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Statistical Optimization of Production Medium for

Enhanced Production of Itaconic Acid Biosynthesized
by Fungal Cells of Aspergillus terrens
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Abstract Statistical optimization of the production medium was carried out in order to find an optimal medium
composition in itaconic acid fermentation process. Itaconic acid utilized in the manufacture of various synthetic
resins is a dicarboxylic acid biosynthesized by fungal cells of Aspergillus terreus in a branch of the TCA cycle
via decarboxylation of cis-aconitate. Through OFAT (one factor at a time) experiments, six components
{glucose, fructose, sucrose, soluble starch, soybean meal and cottonseed flour) were found to have significant
effects on itaconic production among various carbon- and nitrogen-sources. Hence, using these six factors,
interactive effects were investigated via fractional factorial design, showing that the initial concentrations of
sucrose and cottonseed flour should be high for enhanced production of itaconic acid. Furthermore, through
full factorial design (FFD) experiments, negative effects of KH,PO4 and MgSO4 on itaconic acid biosynthesis
were demonstrated, when excess amounts of the each component were initially added. Based on the FFD
analysis, further statistical experiments were conducted along the steepest ascent path, followed by response
surface method (RSM) in order to obtain optimal concentrations of the constituent nutrients. As a result,
optimized concentrations of sucrose and cottonseed flour were found to be 90.4g/L and 53.8g/L respectively,
with the corresponding production level of itaconic acid to be 4.36 g/L (about 7 fold higher productivity as
compared to the previous production medium). From these experimental results, it was assumed that optimum
ratio of the constituent carbon (sucrose) and nitrogen (cottonseed flour) sources was one of the most important
factors for the enhanced production of itaconic acid.
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H o= 11 A 71 g Ao 73] o] Fo]
A, ekt Py € TCAIES AXH AE
2413 cis-aconitic acid2 EIMEAR 3 Tyl2EA3
w3l o3 AT THEHATHE~9). o|EREARS
2004de)] ml=t oA (US DOE)©] st wjzgfe] i)
SREAE FolA, S84 A8, A1F HlolE, B4, &
4 55 Bd AES F A4 10709 AAQF) TRy
of ¥¥=o] & F=Z ARA0] Wi B nRIPEX
s}8hEdolr)

oAk 318HA WY EE AR WUFEE B3Il AE
4 WS A8sl] A 5= Qo) 318k wpie o}
k] AFEAQ] citric acidy} cis-aconitic acidE 71
Hafsted o[BS Ak WhHolT). o] A% sk
& A FRIEE Y BAEE Q8 dA) olelEate] A1y
2Rl LS e vAE HagHe] FE FLH
Uk oJEREAY e AH Yo tARES g A
7] fEiME ik wddEd EXS Huz
o] §3t7] 3 vl Uit 2H, E3] AYrhiA <
A5t GFHolnt. 7P 953 oJElEAr MARFE
LR Aspergillus terreusol| 213 o|E}FEAre] A A,
AR ) 243 B3] AEe IS wXe Ao
A FoH10~14). iR 2A) 3 A 21L& AR
3] 95t AF7AY tiRE-e] d7e dhte] wiRAEE-S
oAy F£FEOZ T3 YA HiAARESY B5E 144
A A¥sle WS F2 ol 83sith o] WhEe FojA
Z104 54 AEY 9%S Tt & Qoke AHo]
UAARE T2 AREY o] FAl| Wad 1 AFES
AE3t7] o, 53] MAARE ol AsRgo] &4
g S dojxl Aol aanke] ©E QIR EE ThE
8490 A5G 93t EHRIAE FES = A
"ol FolHts o] uhHe) 71 2 B4 A Ak
£ e HF9) viXZAAE U7} vl$- olfu= Motk

ol#lgt FAHE FEs] A3 B AFoME EAF
HiZ] A5 S SYIATHLS, 16). F Arhai=] ¢
ZAE FAslsly] 93 olelEate] Ao & oS
HAE Fo WANEES 4 Fohla, 1 ARE9)
WsAR-S SR8y 8 tdst TAE S x4
o7 AE&3 T, oms iRz oJeREARY] AAHA
o] AURIAE WHEEHEAHE A L3l JF =ANS}
Ak A FEA B AqtEe] /jddt ojglEAake) we
2] WHolF? Aspergillus terreus SELIS-11 #FE o]

8ot FAA wAHAS} A7 FPe5ck

£ A7) AMSE 75 £ 9750 rational screening

WS 28351 NS Aspergillus terveus (ATCC 20542)
o gEHA EdwelFe SELB-117FE AMESIFTh
TFHBL spore FAJuIA|] PDA (potato dextrose agar)
plate] HF3t 64 Tt 28T oA vidkg ¥ solid
stock O 2 HA3FF O, liquid stocke. 2 THE wjoll=
20% glycerol®] TH¥ SFHTE -80C deep freezerol
We Haste] daAvit sEte] AREskh

