty acids
would afford economic advantage for the use of micro-
bial oil as a bio-oil feedstock. To date, many types of
nutrient sources have been tested for supporting the
growth of oleaginous microalgal strains. For example,
Chi et al. [15] cultivated the Thraustochytrid microalga
using a hydrolyzed
potato broth as a nutrient. Liang et al. [16] employed
stalk juice from sweet sorghum for cultivation of a
microalgal strain. Apart from agricultural products, crude
glycerol, a byproduct of the biodiesel industry, has also
been used for cultivation of a microalgal strain.
Recently, we showed that molasses permitted the growth
of a novel Thraustochytrid microalgal strain, termed
Auwrantiochyirium sp. KRS101 [17]. However, despite the
fact that microalgal strains are usually found on the
leaves of mangrove trees [18, 19], the use of cellulosic
biomass supporting the growth was not tested. We here
evaluate whether Aurantiochytrium sp. KRS101 can grow
using cellulosic biomasses as nutrients.

Schizochytrium  limacinum SR21

Materials and methods
Microalgal strain and media

Details of the Thraustochytrid microalgal strain Aurantio-
chytrium sp. KR5101 will be reported elsewhere [17].
KRS101 was cultivated in 250 mL Erlenmeyer flasks
containing 50 mL of basal medium [glucose, 60 g L™
yeast extract, | g L_];arﬂﬁcial sea salt (Sigma-Aldrich, St.
Louis, MO), 6 g L_]J, at 28 °C with shaking at 120 rpm,
for 3 days. Carboxymethylcellulose and cellobiose were
purchased from Sigma. Palm oil empty fruit bunches
(POEFBs) were obtained from a local Malaysian company
(Ultimate BioTechnology).

Cultivation of Awrantiochytrium sp. KRS101

Cells were precultured in 300 mL amounts of basal
medium, with shaking at 120 rpm, for 3 days at 28 °C.
These pre-cultures were transferred into fresh medium
containing carboxymethylcellulose, cellobiose, or pre-
treated POEFB, at a concentration of 0.5% (w/v), and
cultivated under the same conditions. POEFB was prepared
by the method of Ariffin et al. [20]. Briefly, the material
was ground in a hammer mill to an average diameter of

@ Springer
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1-2 mm and next soaked in 0.5 M NaOH for 4 h followed
by heating in an autoclave at 121 °C for 15 min. Next,
treated fibers were soaked in tap water and washed until all
residual alkali was removed, and dried. Aliquots of culture
were collected every 12 h for analysis of growth by mea-
surement of absorbance at 600 nm.

Enzyme activity analysis

Cells were grown to logarithmic phase using carboxy-
methylcellulose, cellobiose, or POEFB as a carbon source,
disrupted by sonication, and cell debris was removed by
brief centrifugation. Cell-free lysates and culture superna-
tants were analyzed for the determination of cellulosic
hydrolysis activity. To measure carboxymethylcellulase
activity, fractions were incubated with 0.5% (w/v) car-
boxymethylcellulose in 0.01 mol L™" Tris—HCl buffer (pH
6.5) at 60 °C for 1 h. The amount of reducing sugar pro-
duced was measured using the 3,5-dinitrosalicylic (DNS)
reagent [21]. Cellobiohydrolase activity was determined by
incubating each fraction in the presence of 15 mM cello-
biose in 50 mM citrate buffer (pH 4.8). The concentration
of protein in cell-free lysates and supernatants was deter-
mined by the method of Bradford [22].

Lipid analysis

Total lipid content was calculated using a modified
miniaturized Bligh-Dyer method [23]. Dried cells
(125 mg) were placed in screw-capped tubes, and 6.25 mL
chloroform, 12.5 mL methanol, and 5 mL 50 mM K;HPO,
buffer solution (pH 7.4) were added to each tube. Samples
were agitated for 1 h, shaking at 200 rpm, at 28 °C. Each
sample was next transferred to a 50-mL graduated tube,
and 6.25 mL chloroform and 6.25 mL phosphate buffer
were added. Each tube was inverted 30 times; next, the
liquid was allowed to settle for | h before the recovery of
the bottom layer (approximately 12.5 mL). This organic
layer was transferred to a pre-weighed aluminum dish and
the solvent was evaporated over 30 min in a dry oven set to
80 °C. After cooling, the dish and contents were weighed,
and total lipid levels were determined gravimetrically (to
yield the weight of lipid extracted) using the following
equation:

Total lipid (g of oil 100 g 'samplc]
= [(WL — Wp) x Vi x 100]/[Ve x Ws]

where Wp was the weight of an empty aluminum dish (g):
Wy the weight of an aluminum dish with dried lipid residue
(g): Wy the weight of sample (g): V- the total volume of
chloroform in the graduated cylinder (mL); and Vp the
volume of chloroform transferred to the aluminum dish
(mL).
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Analysis of fatty acid composition

Dried cells were resuspended in 3 mL 5% (v/v) methanolic
sulfuric acid and heated at 90 °C for 1 h in sealed vials.
Fatty acid methyl esters (FAMEs) were extracted into
0.6 mL aliquots of hexane and analyzed by gas chroma-
tography (Hewlett Packard 6890N) using an instrument
equipped with a flame-ionization detector (FID) and an
HP-5 (30 m = 0.32 mm; 0.25 mm 1D; Agilent Technolo-
gies) capillary column. The column temperature was raised
from 150 °C (after 2 min of holding) to 270 °C (with a
further 2 min of holding), at a rate of 7 °C per min.

Determination of glucose concentration

Residual glucose concentration in culture broth was
determined using the 3,5-dinitrosalicylic acid method [21].

Results and discussion

Growth of Aurantiochytrium sp. KRS101 using
carboxymethylcellulose or cellobiose as a nutrient
source

To evaluate whether Aurantiochytrium sp. KRS101 could
utilize cellulosic materials to support cell growth, the
microalgal strain was first cultivated using carboxymeth-
ylcellulose as sole carbon source. As shown in Fig. la,
cells grew to stationary phase with a maximum specific
growth rate of 0.080 h™", and growth next progressed more
slowly, but with continuous consumption of carboxy-
methylcellulose. However, the maximum growth level
attained was approximately tenfold lower than that seen
using glucose as carbon source, probably because cellulose
hydrolysis was not particularly effective.

Next, we examined the growth of Aurantiochytrium sp.
KRS101 using cellobiose (an intermediate of cellulose
hydrolysis) as a carbon source. The growth paftern was
similar to that seen when carboxymethylcellulose was
employed as carbon source (the maximum specific growth
rate, 0.077 h_], was similar to that recorded using carboxy-
methylcellulose as carbon source: Fig. Ib). These results
indicated that Auwrantiochytrium sp. KRS5101 could utilize
cellulosic biomass as a carbon source for cell growth.

Production of lipids containing DHA
by Aurantiochytrium sp. KRS101 using
carboxymethylcellulose or cellobiose
as a carbon source

The levels of lipid produced by Awrantiochytrium sp.
KRS5101, grown using cellulosic nutrients as carbon
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Fig. 1 Cultivation of Aurantiochytriwm sp. KRS101 using carboxy-
methylcellulose (a) or cellobiose (b) as carbon sources. Growth
levels; closed circles. Reducing sugar levels; closed squares

sources were determined. Table 1 shows that the lipid
levels attained were 0.70 and 1.17 g L~" (17.5 and 29.2%
to dry cell weight) when carboxymethylcellulose and
cellobiose, respectively, were employed: these levels were
significantly lower than 21.8 or 202 gL~ (37.6 and
36.1% to dry cell weight) achieved upon fed-batch
fermentation using glucose or molasses [17] as carbon
sources, because of low-level growth in the presence of
cellulosic nutrients. However, comparable levels of DHA

Table 1 The levels of lipids and DNA in Awranfiochyirium sp.
KRS101 grown on cellulosic biomasses

Cellulose TFA (g L7h DHA

(TFA %) (gL™h
CMC 0.70 491 0.34
B 1.17 584 0.68
EFB 0.90 58.1 0.52

CE cellobiose, CMC carboxymethyleellulose, PHA docosahexaenoic
acid, EFB empty fruit bunches from the palm oil industry, TFA total
fatty acids

@ Springer

_92_



132

Bioprocess Biosyst Eng (2012) 35:129-133

were detected in microalgal lipids produced upon growth in
cellulosic nutrients, constituting 49.1 and 58.4% of total
fatty acids, when carboxymethylcellulose and cellobiose,
respectively, were employed as growth sources. The DHA
content after fed-batch fermentation using glucose or
molasses as carbon sources was approximately 40-45% of
total fatty acids [17].

