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W EEHEE (Mucor circinelloides) T #1 A % #pa R EIAG AR R, REGHEBRAT LG RRBE G0 IRE. £
THEERECRKEBEER S AR R E LT, A 100% R BB, e RBI A6 RbAE (KEh) EA
B—FrmiR, SEmBERFERAERGHRETTHAT. RARG-FPEERRER, B3AMEERIR (gas
chromatography, GC) €& L A&7 BR AR A a2, FE, KA FENKALE PCR FAN T 5 RE I BR & A8 X 895
tofeBs KA ERARTOREFTL, EREAN: HZALTEOERAT, REHZRRSLPARHEEIS gL, Kew
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Enhanced Fatty Acid Production by Addition of Exogenous Qil in
Mucor circinelloides

WU Chen', SUN Caili', WU Rui®*, WANG Xiuwen', XUE Futing', SHI Wenyue', SONG Yuanda""

(1.Colin Ratledge Center for Microbial Lipids, School of Agricultural Engineering and Food Science,
Shandong University of Technology, Zibo 255000, China;
2.Shandong Anhong Pharmaceutical Co., Ltd., Dezhou 251500, China)

Abstract: Mucor circinelloides has the ability to use a wide range of carbon sources to accumulate lipids. The different
carbon sources have significantly influenced the total lipids through different metabolic pathways in oleaginous organisms.
In the present study, the effects of exogenous oil (soybean oil) at different concentrations as an alternative carbon source on
its fungal growth and lipid accumulation were investigated without changing fermentation culture conditions and the
original C/N ratio, while using 100% glucose as a control. Total lipids and their fatty acid composition were determined by
gas chromatography (GC). Moreover, the expression levels of desaturases genes involved in fatty acid biosynthesis were
investigated in the studied strains using real-time fluorescence quantitative PCR. The results showed that a concentration of
35 g/L of glucose mixed with 24.3 g/L of soybean oil were the optimal carbon sources with constant carbon to nitrogen
ratio. The biomass, lipid content and lipid yield of M. circinelloides grown in this medium increased rapidly in the early
stage of fermentation, and the growth trend gradually slowed down in the late stage of fermentation, decreasing slightly
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after 72 h of fermentation. It was found that the highest biomass, total lipids, and lipid yields were significantly increased at
19.60 g/L, 42.62%, and 8.35 g/L (33.15%, 23.8%, and 65.10%), respectively. In contrast, the control group (those cultured
on glucose as a single carbon source) was only 14.72 g/L, 34.41%, and 5.06 g/L, respectively. The critical step was in which

o-linolenic acid (ALA) was stored from the exogenous oil in fungal cells supplying enough soybean oil with mixed

substrates for fatty acids synthesis. The overexpression of the A 12-desaturase gene in WIJ11 significantly (P<0.05)

increased, while the overexpression of A9-and A 6-desaturases genes was significantly (P<0.05) decreased. This study

could provide important insights for further investigation of the effect of other exogenous oils on lipid production by M.

circinelloide and other oleaginous fungi.

Key words: Mucor ciecinelloides; carbon source; soybean oil; lipid production; cell growth; gas chromatography (GC); a-

linolenic acid (ALA)
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LA BEE W1 (Mucor circinelloides WJI11)
A S = AR, K Bk, SR e
B A R Fl s C15:0 i AF R A i 4l
Sigma 2\ Fl; FEEHRWY . WA RE ALK 7
ali, FE 25 A2 A IR F] ik vE 80 fh2#4l,
FE 2R AT A R A F EC ke ksl 55
Wr = 251k 22 H R A5 BR 4\ #] ; Total RNA Extractor
(Trizo) AT AEY T B A R F; Evo
M-MLV Sz 5% 5 7R 9355 &5 . SYBR pro Taq HS
Premix {5 & Takara 2\7],
ADS00S-H =i s bl gy R

FABRAF; ZWYR-C211D #EIK (THIREG IR IR 4% )