HHX| ¢ wer =AH

AREE HiAlE wiF EA ol we} Al A] (growth me-
dium, GM), A4HA] (production medium, PM)ZE T+
SROR, FART Al AT BRI WA 93
wjg] @o Bo)AFE sEgdos o] Pidt 5
2geeld UelA WA Sels Egstel Agstck
Zt2=aE o8 ALl Al Al spore FA
Hjx]2] PDA (potato-dextros agar)oll T2 FHE 5 28°C ol
A 67k vt FHE EAEE seedE ARSSIATH
= IAEL 20% glycerolo] E3E FHFE 531
30 ml9] AR (GM)7} 1= 250 ml flaskel] 10%
(viv)e] B2 HES F, o]F IRl 287,
230 rpm o2 3U7F viUASIAUTE i el ARSEE 4 FF
o] Aok WA (GM-A, GM-B, GM-C, GM-D)2] 24
& Table 19 ANSIATHAST 2AE A 2482
Ax 9 @A AA). il Qgu) el d&
TAHIE 30 ml] A2RIA] (PM)7} S010E 250 ml flask
o 10% (v/v)&] FHE HF3 28C, 220 pmo=E 7Y
7b wekelsdch. HAskE]7] o] ARl PM-1 HiA]
o] 248 v 2t} Glucose 80 g, (NH4)SO04 4 g,
MgSO, 2.1 g, KH,PO4 0.11 g, trace element solution 1 mil,
distilled water 1 L. Trace element solution : FeSOus
TH,0O 5 g/L, NaMoOs 0.025 g/L, CaCOs5H,0 0.15 g/L,
MnCl4H,0 0.18 g/L, ZnSOs7HO 4.4 g/L. ©] PM-1 HjA]
A ZAMA 23 @ nZ A AAShE vke} 2ol
A A 249 BAA FHH3) o]Fo [t

Table 1. The composition of growth medium (A, B ,C, D)

(GM-A) (GM-B)
Glucose 20 gI” Sucrose 60 gl
(NH4)2S04 1.2 g’ (NH4)2S04 4 g
cs.L 0.8 g’ MgSQCq 1 g
MgSO. 0.8 gl" KHPO,4 0.08 g
KH2PO, 0.02 gl Trace 1 mit

(GM-C) (GM-D)
Glucose 20 gl Glucose 55 gl
(NH4):804 047 g Corn steep 3 g
KH2PO4 0.022 gI" liquor
MgSO, 0.415 gl NH4NO3 5 gl
CaCl, 0.026 gI" MgSO, 2 g
NaCl 0.015 gI’ KHzPO4 0.02 g
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TZASE N O|EI2L HEEY

A 5= AZ2F% (Dry Cell Weight, DCW)S- o]&
st SISt Y3 AEE ¥7] 918 homogeniger
2 743t #7388 AR F, 10 mlY) 9 FHE 4000 pm
oM 1087 DAEY STk A5AL AAG T @ol
JE & P AFSL ZTHE2 AHY 9, 12 weighing
disholl &ol 90T eAM 12412 AZ ¥ AZFHS =4
&t 128 F AEs=2 Fdste] VERAch al gy
o olgt2ite F43y) A3 A=Y wdd EHES
12000 rpmollA] 1087 A4 3193, o]Edo] AA

459 600 plE 0.45 ume microfilterd] E3A7]
, °15 HPLCS] FFEH A8F o83t oJe&4t
S 9% HPLC 84271 oy 2o):

Column : Mightysil RP-18 GP 250-4.6 (5 ym) (Kanto
Chemical Co., Japan)

Mobile phase : 8% acetonitrile (water:0.15% phosphoric

acid)

Column temperature : 40°C by temperature controller.

Detector : M 720 absorbance detector (Younglin Co.,
Korea)

Wave length : 220 nm

Flow rate : 1.2 ml/min

Sample loop size : 20 ul.

M ot it

22| (Full or fractional factorial design) (FFD),
Zlgaks (SAM) L HESEHEMH (RSME 0|51
= HiX|ME A W EAIN viXsT 2= 5}

A viA A3} WS 3] A $AFew
hte] el oe} FEOR Fa Unix] 258 14
XA AE3h= “one factor at a time (OFAT) method”¢]]
s Tt wiR] AgEo] ole}E4te] At WA=
FTFE AT T3 OFAT WA E 91 4
gle 2 AR daage] AxE ishe A5
A2 full E+= fractional factorial design (FFD)WPES
ol ofelZite] A FTel THY ARE Hol
= HHo] WA RS HAse FHE A7, 18).

0 FFD2] A3 95 AEH wAAEL o] &34
Z} WiAE S A FRE A 913 e REEs
Y (response surface method, RSM)S =nl=2 A& 7
T, o= ARl T WA HAY Frr) EAshe
AE FGs7I7t vl o2 BAH) A3t wetA
Fig. 1o] AAH o2 AAG vis} Zo], HEZ RSM
AYE FYs] Ao A Fort EAEe ARE
F4317] A8l HFAAEH (steepest ascent method,
SAM)E °|&3 WiFdE S WA FAsigk19). 1 F
AEE AR A s HFHos AR ¢
3 MiXAE A2te] FE W3} o|eE A Ak v

e PSS TREEAREYS o83l FAHCE B4
St ol 3 IAYHOE SATAHAEY (central
composite design, CCD)E ©]-8-3}tATH15). ST
GHM = AR (n)8] & Agte] glom (£ 4%
dMe 4719 FHE A, S @9 FE 2 kEA (&
9] 471K)9] HjRE FEE AR F9E 48 E9)
F 879 =4 AFe A webA 471 G2
FEZ FAe A9, F AT 2+ 2k +n, =
2+ @ x4y +47k HEg 287)e HAE 2AA 4
< TRk

g(start point)

Fig. 1. Schematic diagram of the steepest ascent method
(SAM).