Cellulose hydrolysis activities of Aurantiochytrium sp.
KRS101

To obtain biochemical information on growth and lipid
production by the Awrantiochytrium sp. KRS101 strain,
using cellulosic nutrients, we assayed cellulose hydrolysis
activities (those of carboxymethylcellulase and cellobiohy-
drolase) in cell-free lysates and culture broths. Carboxym-
ethyleellulase activities were detected in Aurantiochytrium
sp. KRS101 cells and broths of cultures grown in the pres-
ence of carboxymethylcellulose or cellobiose (Fig. 2a).
Although specific hydrolysis activities were measurable in
culture broths, the activities were much greater in cell-
associated fractions. It has been reported that a higher
activity of carboxymethylcellulase was apparent in cell-
associated fractions, compared to extracellular fractions,
of the cellulolytic soil bacterium Cytophaga hutchinsonii
and the ruminal bacterium
[24, 25].

Further, cellobiohydrolase activities were observed in
both cellfree lysates and culture broths. Hydrolysis
activities were markedly higher in cell-associated fractions
compared to extracellular fractions (Fig. 2b), in agreement
with the suggestion that the enzymatic degradation of
cellobiose occurs within membranes.

Fibrobacter succinogenes

Growth of and lipid production by Aurantiochytrium sp.
KRS 101 using empty fruit bunches derived
from the palm oil industry as a carbon source

Based on the results obtained above, we next examined
whether Awrantiochytrium sp. KRS5101 could utilize an
industrial cellulosic biomass as a carbon source. To this
end, we employed pre-treated EFBs derived from the
palm oil industry. As shown in Fig. 3, cells grew to sta-
tionary phase in such a medium; the maximum growth
rate was 0.091 h™'; and growth cessation was then
apparent. The lipid level in Aurantiochytrium sp. KR5101
cells grown with POEFB was 0.90 g L' and DHA con-
stituted 58.1% of total fatty acids (Table 1). In agreement
with data in the presence of cellulosic nutrients, both
carboxymethyleellulase and cellobiohydrolase activities
were evident in both cell-free lysates and culture broths of
microbes grown using EFB as a sole carbon source
(Fig. 2a, b).
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Conclusions

Aurantiochytrivon sp. KRS101 can use cellulosic materials
such as carboxymethylcellulose and cellobiose as nutrients,
and can produce lipids containing high levels of DHA. In
agreement with these conclusions, cellulose hydrolysis
activities, as reflected by carboxymethylcellulase and cel-
lobiohydrolase levels, were evident in both cell-free lysates
and culture broths. Additionally, the microalgal strain was
capable of utilizing an industrial cellulosic material derived
from the palm oil industry, the empty fruit bunch. To the
best of our knowledge, this is the first report describing
utilization of cellulosic materials by a microalgal strain.
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Abstract We generated a genetically engineered Klebsi-
ella pneumoniae strain (AK-VOT) to eliminate by-product
formation during production of 1,3-propanediol (1,3-PD)
from glycerol. In the present study, the glycerol-metabo-
lizing properties of the recombinant strain were examined
during fermentation in a 5 L bioreactor. As expected,
by-product formation was completely absent (except for
acetate) when the AK-VOT strain fermented glycerol.
However, 1,3-PD productivity was severely reduced owing
to a delay in cell growth attributable to a low rate of
glycerol consumption. This problem was solved by estab-
lishing a two-stage process separating cell growth from
1,3-PD production. In addition, nutrient co-supplementa-
tion, especially with starch, significantly increased 1,3-PD
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production from glycerol during fed-batch fermentation by
AK-VOT in the absence of by-product formation.
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Introduction

The demand for biodiesel production from animal fat or
plant oil is high, and growing. However, a great deal of raw
glycerol is formed as the main by-product during biodiesel
production, and can be as much as 10% (w/w) of the bio-
diesel generated [1]. This surplus of raw glycerol has
greatly disturbed the market for traditional glycerol, both in
terms of how glycerol is packaged and price. In addition, a
significant environmental problem arises because glycerol
cannot be discharged directly into the environment [2].
Thus, much research has been devoted to development of
methods to refine glycerol (a low-cost feedstock) into
industrially valuable materials, such as fuels, chemical-
building blocks, and bioactive substances.

1,3-Propanediol (1,3-PD) is a valuable chemical used
mainly in the synthesis of polymethylene terephthalates,
aiding polymerization of the terephthalate units [3]. The
use of such polymers in the manufacture of materials, such
as textile fibers, films, and plastics, is expanding rapidly.
The 1,3-PD building block is currently produced by
chemical processes including hydroformylation of ethylene
oxide and hydration of acrolein (4, 5]. Recently, a micro-
bial fermentation process using a recombinant Escherichia
coli strain expressing genes from Klebsiella pneumoniae
and Saccharomyces cerevisiae was developed, and glucose
was converted to 1,3-PD [6]. However, it is desirable to
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produce 1,3-PD by microbial fermentation using glycerol
as substrate because, again, glycerol is an abundant by-
product of biodiesel manufacture.

K. prneumoniae is typical of microorganisms capable of
preducing 1,3-PD, and the relevant anabolic pathway has
been well studied (Fig. 1) [7]. Glycerol is first converted to
3-hydroxypropionaldehyde (3-HPA) by a coenzyme B -
dependent glycerol dehydratase (DhaB), and the product is
next reduced to 1,3-PD in a reaction catalyzed by reduced
nicotinamide adenine dinucleotide (NADH)-dependent
1,3-PD oxidoreductase (DhaT). In addition to the reductive
pathway, glycerol is also metabolized by an oxidative
pathway, wherein the material is first dehydrogenated to
dihydroxyacetone (DHA) by an NAD™-dependent glycerol
dehydrogenase (DhaD), and DHA is next phosphorylated
to dihydroxyacetone phosphate (DHAP) in a reaction
facilitated by an ATP-dependent DHA kinase (DhaK). If
the oxidative branch is operative, glycerol is assimilated
and yields an increase in biomass, which results in gener-
ation of many different metabolites such as acetate, etha-
nol, lactate, succinate, and 2,3-butanediol (2,3-BD).

The genes encoding the functionally linked proteins
DhaB and DhaT of the reductive branch and DhaD and
DhaK of the oxidative branch are clustered in a chromo-
somal DNA region of K. pnewmoniae termed the dha
regulon [8]. Many research groups have sought to enhance
1,3-PD production using metabolic engineering [9-12],
either by greatly increasing enzyme activities [13-15] or by
improving NADH availability [16]. However, although
increased production of 1,3-PD is paramount, minimization

(Aerobic route)

Glucose
cipk GY-3-P _ gpap I
¥
Glycerol DHAP — G-3-P
DhaB ‘®‘~ DHA '%:K '
DhaD = PEP —» Succinate
3.HPA {(Anaerobic route)
Pyruvate — Lactate
DhaT l Formate -l-"“i
1,3-PD Acety-CoA