YR AT RS A R ] A L
WA MG ERES  IUARE BB A W 58 15 Light-
Cycler 96 SEZB 56 PCR A FigS KlIZ5A
FRZ> 5 Agilent 7890B “UAH AL 2 HERFLL
£ BR 2 w3 Labconco-6L EL25 ¥@ UR T4 AL 38
LABCONCO A7l A Radggas AT 2244
HBRAFE]
1.2 FHE
1.2.1 ¥ Wikt YPG(Yeast Extract-
Peptone-Glucos)(pH4.5), Z & Zhao 2591 JryHicHi, F
FEFERLA Kendrick & Ratledge(K&R) 35 FE5E721,
RSy A: #%ERE 30 g/L, MgSO,-7H,0 1.5 g/L, WG 1R
£ 3.3 g/L, KH,PO, 7 g/L, Na,HPO, 2 g/L, liFf}Hihi$z
1.5 g/L, CaCl,-2H,0 0.1 g/L, FeCl;-6H,0O 8 mg/L,
Co( NO;) ,-6H,O 0.1 mg/L, ZnSO,-7H,O 1 mg/L,
CuSO,-5H,0 0.1 mg/L, MnSO,-5H,0 0.1 mg/L, %
Ml IR ol B K&R 1537 3E00, 45458, 80 o/L; I
AR, 2 g/L; HAfthl /- SR FIgsestl . IREE
P din e AT PO AV E R 25 —A I, (AT A 2L
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FlER 80 (FLALFI BTN N 2%) BEF TR LIS 5, ¥4
JZ&A 2 10000 r/min, 5525 Smin, JECFLIRAK, TF%
REEE 1 BT ECH, DASA—RR TR R0 ) 1 A X RR 4,
HAPULHAE Ry SIS LH A T AR eSS0 . RS 3R 3Ed AT
PR X A TR R B, T 121 CRiJEZEIR T K

20 min,

® 1 AR GRS SRR BT

Table 1 Formulation of glucose-soybean oil mixed medium
ik HIE (/L) Keih(gL)
1 80(100.00%) 0(0)
2 40(50.00%) 21.6(50.00%)
3 35(43.75%) 24.3(56.25%)
4 30(37.50%) 27.0(62.50%)
5 25(31.25%) 29.7(68.75%)

VE: $545 PO TR s R S AE B 3R BT T o LA

1.2.2 53051k FAUE TR BUB AR B (Mucor
circinelloides WI11), X235 3] YPG(pH4.5)F
ML, 7E 28 °C fHIRFFFRFEREFE 3~4 do HICHI/KIZ
AT IHIEAT B, B T B AR R B B S
1.0x107 ~/mL, 38T 4 °C vKEE LIS . Fh 735
FE: B 100 pL fEFEIR UK (1.0x107 ~/mL ) 32 Fh 315
A 100 mL FhFH5 IR ILAT 1 L A7 PYAR A BE B 5,
£ 28 °C. 130 r/min S5 F FHEIREESE 24 he  KB%
Bige: ¥ 10% (v/v) R 10 mL R F3538)
PRI 100 mL A BEREFRILAT 1 L Ay RHe it 4
IR A, 75 28 °C. 130 r/min £/ F &% 96 h, TEX
BERY 12, 24, 36, 48, 72, 96 h HUFE,

1.23 AYENNE RIFBERSEE SIS
A FG ot g Bk Uk =R 4R b, oA uE W A R AR, A
0.9% = BHER K vyl DU ks , 5 IE AU A SR RTFREE 19 25
AT, BEIS XA S IR R B SR AR T 48 h
FFREE, M AHZEE IO BT R, T34
TEANLI T E (REENEE) AN