SARAIG N A3 B2 A TE Design-Expert
6.0 programs ©|83ldq FAXHCR FAste IAYH
AE Do 2N Zzte] wiAYEE gt s IS
A8l o] AFAE viEo R Hi AHAE H% A4 )
AES HH w25 Z2FAE o W FAA modell
& o482 ANOVA #4 A] Folx= Pglell 93l
Z2AHH, pgko] 0.05 Bt 2 o) 1 fojde] A"
o 2Rl HA wiAFEE 2&THEAe] Ykl
olekERte] AEErt HAUE He AFE 3R wke
EHEQ} contour plotS o83l ZAASIAT

=zt % o

MY =Hol otE Mihl Lol OlEfZ 4t Ak
H|m

oA AR et 579 AR WAl (GM-A,
GM-B, GM-C, GM-D)(Table 1)Z o]-&a)4] A7) A
o] B e (morphology)(Fig. 2)% At gl A<l o
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EREAte] AE(Fig. 3)S RARBIAT (A7 Zate) A}
£ AR HFsls7] o)xe] WA PM-1 HjA)
o, ©] PM-1 ®jAAdol ZAS|A d1710) w2 npet
2ol AR 2] BAA HAs) olFo] H). O
23 GM-D HjAE o] &t FRudS 3 A
237 Fe] morphology7t 22 e] wiFHeR FALR Y
(filamentous form)S ©|F3, HF A2k A o]g}
] AT OE TR AR nig doize
2 A vehstthFig. 3).

Growth medium

Fig. 2. Morphologies according to various kinds of growth
medium (A: GM-A medium, B: GM-B medium, C: GM-C
medium, D: GM-D medium).
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Fig. 3. Production of itaconic acid according to various kinds
of growth medium (A: GM-A medium, B: GM-B medium,
C: GM-C medium, D: GM-D medium).

TEY A2 olER ko] IE BellA oF 650
mg/L ]}z wlwa v Uehbed), ofs ¥ dPelA
AFERE PM ARHNA7L HH A ofskS et of
2 Setaa WgRAE ok HHsiEA] 4sly) il
AR IS dubHom ofeREat kel glofA] wy
A HH5 R g Aol vig- Be |, ole Fw
H gatlo] AzAgos @ oldHu, 7hsd @ oy
oo A WPOE Ho] ol 8HES YhtFo of
ARES A0 2 Folok s17] mRo]ti10).
& 299 A A 9 ArbAe] WA 24
o] MEAF HO2 WFA = ACE woHT, &

e 3 pHE) AU kB (el AN
oE] AT Asheka Y AAY Balk e
A BT RS ol AR AR F % Wt
el pHE 44 $52 AXT F U2 AR
AT} SHe o] oY A F71E 9
3 FouTkE Fad 290l A0 BUHTK20). B9
¥ 299 Avo] et o|Fe] WA HHs YEe
4% YPAAZA GMD MAZEE olgsh)2 A
253k
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Fig. 4. The effects of sucrose and cottonseed flour on itaconic
acid production.

OFAT (One Factor At a Time) 22 0|25 =&
2l 2 etagl =AL

BAA wiA] HAg #EQl HRSEAEEAY
oJeRZAke] AR 2E H A3ty sl
o gt wjA] JE-Eo] oEf A Akl F8
HEAE duRolob gty o) YA oA £
334 AgeE oJelZA AR (PM-1) 24 (Glucose
80 g, (NH4)S04 4 g, MgS0O4 2.1 g, KH,PO4 0.11 g,
trace element solution 1 ml, FFF 1 FEHE 7|2 o=Z
sl shte] 8RlE o8 FFEoE ¥ UmA 80S
a43led A= OFAT (one factor at a time)WHol
o3 Tkt gAYy FAYES ZAEIHTable 2).
80 g/LE VI3 ©AYE 7kl ofelEqt skl &t
7} £ 8212 Z glucose, fructose, sucrose, soluble starch
58 28§ AT, 1 FINAME sucrose®} glucose?]
g3ko] 7 & Ao 7 YEPITtHTable 2). 3HH 4 g/LE
HA7tE A4 Fo| 4= soybean meald} cottonseed flour
(Pharmamedia)A 7FF =& AAES YehiRitE &
3] cottonseed flourolA 714 =2 ALALES Hei=d),
o]+ cottonseed flourol] T2 FE2 ShF o] 9J& Ca
o] ko= AAdo] Folzl AoeE F2HTH21). wiA|
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ko fr of
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TRLAE 7het AR shivt upolx A4tAdo] Bk
3] gAe ALE Hol AT 4. terreusol] 9%
o[EfZAFe] ARl wiNAE % FEs} ulg UHF
HHo] AUSE TR 5= AT} WA oJekEAake] A
AHIE EFF0R Eo|7] YEide FARD A
o] gl d77t $H4FHo 7 olFolA FE ¢ F AN
Tk OFAT 232 3h}o] aQIvhe WsA7|n & g
AEL IHANA H48E Y=z, 89179 3 2e
o] A=A o} HHe HAAE EEIhed ZEZH<
$HAI7F 1tk wEbA OFAT WHog 28 671A] wiz|A
e tigh 45389 Axel 7+ 29159 9 AR
43817 8] B4 WEA 294A (factorial design)
WS 83k '