C02+l12/ * Acetoin
AcetylP 'l'
Acetaldehyde | 2,3-Butanediol

Ethanol  Acetate

Fig. 1 Glycerol metabolism in Kilebsiella pneumonige. The meta-
bolic pathway involving DhaD, which is inactivated in the AK-VOT
strain, is indicated by the dashed line. DHA dihydroxyacetone, Dhald
glycerol dehydmtase, DhaD glycerol dehydrogenase, DhaK dihy-
droxyacetone kinase, DHAP dihydroxyacetone phosphate, Dhal 1,3-
propanediol oxidoreductase, G-3-FP glyceraldehyde-3  phosphate,
GIpAD Gly-3-P dehydrogenase, GlpK glycerol kinase, Gly-3-F
glycerol-3 phosphate, 3-HPA 3-hydroxypropionaldehyde, PEP phos-
phoenolpyruvate, [,3-PD 1,3-propanediol
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of by-product biosynthesis (by-products are formed at a
level approximately 70% [w/w] that of 1,3-PD) must be
considered when metabolic engineering is planned [17].
2,3-BD is a major by-product of the synthesis of 1,3-PD,
and creates problems in downstream processing when
efforts are made to obtain high purity 1,3-PD because the
two compounds have similar boiling points [18].
Recently, we engineered a mutant strain of K. pneu-
moniae (termed AK-VOT) to eliminate by-product for-
mation during 1,3-PD production from glycerol, by
inactivating the oxidative branch of the glycerol metabolic
pathway (Fig. 1) [19]. In the recombinant strain, by-prod-
uct formation, with the exception of acetate, was elimi-
nated, resulting in a higher production yield relative to that
of the wild-type strain. In the present study, we investi-
gated the glycerol metabolizing properties of the recom-
binant strain on the 5 L bioreactor scale and developed
fermentation strategies to enhance 1,3-PD production.

Materials and methods
Microbial strain and media

The Klebsiella pneumoniae strains described in our previ-
ous study [19] were grown either in LB (yeast extract
[Difco], 0.5% [w/v]:; Bacto-trypton [Difco], 1.0% [w/v];
and NaCl, 1.0% [w/v]) or in a defined glycerol-containing
medium with 20 g L™" of glycerol, 2 g L™" (NH4)2SO.,
34 g L7 KoHPO,, 1.3 g L™' KHaPO4, 0.2 g L' MgSO.,
0.002 g L-! CaCl» 2H-0, 1 g L! yeast extract, 1 mL Fe
solution [5 g L™ FeSO; 7H,0 and 4 mL L™"' HCI (37%,
w/v)], and 1 mL trace element solution [70 mg L! ZnCl,
100 mg L™" MnCl> 4H-0, 60 m g L™' H3BOs, 200 mg
L~! CoCl, 4H,0, 20 mg L™ CuCl, 2H,0, 25 mg L™
NiCl, 6H,0, 35 mg L™' Na,MoOQ, 2H,0, with 4 mL HCl
(37%, wiv)]. Tetracycline was added to a final concentra-
tion of 10 pg mL™".

Batch fermentation

Seed cells for fermentation were prepared in a 250-mL flask
containing 50 mL. LB medium supplemented with tetracy-
cline and 0.5 mM isopropyl-p-thiogalactoside (IPTG).
Flasks were incubated at 37 °C for 12 h and were subse-
quently used to inoculate fermentation medium at 2.5%
(v/v). Fermentation was conducted at 37 °C, with stirring at
200 rpm, and at pH 7.0, with (.5 volume permin of airina 5
L vessel (Kobiotech. Co. Ltd, Korea) containing 2 L of
fermentation medium with tetracycline (10 pg mL~") and
IPTG (0.5 mM). To examine the effect of aeration volume,
fermentation was conducted with input of various amounts
of air (0.1, 0.5, 1.0, or 3.0 volumes per min). Glucose,
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lactose, maltose, starch, sucrose, or xylose was added at a
concentration of 10 g L™ to supplement the glycerol
subsirate.

In the two-stage process, cells were grown to an
absorbance of 1.5-2.0 at ODggq in LB medium containing
tetracycline (10 pg mL~") and IPTG (0.5 mM), and glyc-
erol (20 g L™") was next added for conversion into 1,3-PD.

Fed-batch fermentation

Seed cells prepared by the above method were inoculated
into the bioreactor at 2.5% (v/v) concentration and fer-
mentation was conducted at 37 °C and pH 7.0, stirring at
200 rpm, and aeration with 0.5 volume per min of airina 5
L vessel containing 2 L of fermentation medium with tet-
racycline (10 pg mL~") and IPTG (0.5 mM). Glycerol or a
glycerol-and-starch mixture was batch-fed at various
timepoints after residual glycerol concentration was mea-
sured, as described below.

Metabolite analysis

The concentrations of residual glycerol, 1,3-PD, ethanol,
acetate, lactate, succinate, and 2,3-BD were measured
using a high-performance liquid chromatography system
(Agilent 1200) equipped with a refractive index detector
and an organic acid analysis column (300 mm x 78 mm;
Aminex HPX-87H; Bio-Rad). The mobile phase was
0.005 mol L™! H2804 and the flow rate was 0.8 mL per
min. The column temperature was maintained at 65 °C.
Biomass concentration was determined by measurement of
optical density at 600 nm (ODgnp).

Response surface methodology (RSM)

RSM is a group of empirical techniques aimed at evalu-
ating the relationship between a cluster of controlled
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experimental factors and an array of measured responses,
using one or more selected criteria [20, 21]. The series of
experiments we designed and conducted are shown in
Supplementary Table 1. RSM was adopted to optimize
production of 1,3-PD by statistically modeling the indi-
vidual and interactive effects of all of pH, aeration rate,
glycerol concentration, fermentation time, and temperature.
A central composite design (CCD) was employed to
maximize 1,3-PD production; this consisted of 50 experi-
ments exploring five variables at the —2, —1, 0, +1, and
+2 levels [22]. 1,3-PD production was the response
(dependent) variable. A second-order polynomial model
was fitted for 1,3-PD production, using Eq. 1 as shown in
Supplementary Table 1. Statistical analysis of data was
performed using the “Design Expert” software (version
7.1.6; Stat-Ease, Inc., USA) statistical package.

Supplementary Table | summarizes the central com-
posite experimental plan along with the values of variables
in each individual experiment. The 1,3-PD concentration
was the response parameter evaluated in various run cycles.
The mathematical model, which represents a second-order
polynomial, is given by Eq. 2 below [23], in which vari-
ables are encoded (Supplementary Table 2):

¥ =8.20— 042X, +042X3 + 0.54X; 4+ 0.67Xs

— 0.44Xs — 0.37X; — 0.07X; — 0.50X;

— 0.21X7 — L.00XZ — 0.25X,X; — 0.15X X5

— 0.26X 1 X3 — 029X, X5 + —=0.08X:2X5

— 021X X — 0.01X, X5 + 0.35X:X.: + 2.187E

— 0.03X5X5 — 0.67X,X;5 (2)

The statistical significance of Eq. 2 was verified using

the F test and the analysis of variance (ANOVA) for the
response surface model is summarized in Supplementary
Table 3.

The three-dimensional response surface curves were
next contour plotted in two dimensions to explain
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Fig. 2 Batch fermentation for 1 3-PD production from glycerol by Klebsiella pneumoniae Cu-VOT (a) and AK-VOT (b). Residual glycerol,
open circle; 1,3-PD, closed circle; acetate, open square; cell growth, closed square: 2,3-BD, closed triangle
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interactions among fermentation parameters and to deter-
mine the optimum level of each variable required for
maximal 1,3-PD production (Supplementary Fig. la—j).
The numerical method of Myers and Montgomery was
used to solve the regression equation (Eq. 2). The model
predicted the optimal values of test variables in coded
units, and the results were as follows: A; = —1.00,
Az = 100,A3 = lOCI, X4 = lOCI, and A5 = —{]42, with the
comresponding ¥ being 10.16 g L™'. The natural values
obtained by placing the encoded values of Supplementary
Table 1 into the equation were pH = 6.5, aeration volume =
0.7 volume per min, glycerol concentration = 25.0 g L™,
fermentation time = 15.0 h, and temperature = 35.7 °C.