AT g/L) = ® (D
T E R E S )(e/L) = —=—— —m,
A (2

. m, A B E FUEMLAY E R, g m, IR

TE A IERAN R i, g5 v WHBUREARFR, mL;
my MR GHEAR LA 5), g/L.
1.2.4 SEEROPA AR AR S MW E NN E B
12, 24, 36, 48, 72, 96 h [y k& B b4 T i 5 WE T 5%
T e , PR 2 e A i AR AR A S X I
HR AT A B A R A B A T R 5 SR FH A IR K 5k T
(G 38 WA BRER K BRI T i) 4325, SRS
222 Tang 5P (Y TR IA TR S 2 A9 I0 AE s AR PR
HA A G R HINAEE0R, 205U F:

P FEEZ (g/L/h) = ¥ X (3)

s AC Sy & T B[] PY ¥ A6 114 7] 28 0 sl K o

T, g/Ls t Sy &R IE]L he

1.2.5 SJRIIFRIGEEHEL SR T -H B5 ik %
IR BRI TR HREL, BRI T FREL 10 mg
LA BT B 2248 T 5 mL $2IEHF, A 2 mL
4 mol/L M#L&; 80 °C 7K¥# 3~5 h, WilE]&:f% 30 min
WER = 17— 1K s BUH SRR 2RI, MO DR
I 100 pL - FkefR (& 0.2004 g/100 mL) N
PR, INAREREE R 201 AY545 (2 mL) A EE(1 mL)
FEATIR AT 15~20 min HEAT G 78 &0 AL P 0
5 min(3000 r/min), Y& T2 (G52 #8232

BRI AT A 1 mL 10% HORRREZ FP IS4
BEAT I ARAL, 60 °C JK¥E 3~5 h, WIlE] 45 F% 30 min ¢
R — U BUL RIS JIFEIR S, TN 2 mL 1E
CUBER 1 mL AR ERK, FE43M1RA) 15~20 min, 7EES
DL ESL 5 ming WHL )2 IE CV6E)2 AR TR FP G
VAL 22 S, BEFSUET T GC A,

1.2.6 SJSHIBREY S AN E  RAERUR
AT THRIVITRAINAE , SAHETE K4 h: AN5300
BERE, ST AN, (it E DB-WAXcolumn,
AN AR, AL IR ARG 2R 8 250 C,
PR 1 pl. O3SAE THERART : B YERE RS0 4G
HEREE 80 °C, 4Bl 8 °C/min BYFHEIHZET = 200 °C, H
LA 1 °C/min BTHIEESRTFZE 205 °C, &) LA 4 °C/min
FITHEE R T2 240 °C, £35S min, BRI BEHE
I NE DT P A AR Ha SR €3 (1 v 1) S e B TR 2 HH e
B TR, Z AR HE SR B A B T
PR ¥ 2, DA+ ElR (Cs5.0) i PIBR, BRI T R it 04
AN A, EHE TR & 5 MR o= 22 a3+ 2 =X an
T:

A

“
—— X Cypp X Vi

S TR B R (%) = —2% % 100

X @D
=5 (g/L) = BRI & E xR+ E X (5)
e A AT BE IV 1 04 TR BRI Ay A PN
FRIGTETR C g M IBREREE, g/mL; VA PIAR A
B, mL; my o S AR T G, mg.o
1.2.7 BB AN R P A SEIE R F% SR K1
ME  ASSCE P FHEIBL R E B 2 k. B RNA
MIHEE: FH Trizol 1Y 2 B AL B8 WIT1 19 3E A
H B RNA. %55 i Takara 23 7] Evo M-MLV
% sE PR B S S B B8 W1 1Y RNA [
k153 cDNA, ¥ RS il m Gl 4. o
B 22 5t PCR: SEHT2E5 5 5 PCR(RT-qPCR)
FH Takara 2\ &) ) SYBR pro Taq HS Premix i 5
G TG R, SRR S U A . SRR
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B B-actin IRNA VE KNS REA, DL A—a IR (728
) B R AR I U AN AL IR 1) mRNA ik 81E N
1, AR 2744 B o i LU A B TR S iR 15 7R 3 BRI
A T B Y A R X AR Rk K. T
F 5 TP AN 3 s, B A T AR TR
A FR AT A