Table 2. Itaconic acid production according to various carbon
and nitrogen sources

Carbon sources A (mgl™) Nitrogen sources (A (mgt")
glucose 2875  ammonium nitrate 273.98
fructose 722 peptonized milk 153
sucrose 3181  soytone peptone 919.36
maltose 608  casein enzyme hydrate 233.27
lactose 0 ammonium phosphate mo. 349.88
galactose 0 ammonium chloride 539.17
soluble starch 1208  yeast extract 178.76
glycerol 0 ammonium carbonate 32113
sodium starch 0 soybean meal 1843.76
cottonseed oil 0 cottonseed enzymatic hydrolysate  1659.96
peanut oil 0 fish meal 465.11
olive oil 0 cottonseed fiour 2550.78
proflo oil 0 soybean flour 1564.97
lard oil 379  pharmamedia 2270.15
wheat germ oil 0 corn steep solids 935.23
almond oil 0 skim milk 340.91
sunflower oil 0 ammonium sulfate 201.53
sesame oil 0 ammonium hydroxide 191.18
soybean oil 0 trytone 390.59
vegetable oil 0 ammonium tartrate 262.48
con oil 0 corn gluten meal 955.01
ammonium phosphate di. 360.92
malt extract 948.57

BEQRQIMA (fractional factorial design)2 0I2
gt ojel= At MAlx| =[=35}

B2 WAES AN a8 AIAE JFed &
A& AEE7] e 2 uiA R F9 ol
2z2}e] Za gl Uit ARE dE Aol Fadh) E3
AP FRE FoJHA BL 89l oy FRE 9L
g e WHol H4ds] a7dr) oF ¥3) B dyeMe
Aoz 2" 2QAAY AR 12 BE ™) T
APshe FEAJMEAYS A& iz HH3) A7
£ FP3ATH22). YA o Z OFAT AFe A olgt
ZA AR P & TS F 5 Y'Y 89
(glucose(A), fructose(B), sucrose(C), soluble starch(D),

soybean meal(E), cottonseed flour(F))E< 333 3k
1, D& o2 3 F(Table 3), °|EE N2 Z§%
%, 3709 S0, 071A] EFsh= 35 /9] widRA
(Table 4)°llA] oJe}24te] Bibde AR,

Table 3. Definition and trial levels of factors in fractional factorial

design
Factor Variable -1 0 1
A Glucose (g™ 10 20 30
B Fructose (gI'") 10 20 30
c Sucrose (gl 10 20 30
D Soluble starch (gI"") 10 20 30
E Soybean meal (gI") 2 4 6
F Cottonseed flour (gI) 2 4 6

Table 4. Experimental matrix for the fractional factorial design

Ep. A B C D E F IAmgl) Ex. A B C D E F IAmgl")
T 1 4 4 4 1 46123 2 0 0 0 0 0 0 165222
2001 1 183899 24 A 1 A4 1 4 422833
N T T O T 11 B T T I B I T 1 £V
44 4 1 4 58308 26 1 14 4 1 1 258365
5 4 4 1 0 1 1 28724 27 0 0 0 0 0 0 161034
6 4 1 1 1 1 45 B 4 4 1111 239247
T4ttt 214278 M 111 1977.06
8§ 1 1 4 MTTE 30 141 15523
9ttt 05267 3 A At 716245
0 1 4 1 1 1 4 4516 32 0 000 0 0 17096
M4 4 1 1 4 1 300655 33 1 4 1 1 1 283657
121 4 1 4 1 1 208838 3 4 1 1 1 1 4 15512
1340 4 1 4 4 4 198816 3B 1 1 1 1 1 1 312243
o4 4 4141 21808
54 4 11123041
B 1 4 1 -1 4 4 115328
7 14 1 1 4 1 28N
B 4 4 11 45359
19 1 1 1 1 1 1835
004 4 4 1 14 127819
A 1 44 143987
2 4 1 14 41 5153