Results and discussion

Analysis of glycerol metabolism by K. preumoniae
AK-VOT

When K. pneumoniae AK-VOT was fermented under the
conditions used for 1,3-PD production by the Cu-VOT strain
(control) [19], similar amounts of 1,3-PD were produced
(Fig. 2), but by-product formation was completely elimi-
nated (except for acetate) upon fermentation by AK-VOT,
compared with the control. However, the glycerol con-
sumption rate of AK-VOT was low, resulting in slow growth
toa low final cell density. This was reflected in lower 1,3-PD
productivity (0.44 g L™' h™") compared with that of the
control strain (0.87 g L' h™"). The delay in glycerol con-
sumption by AK-VOT was attributable to manipulation of
the genetic background, during which dhaD encoding
glycerol dehydrogenase had been removed (Fig. 1),
abolishing the anaerobic route of glycerol fermentative
metabolism to eliminate the formation of large amounts of
by-products such as 2,3-BD. Thus, only the aerobic route was
available for glycerol utilization as a carbon source for cell
growth by AK-VOT, whereas both aerobic and anaerobic
routes were operative in Cu-VOT [24].

Effect of aeration volume on glycerol metabolism
by K. pneumoniae AK-VOT

To test the assumption above, the effect of aeration rate on
glycerol metabolism by AK-VOT was examined. As
expected, both glycerol consumption rate and growth
increased with increasing aeration rate (Fig. 3). However,
the final level of 1,3-PD production was not affected by
change in aeration volume, although production speed was
slightly increased as air volume increased. Thus, glycerol
was utilized via respiratory metabolism during cultivation
with high-level aeration, but not via fermentative metabo-
lism, by the recombinant strain.
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Fermentation by K. pneumoniae AK-VOT
using a two-stage process

Based on the above results, we developed two fermen-
tation strategies to increase 1,3-PD productivity by
K. pneumoniae AK-VOT. First, we investigated a two-
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stage fermentation protocol in which cell growth and 1,3-
PD production were distinct. To compensate for the
delay in AK-VOT growth owing to the low glycerol
consumption rate when glycerol was supplied as the sole
carbon source, cells were first grown in LB medium and
glycerol was added to induce 1,3-PD production. This
two-stage process was optimized using RSM, as descri-
bed in the “Materials and methods”. Using the optimized
process, maximal 1,3-PD production increased to 11.29 g
L~!, and the conversion rate and productivity were
0.66 mol mol™" and 063 g L™' h™', respectively
(Fig. 4).

Effect of nutrient co-supplementation on glycerol
metabolism in K. pneumoniae AT-VOT

As another strategy, we investigated the effects of co-
supplementation with various nutrients on glycerol
metabolism in K. pnewmoniae AK-VOT. As shown in
Fig. 5, supplementation with starch or xylose yielded
similar patterns of cell growth and glycerol utilization by
the recombinant strain, but 1,3-PD production was mark-
edly increased from 8.0 to 10.6 g L™ (starch) or 10.2 g
L~! (xylose), again with no by-product formation. Glucose,
maltose, and sucrose could not substitute for starch or
xylose. Growth of AK-VOT was stimulated by glucose,
maltose, or sucrose, but glycerol consumption and 1,3-PD
production decreased somewhat (to 5.4, 5.8, and 6.3 g L™
when glucose, maltose, or sucrose, respectively, was
present). This negative effect may be attributable to
catabolite repression of glycerol metabolism [25]. Inter-
estingly, the negative effect was greater when glycerol was
supplemented with lactose.
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Fig. 4 Two-stage fermentation for 1,3-PD production from glycerol
by Klebsiella pneumoniae AK-VOT. Residual glycerol, open circle:
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Fig. 5 Growth of (a), glycerol utilization by (b), and 13-PD
production of (¢) recombinant K. preumoniae AK-VOT under
different conditions of fermentation during which glycerol was
supplemented with various nutdent sources (10 g L"), Glucose,
closed circle; lactose, closed triangle; maltose, closed diamond,
starch, closed square; sucrose, open circle; xylose, open square

Fed-batch fermentation of K. pneumoniae AK-VOT
using supplementation of glycerol with starch

We conducted fed-batch fermentation to yield 1,3-PD,
using the K. pneumoniae AK-VOT strain and the substrate
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Fig. 6 Fed-batch fermentation 6 30 b) s 30
during 1,3-PD production by K. (a) ( )
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co-supplementation strategy. To this end, starch, which is
readily available as an industrial medium, was selected as
the co-supplementing substrate. Growth in the presence of
both glycerol and starch remarkably enhanced production
of 1,3-PD, and the maximal production level, production
rate, and productivity were 26.1 g L~', 0.64 mol mol™',
and 0.51 g L~'"h~", respectively, compared with the values
(185¢g L=', 0.50 mol mol~!, and 0.36 g L~'h~t, respec-
tively) obtained when glycerol alone was used as carbon
source (Fig. 6). No by-product formation was evident
during enhanced production of 1,3-PD, although the
amount of acetate increased. In line with the efficient uti-
lization of starch by K. prewmoniae AK-VOT, chromo-
somal analysis identified two genes (YP_001336072 and
YP_001337588) encoding alpha-amylases involved in
catabolism of starch.

Conclusion

In the present study, the glycerol-metabolizing properties
of the genetically engineered K. pneumoniae AK-VOT
strain were examined upon fermentation in a 5 L bioreac-
tor. As expected, by-product formation was completely
absent (except for acetate) when AK-VOT fermented
glycerol. However, 1,3-PD productivity was severely
compromised owing to a delay in cell growth attributable
to a low glycerol consumption rate. Increase in aeration
volume during fermentation improved glycerol utilization
and cell growth of the AK-VOT strain, but did not increase
1,3-PD production. To optimize 1,3-PD synthesis, two
fermentation strategies were developed. One was a two-
stage process, in which cells were first grown in a rich
medium (LB), and 1,3-PD production was then induced by
adding glycerol. Another strategy was co-supplementation
of glycerol with another nutrient, especially starch, during
fermentation. Both processes successfully increased pro-
duction of 1,3-PD during fermentation by AK-VOT, with
no by-product production.
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Abstract We generated a genetically engineered Klebsi-
ella pneumoniae strain (AK-VOT) to eliminate by-product
formation during production of 1,3-propanediol (1,3-PD)
from glycerol. In the present study, the glycerol-metabo-
lizing properties of the recombinant strain were examined
during fermentation in a 5 L bioreactor. As expected,
by-product formation was completely absent (except for
acetate) when the AK-VOT strain fermented glycerol.
However, 1,3-PD productivity was severely reduced owing
to a delay in cell growth attributable to a low rate of
glycerol consumption. This problem was solved by estab-
lishing a two-stage process separating cell growth from
1.3-PD production. In addition, nuirient co-supplementa-
tion, especially with starch, significantly increased 1,3-PD
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production from glycerol during fed-batch fermentation by
AK-VOT in the absence of by-product formation.
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Introduction

The demand for biodiesel production from animal fat or
plant oil is high, and growing. However, a great deal of raw
glycerol is formed as the main by-product during biodiesel
production, and can be as much as 10% (w/w) of the bio-
diesel generated [1]. This surplus of raw glycerol has
greatly disturbed the market for traditional glycerol, both in
terms of how glycerol is packaged and price. In addition, a
significant environmental problem arises because glycerol
cannot be discharged directly into the environment [2].
Thus, much research has been devoted to development of
methods to refine glycerol (a low-cost feedstock) into
industrially valuable materials, such as fuels, chemical-
building blocks, and bioactive substances.

1.3-Propanediol (1,3-PD) is a valuable chemical used
mainly in the synthesis of polymethylene terephthalates,
aiding polymerization of the terephthalate units [3]. The
use of such polymers in the manufacture of materials, such
as textile fibers, films, and plastics, is expanding rapidly.
The 1,3-PD building block is currenily produced by
chemical processes including hydroformylation of ethylene
oxide and hydration of acrolein [4, 5]. Recently, a micro-
bial fermentation process using a recombinant Escherichia
coli strain expressing genes from Klebsiella pneumoniae
and Saccharomyces cerevisiae was developed, and glucose
was converted to 1,3-PD [6]. However, it is desirable to
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produce 1,3-PD by microbial fermentation using glycerol
as substrate because, again, glycerol 1s an abundant by-
product of biodiesel manufacture.