F2 BB WILL A9, A12 T A6 JEARFIERSE {5 B
Table 2 Gene information of A9-, A12- and A6-desaturases in
M. circinelloides WJ11

SR AT e - o R
£ N I DHE. 2is %
scaffold00005.3  scaffold00005: 15315- 16821(+) 1506 AO-1

scaffold00126.19  scaffold00126: 56635- 58330(+) 1696 A9-2
scaffold00248.11  scaffold00248: 28862-30077(—) 1215 Al12
scaffold00003.2  scaffold00003: 11655-13376(—) 1722 A6-1
scaffold00010.52 scaffold00010: 159563-161134(+) 1572 A6-2

# 3 SLEPOLE R PCR TR RS )
Table 3 Details of specific primer pairs used in RT-qPCR

EIE Y J¥915'-3"

rt-D9-1-F ATGCTCCTTATTACCTGCGCCGAC
rt-D9-1-R CAATAAGCTTTAAGCCTAGAGTTTAA
rt-D9-2-F ATGTCAACTACAACGACAACTA
rt-D9-2-R AACCTGAGAAGAACAAGACCAAGTAA
rt-D6-1-F CCTTGTCATGGTGGAAGAACAAGC
rt-D6-1-R CGGCAATGAAACGGGATAACATGG
rt-D6-2-F GCAGAGACGCTACAGATGTCTTTC
rt-D6-2-R CGAATTTCTTGAGCAAAAGCAGCAG
rt-D12-F CAGGTCTTTGTCCCCTCTACTCG
rt-D12-R ATCTTGACCAGAGACATTGGTG
p-actin-F GATGAAGCCCAATCCAAGA
f-actin-R TTCTCACGGTTGGACTTGG

1.3 #iELIE

SR SPSS 21.0 HA#HAT5TH T . Fra Siie
IR ZEAMNE . B L) MeantSD Fok ., SR
Student's ¢ K5 ITPN IIE Z R 25 5, P<0.05 A &
EXES,
2 HBRESH
2.1 AREILEHINEER-KEHESEFENERE
& W11 4R KHIE

FE Y LB AT LA 5 35 3 A eI, A A AR S
G AR AR AR AL B TR, I AE 2 At A4 PN R
SR, FEARTIR R, MR IR S AT AN E AR
Bk, P B T LA BRSO SRS R BT B A M Py
ATREAF ), — U R =i ST REAE S R MR
JUs B0, 55— T PR R A A7 e NG i PR 5 is
fAR27281 - R] AR S 06 DA AN [R] A4 B0 AN R i A b
BWE R TR A i, 55 DA 2 BEAE Sh PR B IR I 1 37 ik
T L, XT3 B AE WL (4 40 it A= Ko 00 64 T F
G UKl 1 FR, BACEEE WIT1 4 7E B — x5
CZPH) STER-A R LA RS, TERFRE
B 36 h, HBALBE WIL1 gl fEAK, SR5, EYe

ARSI A BRIt 122, #E 72 h ik 3R K
H, TR 72 h J, A AR b K AR 0T B s AT 4
1K, 302 R A S FERE B (S fAiiNg ) ZERE ) B d
Widlho HT 0~12 h 2R LhEAIR, Ho g ™ 5 AR /b
HAFaE, MO ER N 12 h LR 50 BT, 78 & 19
12~72 h i, By = iz i AL 82, 78 72 h A5 K(H
(Nl 2). HE 2B ATAL, AR BERTHA(12~36 h) 41k
T, AT R G0, NEB R 2R, TE R I
JEHARP A A A I 1, PR 2 12 R, kst AR
i CEH AT 5 i 352 PR BB IO 1 328 i R 22 5 | ke
Mo FEIRGIRIE A K B TERE WI1 ey
J NG o = i R TR (R 2 ) AR R A B
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Fig.l1 Changes in the dry weight of Mucor circinelloides WJ11
cells during fermentation in different soybean oil addition media
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Fig.2 Changes in lipid yield and cell dry weight (not contain
lipids) of Mucor circinelloides WJ11 during fermentation in
different soybean oil addition media
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e KWeREFR 96 h gk f b, X AR4d b W1 rd4n
o HE iR RIAF] 14.72 g/L, I~ H# ik 5.03 g/L,
TFESZIG b, 2R Sl & He ol 56.25% (RIVA 2508
N 35 g/L, KREIN 24.3 /LB, W11 #9405
ik 19.60 g/L, BR BT r= i m ik 8.35 g/L, S X% a4
AH L, 122 52 56 20 ) A2 ) b FTUTE JBE 7 e A ) B e T
33.15% 1 65.1%.