Table 5. Analysis of variance for the factors of the fractional
factorial design

Factor Effect  Sum of square  Mean square F value P value

A 153.286  1.880E+005 1.880E+005 9.61 0.0173
B 44496  15839.15 15839.15 0.81 0.398
C 318.013  8.091E+005 8.091E+005 41.37  0.0004
D 201759 3256.52 3256.52 017  0.6954
E 607.266  2.950E+006 2.950E+006  150.86  0.0001
F 1239.69  1.229E+007 1.229E4007  628.68  0.0001
CF 124.959  1.249E+005 1.249E+005 6.39 0.0394
CE -20.362  3316.98 3316.98 017 06928
EF -69.66 38830.13 38830.13 199  0.2016
Fractional
factorial model 0.0001
R-squared 0.9927
C.V. 7.72
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Table 4°l AAIGE vle} Zo] tpgF3t AFZF ol wh
2} olelZAte] Aato] HA 422.83 mg/LAlA Hir
3122.43 mg/L 7}A8] H2 W9 ol EAste Ao
Yelstth o] AAE fractional factorial modeldl -84
A BAXNSE B3P, 1 ZAQ EAEAR
(Analysis of variance, ANOVA), effect list 2 Z} 221
E9 BAIZE Table 590 AAFATE 222} Pvalue
7} 0000108 FAHCE Wi Fofg el lom,
WAk (CV)9] #e 7.720122 AF9) A5} A
7} FEEH, R*S 0992724 ofekZste] AT
aQmde] oAgh o] Ao URFS FIT & UA
ok Zb 2R1ES] WiRREY FF0] B 50 F
< FEOE WHIYS AT Ui 74 adsel o
effect® AHEHA B49Y FolA sucrose(C)7} 318.013
o2 ofglZit A wAle At 1 Za, 2
&Y FNAME cottonseed flour(F)7} 1239.6924 7V4
2 8945 Btk AsALe) digh J3gS AEE
sucrose(C)¢} soybean meal(E), soybean meal(E)3}
cottonseed flour(F)&] F ZFolA Zzre] -3 i3k
effect’} -20.36, -69.6692A4 ©|E}ZA} 2o 7H43}
= BAAR] FE B B¥HA, sucrose(C)$} cottonseed
flour(F)&} 2ol 124.95924 T4 GFo] T3l
A AEEHATE E3 FAZOE w28 (P<0.01)
L8RS AHHA sucrose(C), soybean meal(E), cottonseed
flour(F)E WL, o] 37k Q%1 457t JadA
o 2loJM= sucrose(C)S} cottonseed flour(F)e] w3z =zt
&5k foJ3ta, YA 815 ko] wE AR BAY
o2 FosiA] &2 Ao F Yehdth T3 sucrose(C)9}
cottonseed flour(F)2] Zzte] F% Wslrl o|e}ZAlr AJAr
o mAlE A B0 AP Figdel A
A1gt vk} ZHo] sucrose(C)$} cottonseed flour(F)9] H%
7F B FT1Rel we} ofelEke] Aikdol 4 £t
e 202 ASEHUTE WEkA o] F aRlE oJg At
AN HA5E 915 @AYy dAYdow HE AA
g T ATk

HH|21MA| (full factorial design)& 0|28t O|E}2
AF MAWEX] =3}

Fractional factorial designs 3l 6714 F23F ujA]
AES FoA ol AT A el F88 2714 A
 (sucrose?} cottonseed flour)S #F YT 4 U3k
o] 27} AdEel tiste] AEAZF] B wiAdE
AP AR FS) HAES HHBFoE FF3] sl
KH;PO4, MgSO, 449 55 thdsiAl Hgalyie A
e FHAT. F F 47129 WAEE (sucrose(A),
cottonseed flour, KH,PO4(C), MgSO4(D))oll thal] full
factorial design APE FATFOZH ZHzte] JRE]
Fd AR} AP Ak Btk

Table 69 7} BiRIAAEE] levelS AN, Z42te)
APz gzl g o[ek2Aite] A4S Table 7
o UehAth 2 ZZoA oJelEAl Aakdo] 2463 mg/L
24 7 =33, 798 ZFA g 9 vEst
(1057 mg/L). ©] ¥ 2% vlws) HE o) F =F
5% sucrose(A)9} cottonseed flour(B)© 22 F52
ANERQ1, T2 KHPOLC)S MgS04(DY7}F B 5%
2 ke Aotk & Aol 7FE w2 2¥ =%
A ME MgS0.2+ KH,PO 7 B5F ¥ Fxoli, 7¥
Z3Y] A$E F AR EF 52 FEE FUHEANh
ol g w29 Ao|2 Qlaf o]e}Z4ke] iAol
of 23u) A= & AoVt W FEY it

Table 6. Definition and trial levels of factors in full factorial

design
Factor Variable -1 0 1
A Sucrose (g™ 30 45 60
B Cottonseed flour (gI”") 6 9 12
c KHoPO, (g™ 3 45 6
D Mg30, (") 3 45 6

Table 7. Experimental matrix for the full factorial design and
itaconic acid production for each experiment.

Exp. A B C D IA (mgl™")
1 -1 -1 1 -1 1195
2 1 1 -1 -1 2463
3 1 -1 1 1 1156
4 -1 -1 -1 -1 1136
5 - -1 -1 1 1067
6 -1 1 1 -1 1851
7 -1 -4 1 1 1057
8 -1 1 -1 -1 2071
9 1 -1 -1 -1 1444
10 1 -1 -1 1 1299
11 1 1 1 1 1486
12 -1 1 1 1 1639
13 0 0 0 0 1609
14 -1 1 -1 1 1794
15 0 0 0 0 1600
16 1 -1 1 -1 1340
17 1 i 1 -1 1858
18 1 1 -1 1 2009

oS AA3 B335 93] 471 18 7ERS wjkx
Ao 4 AAE full factorial modeldl] HEAIA T
AXE235 A2 Table 89 AA3FYTE Full factorial
modeld] W3t P-valuer <0.0001E EAIFHOZ w$ &
23t Aoz FAHF, R*0| 0.99722 A A7k
29 mdo] st @I AY X AR ER
o). ZHzte] wiRAREY levelo] RFE FEANA & T
Fo= o|Ed uf oJekEAt A riXe F3S A
Bm sucrose} cottonseed flour7} 24 155.62, 684.56
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Cube Graph
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B- 1304.00 1170.04 C-
a3 D
D: MgSO4