K. pnewmoniae is typical of microorganisms capable of
producing 1,3-PD, and the relevant anabolic pathway has
been well studied (Fig. 1) [7]. Glycerol is first converted to
3-hydroxypropionaldehyde (3-HPA) by a coenzyme B»-
dependent glycerol dehydratase (DhaB), and the product is
next reduced to 1,3-PD in a reaction catalyzed by reduced
nicotinamide adenine dinucleotide (NADH)-dependent
1,3-PD oxidoreductase (DhaT). In addition to the reductive
pathway, glycerol i1s also metabolized by an oxidative
pathway, wherein the material is first dehydrogenated to
dihydroxyacetone (DHA) by an NAD™-dependent glycerol
dehydrogenase (DhaD), and DHA 1s next phosphorylated
to dihydroxyacetone phosphate (DHAP) in a reaction
facilitated by an ATP-dependent DHA kinase (DhaK). If
the oxidative branch is operative, glycerol is assimilated
and yields an increase in biomass, which results in gener-
ation of many different metabolites such as acetate, etha-
nol, lactate, succinate, and 2.3-butanediol (2,3-BD).

The genes encoding the functionally linked proteins
DhaB and DhaT of the reductive branch and DhaD and
DhaK of the oxidative branch are clustered in a chromo-
somal DNA region of K. pneumoniae termed the dha
regulon [8]. Many research groups have sought to enhance
1,3-PD production using metabolic engineering [9-12],
either by greatly increasing enzyme activities [13-15] or by
improving NADH availability [16]. However, although
increased production of 1,3-PD is paramount, minimization
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Fig. 1 Glycerol metabolism in Kiebsiella pneumoniae. The meta-
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of by-product biosynthesis (by-products are formed at a
level approximately 70% [w/w] that of 1,3-PD) must be
considered when metabolic engineering 1s planned [17].
2,3-BD is a major by-product of the synthesis of 1,3-PD,
and creates problems in downstream processing when
efforts are made to obtain high purity 1,3-PD because the
two compounds have similar boiling points [15].
Recently, we engineered a mutant strain of K. pneu-
moniae (termed AK-VOT) to eliminate by-product for-
mation during 1.3-PD production from glycerol, by
inactivating the oxidative branch of the glycerol metabolic
pathway (Fig. 1) [19]. In the recombinant strain, by-prod-
uct formation, with the exception of acetate, was elimi-
nated, resulting in a higher production yield relative to that
of the wild-type strain. In the present study, we investi-
gated the glycerol metabolizing properties of the recom-
binant strain on the 5 L bioreactor scale and developed
fermentation strategies to enhance 1,3-PD production.

Materials and methods
Microbial strain and media

The Klebsiella pneumeniae strains described in our previ-
ous study [19] were grown either in LB (yeast extract
[Difco], 0.5% [w/v]: Bacto-trypton [Difco], 1.0% [wiv]:
and NaCl, 1.0% [w/v]) or in a defined glycerol-containing
medium with 20 g L™" of glycerol, 2 g L™ (NH4):S04,
34 g L' KoHPO,, 1.3 g L' KHaPO,, 0.2 g L' MgSO,,
0.002 g L' CaClz 2H20, 1 g L' yeast extract, | mL Fe
solution [5 g L™ FeSO4 7H20 and 4 mL L~' HCI (37%,
wiv)], and 1 mL trace element solution [70 mg L ZnCl-,
100 mg L™ MnCly 4H,0, 60 m g L' HiBOs, 200 mg
L' CoCl, 4H,0, 20 mg L™' CuCl, 2H,0, 25 mg L~
NiCl, 6H,0, 35 mg L™ Na,MoO, 2H,0, with 4 mL HCl
(37%. wiv)]. Tetracycline was added to a final concentra-
tion of 10 ug mL™"

Batch fermentation

Seed cells for fermentation were prepared in a 250-mL flask
containing 50 mL LB medium supplemented with tetracy-
cline and 0.5 mM isopropyl-p-thiogalactoside (IPTG).
Flasks were incubated at 37 °C for 12 h and were subse-
quently used to inoculate fermentation medium at 2.5%
(v/v). Fermentation was conducted at 37 °C, with stirring at
200 rpm, and at pH 7.0, with 0.5 volume permin of airina 5
L vessel (Kobiotech. Co. Ltd, Korea) containing 2 L of
fermentation medium with tetracycline (10 pg mL™") and
IPTG (0.5 mM). To examine the effect of acration volume,
fermentation was conducted with input of various amounts
of air (0.1, 0.5, 1.0, or 3.0 volumes per min). Glucose,
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lactose, maltose, starch, sucrose, or xylose was added at a
concentration of 10 g L' to supplement the glycerol
subsirate.

In the iwo-siage process, cells were grown to an
absorbance of 1.5-2.0 at ODgg in LB medium containing
tetracycline (10 pg mL™") and IPTG (0.5 mM), and glyc-
erol (20 g L~" was next added for conversion into 1,3-PD.

Fed-batch fermentation

Seed cells prepared by the above method were inoculated
into the bioreactor at 2.5% (v/v) concentration and fer-
mentation was conducted at 37 °C and pH 7.0, stiring at
200 rpm, and aeration with 0.5 volume per min of airin a5
L vessel containing 2 L of fermentation medium with tet-
racycline (10 pg mL™") and IPTG (0.5 mM). Glycerol or a
glycerol-and-starch mixture was batch-fed at various
timepoints after residual glycerol concentration was mea-
sured, as described below.

Metabolite analysis

The concentrations of residual glycerol, 1,3-PD, ethanol,
acetate, lactate, succinate, and 2,3-BD were measured
using a high-performance liquid chromatography system
(Agilent 1200) equipped with a refractive index detector
and an organic acid analysis column (300 mm > 78 mm;
Aminex HPX-87H; Bio-Rad). The mobile phase was
0.005 mol L™ H.80,4 and the flow rate was 0.8 mL per
min. The column temperature was maintained at 65 °C.
Biomass concentration was determined by measurement of
optical density at 600 nm (ODggo).

Response surface methodology (RSM)

RSM is a group of empirical techniques aimed at evalu-
ating the relationship between a cluster of controlled
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experimental factors and an array of measured responses,
using one or more selected criteria [20, 21]. The series of
experiments we designed and conducted are shown in
Supplementary Table 1. RSM was adopted to optimize
production of 1,3-PD by statistically modeling the indi-
vidual and interactive effects of all of pH. aeration rate,
glycerol concentration, fermentation time, and temperature.
A central composite design (CCD) was employed to
maximize 1,3-PD production: this consisted of 50 experi-
ments exploring five variables at the —2, —1, 0, +1, and
+2 levels [22]. 1,3-PD production was the response
(dependent) variable. A second-order polynomial model
was fitted for 1.3-PD production, using Eq. 1 as shown in
Supplementary Table 1. Statistical analysis of data was
performed using the “Design Expert” software (version
7.1.6; Stat-Ease, Inc., USA) statistical package.
Supplementary Table 1 summarizes the central com-
posite experimental plan along with the values of variables
in each individual experiment. The 1,3-PD concentration
was the response parameter evaluated in various run cycles.
The mathematical model, which represents a second-order
polynomial, 1s given by Eq. 2 below [23], in which vari-
ables are encoded (Supplementary Table 2):
¥ =820 — 042X, +042X> + 0.54X; + 0.67Xs

-

— 0.44Xs — 0.37X; — 0.07X; — 0.50X;

— 0.21X; — 1.00X; — 0.25X, X; — 0.15X,X;3

— 0.26X1 X5 — 0.29X, X5 + —0.08X2X;

— 0.21X2Xy — 0.01X2X5 + 0.35X3Xs + 2.187E
— 0.03X:X5 — 0.67X, X5 (2)

The statistical significance of Eq. 2 was verified using
the F test and the analysis of variance (ANOVA) for the
response surface model is summarized in Supplementary
Table 3.