S5xtR8LIAH L, BAERE W1 FER AR IERE IR
e AR AR, X 5SS R — 2, g
JUi P R Ak i Sk — AR AR AR, FEREI S R Y R
B, Al B-E AT — o TR IR IR (C 4.0 AL, IF
BEIL 129 1~ ATP, HEAHUABLRE. MR G 3EF%
Ferh 5 IR, ZE BT AU AT, 13X LR T Ak AR v s

BT B ALK i 53t A B AR IDTIR™Y, 2 B HR DT TR
WK BN A b LA, — O T S A dr A LA T e
B, RPN B, 53— TEL, SNIE AR IR IE A4
Jear T B RS SRR AR S G ), Xt R
PEBE T BN AR IS e . PR, SMIEAR RS In
Al PAS SR TR WL Ao in .

N T ARFEEAL BT WITL A K R b X i 14
FFHE O, D 380 b s 2 B A R S & 11
FHMFEER, & 3 PR, MERTEE WI1 7FR
GrEEFR I A KB, A AR A T AR ORI A A [F], (F
TEPA—fIR AR B i3t AR BT WL
PRI A PR T AR TR, I HAE 0~24 h NTHFEE %
IKF] 1.5~1.9 g/L/h, [ AT e MNEMAR (RS0 1Y
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Fig.3 Changes in the concentration and consumption rate of
glucose during fermentation in different soybean oil
addition media
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22 AELLHEEE- XS HRAEFEST Wil A5
RFARZ IR

AR WI ZEAREIEFRIE LR 5 & = an
& 5 FiR, TEIR A IR 5 FAE KR R & B s T
PA— YR RIZaPB 1537 3% HAE R AR T, RIS E
BERFRE ARG TE WI1 iR RN
I KT IR R 2 ) AR B A BB MR T
P, B53E 96 h &, NRIFE SRk B f KR, i = hdne
A 14 T 7 bR R R R TR A B AT R R S Y L
56.25% (R ZGHE M 35 g/L, KEWN 24.3 g/L), bt
HBREE W1 U BRI & = nl ik 42.62%,
HAg B~ isF 8.35 g/L, M X MBH P B4 BHE
WI1 AT SR 5 5o 34.41%, HARa = E ik #)
5.06 g/L, SXFHRLHAH L, SCHeLH Y EEL B W1
RGBT & A7 =43 4 T 23.86% Fll 65.10%-
X AT BESE R Ry B IR I b B A NIR IR IS B 5 B T /N
THEWITE & 3 AN LR, I fEAeguptrh, st UEeshe
TR A LIRS, 7T A B2 S H v & A R A0 S A
RSO, AT = T AR B A Al M Y AR Y



- 158 - £ Tl B4

20234 4 A

. HE, FEIREGIRERSRET, Ui P9 NR BT & LT
DL T PSRRI — 7 T, DA A A e U A S
B AR IATR (C~C ), 55— 7 I, SN A R i S
NI B e AR Z SRR BTG B, N e 745
FERE WIL1 Ui SRR 8

50 -
40
S
30
g
4o -0 0%
= 20 - 50.00%
oz - 56.25%
ok ¥ 62.50%
— 68.75%
0 1 1 1 1 1 1

12 24 36 48 72 96
ST (h)
I ¥ NI NTAG NI =% S0 il R Y e
WILT HYIR B 21k
Fig.5 Changes in lipid content of Mucor circinelloides WJ11
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