A

Cube Graph
Haconic acid
. 1745.56 1672.42
e ’
B+ 1932.91 2236.60

B: Cotlonsasd flour

B- 1102.14
A

1371.91 c-
A+

A Sucrose
B

Fig. 5. Cube graphs showing the effects of (A) cottonseed flour,

KH,PQ,4 on itaconic acid production.

24 384U aHE Bl ¥, KHPO,9F MgSQ40A]
© 247 2126, 2314284 BRI Aow etk
A AR HEre] JEe BE APEFoIAM A
Aoz Yehgth B Ao A sucrose(A), cottonseed
flour(B), KH;PO4(C)SF MgS04«(D) L£2E 9] ¥3}o

£ olelZAt AAtEK Yol digt 3 Tdlale dga
2o] 4% AT, HFAAAZ test 2, 1432
P<0.01EA RE Q15°] folsisien, 89 457k
WAl lojxE AB gylo] frejAdo] glom vz
FEL BF 4ol gle Aoz ek

Y = 155459 + 77.81A + 342.28B - 106.3C - 115.71D -
20.17AB - 65.55AC - 28.59AD - 81.59BC - 48.73BD

Table 8. Analysis of variance for the full factorial design factor

Factor Effect Sum of square Mean square F value P value
A 165.62 96871.89 96871.89 8036  0.0001
B 68456  1.874E+006  1.874E+006 1555.32 <0.0001
c 2126  1.808E+005  1.808E+005 149.98 <0.0001
D -23142  2.142E+005  2.142E+005  177.70 <0.0001
AB -40.34 6511.28 6511.28 540  0.0581
AC -131.1 68758.02 68758.02  57.04 0.0003
AD -57.18 13075.35 13075.35 1085 0.0165
BC -163.18  1.085E+005  1.085E+005 8835 <{.000%
BD -97.46 37988.03 37988.03 3151  0.0014
Full factorial <0.0001
model
R-squared 0.9972
C.V. 223

Fig. 590 ©] 4714 A ESe] % Wl we o}

MgS04 and KH:PO, and (B) cottonseed flour, sucrose and

FAF Al M3l AEE cube graphs o83t YE
WAk Fig. S(A)ZFE KHPO.SF MgSO.& EF W
¥5 2 cottonseed flours & FE2 wjx|o)| Hrlsofop
ojglZ ke AAkAge] TS @ & A, Fig. 5(B)
ZHE sucrose$} cottonseed floures ¥ =& H7HH
oo} 3HAY, KHPO4Y) Tt Golajo} ofelidate] ik

Ho FrhTiE AE BT 5 AATh

FZASY (steepest ascent method)(SAM)E 0]
83t O[E[EAF MANX] &|=is}

oJelZ Y] kst Hu]l g Yehile H1g
A 7he 2e Blou /g we] Hod 4 e 42
718 71E AAEE BoSFE 4ol E Aol (steepest
ascent method, SAM). W&tA Ab7]9) full factorial 2§
oA A& 1AEHAE TAZ s 7 7HEE AR
g HoFE 71E7E 78, ofelitey] Aikdo] Ao
g RoFe AR AFES daA 419 470 890
(sucrose, cottonseed flour, KH,POs, MgS0,)2 ©]&3}
o ZxMdE (sequential experiments)S F-F3HATH19).
Table 99 HF5H (SAM) ABE F=33817] 93t 2¥
AAEE VERNRISL, Table 109) 2 viAANRES] 55
H3le) mE 23} 207 o|eEAke) ALME A
8tk 4719 full factorial design®] FAME HFA
S Ao g gl Ahoke alElE, 1 dal
sucrose®} cottonseed floures 57} 715l alel olg}
Fike) AAtAde] Frbshe ARe HYa, W KHPO,
9} MgSOs= F 7 BF F57F 748 o oelEity
el Zrksle ez #AHACh 53] Table 109]
A KHPOs$F MgS048] F=7} 0013 o ojelite)
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iAol 7 Eoke2 5 k|, o|2RE o] &
7HA 81%10] 4. terreusd ©JE}EAF AL FEISHA
A3l S-S Al b e 5= QS

Table 9. Experimental design of the steepest ascent method
(SAM) for medium optimization

ltems  Sucrose (gI") Cottonseed flour (o) KHPO, (o) MgSO4 (gi™)

Center point 45 9 45 45
Origin step 15 3 15 1.5
Main effect 155.62 684.56 -212.6 -231.41
Coefficient 77.81 342.28 -106.3 -115.71
Slope 312 13.74 -4.26 -4.64
New step 46.86 41.23 64 -6.96
New step/10 +4 +4 -0.6 0.6
New step/20 +2 +2 0.3 03