The three-dimensional response surface curves were
next contour plotted in two dimensions to explain
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Fig. 2 Batch fermentation for 1,3-PD production from glycerol by Klebsiella pneumoniae Cu-VOT (a) and AK-VOT (b). Residual glycerol,
open circle; 1,3-PD, closed circle; acetate, open square; cell growth, closed square; 2,3-BD, closed triangle
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interactions among fermentation parameters and to deter-
mine the optimum level of each variable required for
maximal 1,3-PD production (Supplementary Fig. la—).
The numerical method of Myers and Montgomery was
used to solve the regression equation (Eq. 2). The model
predicted the optimal values of test variables in coded
units, and the results were as follows: A; = —1.00,
Az = 100, Ay = 1.00, X4 = 1.00, and A5 = —0.42, with the
corresponding ¥ being 10.16 g L™". The natural values
obtained by placing the encoded values of Supplementary
Table | into the equation were pH = 6.5, aeration volume =
0.7 volume per min, glycerol concentration = 25.0 g L™,
fermentation time = 15.0 h, and temperature = 35.7 °C.

Results and discussion

Analysis of glycerol metabolism by K. preumoniae
AK-VOT

When K. pneumoniae AK-VOT was fermented under the
conditions used for 1,3-PD production by the Cu-VOT strain
(control) [19], similar amounts of 1,3-PD were produced
(Fig. 2), but by-product formation was completely elimi-
nated (except for acetate) upon fermentation by AK-VOT,
compared with the control. However, the glycerol con-
sumption rate of AK-VOT was low, resulting in slow growth
to a low final cell density. This was reflected inlower 1,3-PD
productivity (0.44 g L"'hh compared with that of the
control strain (0.87 g L™ "h ). The delay in glycerol con-
sumption by AK-VOT was attributable to manipulation of
the genetic background, during which dhal? encoding
glycerol dehydrogenase had been removed (Fig. 1),
abolishing the anaerobic route of glycerol fermentative
metabolism to eliminate the formation of large amounts of
by-products such as 2,3-BD. Thus, only the aerobic route was
available for glycerol utilization as a carbon source for cell
growth by AK-VOT, whereas both aerobic and anaerobic
routes were operative in Cu-VOT [24].

Effect of aeration volume on glycerol metabolism
by K. pneumoniae AK-VOT

To test the assumption above, the effect of aeration rate on
glycerol metabolism by AK-VOT was examined. As
expected, both glycerol consumption rate and growth
increased with increasing aeration rate (Fig. 3). However,
the final level of 1,3-PD production was not affected by
change in aeration volume, although production speed was
slightly increased as air volume increased. Thus, glycerol
was utilized via respiratory metabolism during cultivation
with high-level aeration, but not via fermentative metabo-
lism, by the recombinant strain.
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Fig. 3 Growth (a), glycerol utilization (b), and 1,3-PD production
(e) of recombinant K. pnewmoniae AK-VOT fermented at various
aeration rates (0.1 volume per minute [vvm], closed circle; 0.5 vwm,
open circle; 1.0 vwm, closed friangle; 3.0 vvim, open friangle)

Fermentation by K. pneumoniae AK-VOT
using a two-stage process

Based on the above results, we developed two fermen-
tation strategies to increase 1,3-PD productivity by
K. pneumoniae AK-VOT. First, we investigated a two-
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stage fermentation protocol in which cell growth and 1.3-
PD production were distinct. To compensate for the
delay in AK-VOT growth owing to the low glycerol
consumption rate when glycerol was supplied as the sole
carbon source, cells were first grown in LB medium and
glycerol was added to induce 1.,3-PD production. This
two-stage process was optmized using RSM, as descn-
bed in the *Materials and methods”. Using the optimized
process, maximal [,3-PD production increased to 11.29 g
L™', and the conversion rate and productivity were
0.66 mol mol™' and 063 g L' h™', respectively
(Fig. 4).

Effect of nutrient co-supplementation on glycerol
metabolism in K. preumoniae AT-VOT

As another strategy, we investigated the effects of co-
supplementation with various nutrients on glycerol
metabolism in K. pnewmoniae AK-VOT. As shown in
Fig. 5, supplementation with starch or xylose yielded
similar patterns of cell growth and glycerol utilization by
the recombinant strain, but 1,3-PD production was mark-
edly increased from 8.0 to 10.6 g L™" (starch) or 10.2 g
L' (xylose), again with no by-product formation. Glucose,
maltose, and sucrose could not substitute for starch or
xylose. Growth of AK-VOT was stimulated by glucose,
maltose, or sucrose, but glycerol consumption and 1,3-PD
production decreased somewhat (to 5.4, 5.8, and 6.3 g L
when glucose, maltose, or sucrose, respectively, was
present). This negative effect may be attributable to
catabolite repression of glycerol metabolism [25]. Inter-
estingly, the negative effect was greater when glycerol was
supplemented with lactose.
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Fig. 4 Two-stage fermentation for 1,3-PD production from glycerol
by Klebsiella pneumoniae AK-VOT. Residual glycerol, open circle;
1.3-PD, closed circle; acetate, open square; cell growth, closed
square; 2,3-BD, closed triangle
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Fig. 5 Growth of (a), glycerol utilization by (b), and 13-PD
production of (¢) recombinant K. pnewmonice AK-VOT under
different conditions of fermentation during which glycerol was
supplemented with various nutrient sources (10 g L™"). Glucose,
closed circle; lactose, closed triangle; maltose, closed dicmond,
starch, closed square; sucrose, open circle; xylose, open square

Fed-batch fermentation of K. pneumoniae AK-VOT
using supplementation of glycerol with starch

We conducted fed-batch fermentation to yield 1,3-PD,
using the K. pneumoniae AK-VOT strain and the substrate
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Fig. 6 Fed-batch fermentation [ 30 b) s 30
during 1.3-PD production by K. (a) ( )
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co-supplementation strategy. To this end, starch, which is Acknowledgments This research was supported by the Ministry of

readily available as an industrial medium, was selected as

the co-supplementing substrate. Growth in the presence of

both glycerol and starch remarkably enhanced production
of 1.3-PD, and the maximal production level, production
rate, and productivity were 26.1 g L™', 0.64 mol mol™",
and 0.51 g L™'h™", respectively, compared with the values
(185 g L™', 0.50 mol mol™", and 0.36 ¢ L™'h™", respec-
tively) obtained when glycerol alone was used as carbon
source (Fig. 6). No by-product formation was evident
during enhanced production of 1,3-PD, although the
amount of acetate increased. In line with the efficient uti-
lization of starch by K. pneumoniae AK-VOT, chromo-
somal analysis identified two genes (YP_001336072 and
YP_001337588) encoding alpha-amylases involved in
catabolism of starch.

Conclusion

In the present study, the glycerol-metabolizing properties
of the genetically engineered K. pnewmoniace AK-VOT
strain were examined upon fermentation in a 5 L bioreac-
tor. As expected, by-product formation was completely
absent (except for acetate) when AK-VOT fermented
glycerol. However, 1,3-PD productivity was severely
compromised owing to a delay in cell growth attributable
to a low glycerol consumption rate. Increase in aeration
volume during fermentation improved glycerol utilization
and cell growth of the AK-VOT strain, but did not increase
1.3-PD production. To optimize 1.3-PD synthesis, two
fermentation strategies were developed. One was a two-
stage process, in which cells were first grown in a rich
medium (LB), and 1,3-PD production was then induced by
adding glycerol. Another strategy was co-supplementation
of glycerol with another nutrient, especially starch, during
fermentation. Both processes successfully increased pro-
duction of 1,3-PD during fermentation by AK-VOT, with
no by-product production.
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Abstract The oleaginous microalga Aurantiochytrium sp.
KRS101 was cultivated in enzymatic hydrolysates of
alkali-pretreated empty palm fruit bunches (EFBs), without
prior detoxification process. The maximal levels of lipid
and docosahexaenoic acid synthesized were 12.5 and
54 g L' after cultivation for 36 h. Similar lipid levels
were also obtained via simultaneous saccharification and
cultivation. The results suggested that EFB is a promising
source for production of useful lipids by the microalgal
strain.
Keywords Heterotrophic oleaginous microalga -
Aurantiochytrium sp. - Docosahexaenoic acid -
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Introduction

Oleaginous microalgae of the Thraustochytrid family may
be valuable sources of oil because at least 30 % of dry
biomass is lipid, and they contain high levels of omega-3
polyunsaturated fatty acids (PuFAs) [1-3]. In particular,
they are rich in docosahexaenoic acid (DHA, C22:6n-3),
which plays key roles in brain and eye development [4-6].
Additionally, the high levels of desirable fatty acids render
microbial oil valuable as a feedstock for production of
biofuel [7].

Recently, we isolated and identified a novel Thrausto-
chytrid microalga (termed Auwrantiochytrium sp. KRS101)
that produced high levels of lipid and DHA (over 45 % by
weight of total fatty acids) [8]. Upon fed-batch fermenta-
tion in a 5-L bioreactor, good biomass levels and lipid
production values (50 and 22 g ™', respectively) were
obtained; DHA productivity (3.3 ¢ L™' d™') was compa-
rable to that of Schizochytrium limacinum SR21 |9]. The
commercial potential of the microalgal strain was high, as
revealed by successful cultivation in a pilot-scale biore-
actor [ 10].

Many types of nutrients have been tested for the ability
to support the growth of oleaginous microalgal strains. For
example, Chi et al. [11] cultivated the Thraustochytrid
microalga . limacinum SR21 in a hydrolyzed potato broth.
Liang et al. [9] employed sweet sorghum stalk juice for
cultivation of a microalgal strain. Other feedstock for
microbial lipids production was used such as corncob
hydrolysate [12], rice straw hydrolysate [13], and waste-
waters [14]. In addition to agricultural products, crude
glycerol, a byproduct of the biodiesel industry, has been
used for cultivation of a microalgal strain. We earlier
showed that molasses supported the growth of the micro-
alga Aurantiochytrium sp. KRS101. In the present study,
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we explored whether a cellulosic biomass would support
growth of this microalgal strain and the production of lipids
including DHA by the strain.

Materials and methods
Microalgal strain and media

Details of the Thraustochytrid microalgal strain Aurantio-
chytrium sp. KRS101 have previously been reported [8].
The microalga was cultivated in 500-mL baffled flasks
containing 50 mL of basal medium [glucose 60 g L™,
yeast extract 10 g L™', dried natural sea salt (CJ Co.,
Seoul, Korea) 10 g L™"] at 28 °C, with shaking at 125 rpm,
for 3 days.

Pretreatment and enzymatic saccharification of empty
palm fruit bunches

Empty palm fruit bunches (EFBs) were supplied by Gen-
docs (Daejeon, Korea). EFB fibers were milled to a particle
size of 1-2 mm, soaked in 1 M NaOH solution with
shaking at ambient temperature for 30 min, autoclaved at
121 °C at 15 psi for | h, and finally washed with tap water
to remove NaOH. EFB thus pretreated was mixed with a
cellulase solution (Novozyme, Bagsvaerd, Denmark) to
vield a mixture containing 10 % (w v~ ') solids at a con-
centration of 40 Filter Paper Assay Unit (FPU) per g of
EFB: the mixture was incubated at 45 °C for 3 days with
shaking at 150 rpm. The amount of PFEB added consti-
tuted 5-10 % of culture volume. Inoculum constituted 2, 5
and 10 % of culture volume. Treated enzyme was
40 FPU g~ ' of EFB. Glucose concentration of PFEB was
58 ¢ L™'. Cultured working volume was 600 mL in 2-L
baffied flasks. Enzymatic hydrolysates of EFB were ana-
lyzed via HPLC (Young-Lin Instrument Co., Anyang,
Korea); the instrument was equipped with a Waters 2410
refractive index detector (Waters, Milford, MA, USA), an
autosampler, an analytical Rezex ROA-Organic Acid H+
column (7.8 x 300 mm; Phenomenex, Torrance, CA,
USA), and a SecurityGard (KJ0-4282; Phenomenex). All
samples were clarified by filtration through filters of
0.20-pym pore size (DISMIC-13HP: Toyo Roshi Kaisha,
Tokyo, Japan) prior to injection into the analytical column.
The column temperature was at 65 °C. The mobile phase
was 2.5 mM sulfuric acid at a flow rate 0.6 mL min~'
under  isocratic  conditions. 5-Hydroxymethyfurfural
(HMF) and furfural (Sigma-Aldrich, MO, USA) standard
were analyzed via HPLC (Young-Lin Instrument Co.) by
same detection method. Furfural standard solution (Sigma-
Aldrich) was detected in concentration of 0.01, 0.02, 0.04,
0.08, 0.1 gL' by HPLC. HMF (Sigma-Aldrich) was
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dissolved in 2.5 mM sulfuric acid and then analyzed at
concentration of about 0.01, 0.02, 0.04, 0.08, 0.1 g L.
The column temperature was at 65 °C. The mobile phase
was 2.5 mM sulfuric acid at a flow rate 0.6 mL min '
under 1socratic conditions.

Fermentation by Awrantiochytrium sp. KRS101

The enzymatic hydrolysate of pretreated EFB, without
further detoxification, was used as a growth substrate for
Aurantiochytrium sp. KRS101. Cells were precultured in
basal medium, with shaking at 125 rpm, for 3 days at
28 °C, and then transferred at 2.5 % (v v~ ") to a 5-L fer-
menter containing fresh medium in which the hydrolysate
was substituted for glucose. The fermentation conditions
were 28 °C, stirring at 50 rpm, 0.5 v v~ min~" of air, and
pH 7.0. Culture aliquots were collected every 12 h for
analysis via the measurement of absorbance at 600 nm.

When simultaneous saccharification and fermentation
(SSF) was to be performed, precultured cells were trans-
ferred into a 5-L fermenter in which the medium included
pretreated EFB as carbon source and cellulose solution at
40 FPU ¢~' EFB.

Dry cell weight analysis

Dry cell weight (DCW) was estimated by harvesting cells
at 4,500g at 4 °C for 20 min. Each supernatant was dis-
carded and each pellet washed three times with phosphate-
buffered saline (PBS, pH 7.2). Resuspended cells were
again harvested by centrifugation at 4,500g at 4 °C for
20 min. Each pellet was resuspended in 600 pL of distilled
water and transferred to a preweighed vial. Cell pellets
were dried at 60 °C for 12 h using a speed vacuum con-
centrator (Biotron 4080C; Bucheon, Korea). Each vial was
weighed and DCW values were obtained.

Lipid analysis

Total lipid content was calculated using a modified (min-
iaturized) Bligh-Dyer method as described by Burja et al
[15]. Dried cells (125 mg) were placed in screw-cap test
tubes, and 6.25 mL of chloroform, 12.5 mL of methanol,
and 5 mL of 50 mM K,HPO, buffer (pH 7.4) were added
to each tube. Samples were agitated for 1 h at 200 rpm at
28 °C. Each sample was then transferred to a 50-mL
graduated tube to which 6.25 mL of chloroform and
6.25 mL of phosphate buffer were added. Each tube was
inverted 30 times and the phases allowed to separate for
1 h before the recovery of the bottom layer (approximately
12.5 mL). This liquid was transferred to a preweighed
aluminum dish and the solvent evaporated over 30 min in a
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dry oven at 80 °C. After cooling, the dish and contents 40 70 14 24
were weighed, and total lipid levels were determined E _ 2~
gravimetrically (to vield the weight of lipid extracted) o 3015 m'-'m 'j
using the following equation: E . % ) g 20 2
Total lipid (g of oil per 100 g sample) 2 § [8 2 18 E
= [(Wp — Wp) x Ve x 100]/[Ve x We] %“ 103 2R
Q 2 o
where W, was the weight of an empty aluminum dish (g); ol 0 '

Wy the weight of an aluminum dish with dried lipid residue
(g); Wq the weight of sample (g); V¢ the total volume
of chloroform in the graduated cylinder (mL); and Vp
the volume of chloroform transferred to the aluminum
dish (mL).