Table 10. 4-factor experimental matrix for the steepest ascent
method (SAM) and itaconic acid production for each

experiment
Exp. sucrose (gI') (;I(;tLorn(s;ﬁ()i KH,PO, (gI") MgSOs (gI") 1A (mgl™)
0 45 9 45 45 863
1 47 1 42 42 1076
2 49 13 3.9 39 1348
3 51 15 3.6 3.6 1430
4 53 17 3.3 33 1436
5 55 19 3 3 1500
6 57 21 2.7 27 1557
7 59 23 24 24 1644
8 61 25 2.4 241 1729
9 63 27 1.8 18 1782
10 65 29 15 15 1915
11 67 3 1.2 1.2 1928
12 69 33 09 0.9 2217
13 71 35 0.6 0.6 2634
14 73 37 0.3 0.3 2899
15 75 39 0 0 3380

119 49 vz 27). w2A o] BZoA FA4 R
HEA) (response surface method, RSM)& 283t A4k
HiXE 2H3A717] 98 2719] F83F 8191 sucrose}
cottonseed flourE ©1-8-31] S IAIF (central composite
design, CCD) 43S 43ttt ¥hEEHEAY 53
2 SR viXGRY Z7te] sx Wsld we F
EH=Q) oJE A AAHgo] DA FES WwevkE AH
Wl A5BAE FHEM, ofEkEAr ALdo] H
t7b B Zh iR EEY] A s Faat Fojoh
B A E Table 120 #AAISH uie} 2] -1(low)3
+1(high) levelAto]2] AA| Fx9o] Zo|7} 10 g7} H=
= ZAFAAG S AT ¢ 2 miAETEY =
H3lo] WZ oe}ZAl AibE e HhgIEHo| FHo=R
veld Ao g o] 2a FARYAHES ARSI AT
FATAAA G AH8H AFFHE A7 AEY A+
Aes B Ao 2 wfRZHS! sucrose 91 g1}
cottonseed flour 55 g/l1E ©]83FAt SHHTR sucrose
59} cottonseed flour H=o 3l (-q, -1, 0, 1, a)%
SHAR Foslelal, 13744 FFY AExAS 2AS
i Table 13). = 5] A (0, 0)F 4749 =4
((-a, 0), (a, 0), (0, -a), (0, ), LI 47}2] Q2NAFH
(-1, D, (1, D, (1, -1), (-1, -1))= AF3HA

Table 11. 2-factor experimental matrix for the steepest ascent

method (SAM) and itaconic acid production for
each experiment

371 Aol ABNA o= KHPOsSF MgS0, F
8200 wiAPdRE e R AU g AlE, g2 F 2919
sucrose?} cottonseed flour TS 71t FHF33<Hol
o3t FAAPE TS L AHE Table 119 A
ABIH=H], 4 w2204 oJelZAal AJiHAdo] 4235
mg/lZ 7P =4 YR, sucrose$} cottonseed flour
7h 49 AFExA ooz HrlE Afole olelEite]
Aol HR} HAshe Aoz BEEJCH

3719) HRdEs Agel o olekEat kA
=1 & IAHH R Zg 5 AATKTable

lo
)
)
off
k1

Exp. sucrose (gI") cottonseed fiour (gI") KH:PO, (9"} MgSO: (gI") 1A (mgl")

0 51 15 0 0 2811
1 61 25 0 0 3230
2 n 35 0 0 3724
3 81 45 0 0 3920
4 91 55 0 0 4235
5 101 65 0 0 4107
6 111 75 0 0 3083
7 121 85 0 0 3775
8 131 9% 0 0 3766
9 141 105 0 0 3000
10 151 115 0 0 2811
" 161 125 0 0 2236
12 17 135 0 0 1906
13 181 145 0 0 1609
14 il 155 0 0 1455
15 201 165 0 0 1320

Table 12. Coding and assigned concentrations (g/l) of the
variables of different levels of central composite
design (a=1.415)

Coded levels
Factor
-a -1 0 1 a
Sucrose 83.93 86 3 96 98.07
Cottonseed flour 47,93 50 55 60 62.07
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Table 13. Experimental matrix of the central composite design
(CCD) and itaconic acid production for each experiment

=
o

Sucrose (gl Cottonseed flour (gI") 1A (mgl")

4300
4256
3355
3841
3891
3485
2803
3679
3407
2854
4147
4467
4500

BN W N =

(=]

10
1
12
13

' [

OO0 20 A0 a0 OO0
v ' '

OO0 O o =208 o0

Table 13 SAIAIEH oJs) 39 wjFEd=A
Z}z4e] w2 igt ojelZate] AaAde AAEIT:
Q) sucrose S 83.93~98.07 g/l, HAHL cottonseed
flourE 47.93~62.07 g/19] Thakst wiRZANA Hgg
A3, oJefEAte] AJatdo) 2803~4500 mg/L HH A
o2 WEEUTE o] Aol 93] JojR ety
AT s FATAAGY ) D o)ag4¢]
P E FH3AC olaitiarale] 2z} gl thgl A
+ Design-Expert 6.0 S/W-2 AHg3t o S|AEA 3
Fed, I 29 o HFE wd4e 0L 2t o)
2] A= sucrose, B cottonseed flourS &]n|3hm, ABE=
olF AR 7] w3 LS ousith