Analysis of fatty acid composition

Dried cells were resuspended in 3 mL of 4 % (v vl
methanolic sulfuric acid and heated at 90 °C for | h in
sealed wials. Fatty acid methyl esters (FAMEs) were
extracted into 0.3 mL of hexane and analyzed via gas
chromatography (GC: Hewlett Packard 6890N: Ramsey,
MN, USA); the instrument was equipped with a flame-
ionization detector (FID) and an HP-5 (30 m »x 0.32 mm;
0.25 mm: Agilent Technologies: Santa Clara, CA, USA).
The column temperature was raised from 150 °C (after
2 min of holding) to 270 °C (with a further 2 min of
holding) at a rate of 7 °C per min.

Results and discussion

Cultivation of Awrantiochytrium sp. KRS101
in a medium containing enzymatic saccharification
products of EFBs

Growth of Awrantiochytriwm sp. KRS101 was first
observed in a medium containing enzymatic saccharifica-
tion products of EFBs; the composition of EFB enzymatic
hydrolysate was 51.2 % of cellulose, 23.3 % of hemicel-
lulose, 15.3 % of lignin and ash etc. The medium contained
58 ¢ L' of glucose and 18 g L' of xylose (Fig. 1). As
shown in Fig. 1, active growth of KRS101 was observed,
and lipid production was noted: glucose was rapidly con-
sumed. This indicated that no toxic materials such as HMF
and furfural were present in the saccharification solution
(data not shown). As expected, glucose was the first to be
consumed; after this hexose was exhausted, the pentose
xylose was next utilized. The maximal levels of lipid and
DHA attained were 12.5 and 5.4 g L, respectively. The
composition of fatty acid of the oil produced was similar
contents that; 5.1 % of myrstic acid, 1.4 % of penta-
decanoic acid, 36.6 % of palmitic acid, 1.9 % of EPA,
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Fig. 1 Cultivation of Awrantiochytrium sp. KRS101 in a saccharified
solution dedved from empty palm fruit bunches (EFBs). Filled circles
glucose levels, filled normal triangles xylose levels, filled inverted
triangles cell growth, open squares lipid content, open diamonds
DHA content. The error bar shows mean of the three independent
analysis results. Standard deviation calculated from Student’s rtest. It
represented the mean + SD

7.7 % of DPA (n=3),
respectively.

Although most of lignin, hemicelluloses and ash were
washed off after pretreatment with NaOH, the remaining
soluble lignin was at least 0.069 % of total PEFB,
therefore it did not inhibit fruit bunch hydrolysis or
downstream growth of algae. The carbon efficiency for
DHA production based on total sugars was 10.2 % of the
hydrolysate. The efficiency of hexoses versus pentose
conversion into DHA was 95.8 versus 4.2 %. Also, arti-
ficial media containing the same sugar content as the
hydrolysate produced similar 11.8 and 4.2 g L™" of lipid
and DHA, respectively.

473 % of DHA (n = 6),

Simultaneous saccharification and fermentation (S5F)
by Aurantiochyirium sp. KRS101 using pretreated EFB
Next, Awrantiochytrium sp. KRS101 was cultivated
employing SSF using pretreated EFB. There are many
advantages in utilizing SSF instead of separate hydrolysis
and fermentation (SHF). For example, end-product inhi-
bition of the enzymes in the enzymatic hydrolysis can be
avoided, the risk of contamination is reduced (since the
somewhat toxic hydrolysate after pretreatment tends to
suppress bacterial growth), and capital investments are
lower as the total reactor volume is decreased due to higher
productivity.

When the medium contained 5 % (w v~!) of pretreated
EFB (final concentrations of 34 g L' of glucose and
11 g L™ of xylose), most glucose was consumed in 3 days
of cultivation, yielding 1.7 g L™" of lipid, and xylose was
next utilized for further growth (Fig. 2a). The late stages of
growth also featured the reuse of nutrient stored as lipid,
thus decreasing lipid levels. To increase lipid production,
the concentration of pretreated EFB was raised to 10 %
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Fig. 2 Simultaneous saccharification and fermentation (SSF) by
Auraniiochytrium sp. KRS101 using pretreated EFB. a EFB at 5 %
(w v "): bEFB at 10 % (w v_"). Filled circles glucose levels, filled
triangles xylose levels, filled squares lipid content, gray bars DHA
content, open circles and friangles glucose and xylose levels (in the
absence of cell inoculation). The error bar shows mean of the three
independent analysis results. Standard deviation calculated from
Student’s ¢ test. It represented the mean + SD

(w v~ '). Interestingly, the amount of glucose consumed
(31.1 g L") was similar to that metabolized in the above
experiment; a large amount of glucose (26.2gL™")
remained in the culture solution upon cessation of glucose
catabolism (Fig. 2b). Xylose was not consumed due to the
effect of catabolite repression driven by residual glucose.
However, the maximal level of lipid production increased

twofold (3.4 ¢ L™"). This enhanced production may be
explained by the higher level of glucose in culture solution,
which may have stimulated the synthesis of lipid as a
stored nutrient. Although there is further scope for using
corncorb, rice straw, com stalk and sugarcane bagasses by
H,80, hydrolysates or HC] hydrolysates (Table 1), this is
the first article of lipid production by SSF.

Enhanced production of lipid on SSF
by Aurantiochytrium sp. KRS5101

In the SSF experiments described above, employing pre-
treated EFB at 10 % (w v—h), it was likely that enzymatic
saccharification was adequate; it was not necessary to add
more cellulase. Therefore, the effect of another parameter,
the inoculum level, on SSF was evaluated. As shown in
Fig. 3a, utilization of sugars derived from EFB by enzy-
matic saccharification increased as the inoculum level rose
from 2 to 10 % (v v_"). The effect of inoculum level on
lipid production was more notable. The maximal level of
lipid production attained upon cultivation in SSF after
inoculation at 10 % (vv~™') was fourfold greater
(126 g L~")y than those noted when the inoculum levels
were 2 and 5 % (v v~ ") (Fig. 3b). The productivity of lipid
synthesis also increased by approximately threefold (from
0.68t0 1.8 g L' d ') when the inoculum level was raised
to 10 % (v v_]}, However, DHA contents were not notably
affected by the inoculum level.

Conclusion

The heterotrophic microalga Aurantiochyirium sp. KRS101
produced lipids containing high levels of DHA upon
simultaneous saccharification and cultivation and also upon
growth in enzymatic hydrolysates of alkali-pretreated
EFBs, even when the hydrolysates were not subjected to
further detoxification. Further optimization of this

Table 1 Lipid accumulation efficiency from cellulosic materials by oleaginous microorganism

Carbon source Treatment Strain Biomass Lipid Lipid yield Reference
(g L™")  content (%) (gL7")
Comcorb Enzymatic hydrolysates Trichosporon dermatis 24.4 40.1 98 [12]
Com stalk H,50, hydrolysates Rhodotorula glufinis 17.0 11.8 20 [16]
Rice straw Enzymatic hydrolysates Chlorella pyrenoidosa 2.8 56.3 1.1 [17]
Rice straw H,50, hydrolysates Rhodotorula glutinis 3.6 5.9 02 [16]
Rice straw H:50, hydrolysates Trichosporon fermentans 28.6 40.1 115 [13]
Sugarcane bagasses HCI hydrolysates Yarrowia lipolytica 114 58.5 6.7 [18]
Palm empty fruit bunches  Simultaneous enzymatic Aurantiochytrium sp. KRS101  34.4 36.3 125 This work

hydrolysis and fermentation
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Fig. 3 Effect of inoculation size on SSF by Awrantiochyirium sp.
KRS101. a Residual glucose (filled symbols) and xylose levels (open
symbols). Inoculum size: circles 0 % (v v, square 2 %, diamonds
5 9, open triangles 10 %. b Lipid content (open circles 2 %, filled
circles 5 9, filled triangles 10 %) and DHA content (open bars 2 %,
gray bars 5 %, filled bars 10 %). The error bar shows mean of the
three independent analysis results. Standard deviation calculated from
Student’s r test. It represented the mean + SD

biological process may yield an economically viable
method for industrial production of a valuable lipid from a
byproduct of palm oil industry.
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