Y = Itaconic acid
MAVEE = 43347 - 24.4A - 251.2B - 323.4A°% - 596B°
+ 210.9AB

Table 14. Analysis of variance for the response surface
quadratic model

Factor Sum of square Mean square  F value P value
A 4772.38 4772.38 0.12 0.7389
B 5.052E+005 5.062E+005 12.74 0.0091
A2 7.278E+005 7.278E+005 18.35 0.0036
B’ 2.472E+006 2.472E+006 62.33 <0.0001
AB 1.779E+005 1.779E+005 449 0.0719
CCD model 0.0007
R-squared 0.9282
CV. 5.28

o] mdao] EXS Table 149} FAHENEE Fa) 4
HHH Pvaluew 0.00072A4 FAFHS=Z u]$- Folsict
= 2 & 5 ok ER 89WEkg (CV)9 gl 52%
g AN A wr} Fou R'E 92%=A olet
e o] i A8gs Bd40] dEH ol

|

Ao IRt AL AT £ Utk B 2HlAS o]
S F AR HF 2FS F7) d8l 3A ¥R
HEAS £33 A2 sucrose?} cottonseed flourS]
T sl e olelEite] ALY MsARFS: Fig. 69
eI olelZite] HA AB4EAE sucrose 90.43 g/,
cottonseed flour 53.84 g/1%] R Z IEHUF, o] A
Holxje] olelEake] AL 4360 mg/lE ASFH AT
FE3 4o vk Eaiae)] o8] FHH uiAAdREe] HF
FUb G A8 HFASHY FAEEE B8 A
Hog AL A Ay HE2 tEA] Yrke AR,
o|Z2XE] iR FT= HH3E 5 I A8 HF .
A Ago] vl G3350|02-8 BRI & YTk )¢}
7o) BAA ujx] A3} A e AAH T 33 A,
e (C-source)$] sucrose2} FA (N-source)?! cottonseed
flour 7+ C/N HIEZ (ratio)©] oJEREA] AXHgo) &
QS o AL BT = o, o] Bl F
Aoz A3t Adl o]l EAke] Arbdo] z7) wiA
Z79) vl o 7ol A= FVIRE HAHo iR =4
£ ARFY 4 I3k

Itnoonle weld{mgil)

Cettonand floutgil

Fig. 6. Itaconic acid production represented as (A) 3-D
response surface and (B) contour plot as a function
of the concentration of sucrose and cottonseed flour.
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Aspergillus terreus®l| €3 oJEREAL AAL WHEF Ao
A At ARE ol Ax Aga oo wjokay
2|3 EAo] oJe}Eal AR o7 X9ANTE 5AF
WHE H831 itaconic acid?] BAHRA] 2L HF
ke A5 TN olEkEALS TCASIZE AH
¥E cis-aconitic acid®] T)F}EE-23} ko] 2)s) A
FAEE 157} FetdgEdeltt 9 One factor at a
time (OFAT) "'HE ©]83le ole}Zate] Batad F7lo)
A YEE AE T3 S2UEE sucrose, glucose,
fructose?} soluble starch& &<¢1& & g, A4
SE+< cottonseed flour®} soybean meald S 4
Ut} Fractional factorial designg E3}] o5 67}
8RE o] 438 A= 3 AP sucroses}
cottonseed flour7te] 35280 Aw7}t 74 Ha, v
2l 8205 ] AEFgY) Aee FAY T olglEt
ARkl Q318 ¥A291 AxE Jehitth %3} full factorial
design (FFD) A%< B3l Aa)x| o] KH,PO:S+ MgSO,
7b A7 =R olefREAake] Aol AzkskA Asg
< ¢ 5 UMk FFDY 1x12da)e 27t0 2 sl AF
3™ (steepest ascent method, SAM)S -3} sucrose,
cottonseed flour, KH,PO; ¥ MgS0,9] H& w2 3k}
© 7Kg 7HE 71E71E oM, Assla g8Hes
HH FTA e ARE IS 4 Ak SAMo]
AT FE FZolA wh-FEHEA] (response surface
method, RSM)E #8314 7} vjA R F55 HH3s)

X771 f8l, 2709 Z235 29191 sucrose$ cottonseed

flourg ©l-&at FHE97A1E (central composite design,

CCD) A& TH3I{TE 1 dt olekZate] HA wjx

F32 sucrose 90.4 g/L, cottonseed flour 53.8 g/Lg)

AR FHAHJL, o] FoA o|EtEAte] AL

Z7] A wiA A o] AAbAol vls)| < 7u] Z713F
4360 mg/1Z UERTE ol28E wAg (0)oF A3l

sucrose®t AAY (N)OE AME3EH cottonseed flour 7+2]

C/N H]&o] oJe}Z4te] AabAel] & oS A=

S T £ Ak

& Al

2 d7E =9 BeFE (Energy Technology
Innovation Project), 2T A BK21 Ay, Z-Lthdtw A
HEotATAY APS wol SO o] FHAL

=Ry

A1 20009 1€ 14, AAS 1 20099 2€ 23Y
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