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Construction and characterization of Yarrowia lipolytica
strain with reduced foaming ability

ZHANG Yue, XU Shuo, WANG Nan, CHI Ping, ZHANG Xinyue, CHENG Hairong*
School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract: Foaming is a common problem during fermentation. Inhibiting foaming is of great
significance for simplifying operation and reducing fermentation cost. Yarrowia lipolytica is a
commonly used starting yeast in synthetic biology and for the synthesis of erythritol and other
functional sugar alcohols. However, massive foam is produced in the fermentation for the production of
erythritol, which needs to be eliminated by defoamers. [Objective] To develop a Y. lipolytica strain
with significantly reduced foaming ability, so as to reduce the addition of defoamer in erythritol
production. [Methods] According to the principle that non-homologous end joining (NHEJ) is
dominant in Y. lipolytica genome recombination, we randomly inserted an artificial DNA fragment into
the genome to produce the mutants with reduced or no foaming ability in the fermentation for erythritol
production. [Results] After screening, we obtained a mutant without foaming during the fermentation in
flask, 50 L pilot reactor, and industrial 75 m’ fermentor. [Conclusion] This mutant obtained can
efficiently synthesize erythritol from high-concentration glucose as does the parental strain while
producing less foam. The method to obtain defoaming mutant can provide valuable reference for the

engineering of other microorganisms.

Keywords: Yarrowia lipolytica; erythritol; foaming during fermentation; genome mutation
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MR, 20 RS R, YRR
P EE IS T RE 2 S BO™ AR RD 1Y, X ey h
A TREH R — Mo B EEIN R, AR E
PEWI S & R A, BRIV AT RE 2 5 0 i R Bl
BIHBRIWIRI = A 5 Bl 5 18 45 ik
T 7% 459 R BE T R TH BRI IR

P T A A IS G PR 5 i e A R e ) ik
R P Y AL 1 S BT, DA e e S 1) BELORT 4
HEFE A BRI A B A Bl 4 5 B TH I S g
AR R THTIEG PR B8 G OB AR I MELLSE B . ASIEST
Wt N TABASME DNA BEHLIE A ZEF 4110
TB, BEHLRASBEDAH , R0 e 7 I 2 AR

AN 4 A i I ER B AR TR R

WL

1.1 LI E AR E

AW A8 %) T Pk R i i EIS LG 1% B T PR
(Y. lipolytica) CGMCC7326!") | 1% B RE & 1 4
EEG BN EEREE, PP aEiA ] 160 g/L DL b
1.2 EFAREHIEAINE DNA KERTR

H T i A B G 1 B (9 JF [ JR S 41 7E. DNA
FEA G SCECHLAL, MR DNA AT DL A 3 3 [
YUAT ] X, 7= A ML R Y 28 AR 21
PR —FetE, AT B AT DNA ¥
G, Horp S i bR L i A E P L (hph)
K F A BB B 7R A BL(E 1),

1 GTGAGAARAT ARAGTGCTTT GTGCGTACCA GGGATAGGGT AGGTAGTGAA ATCTGAGTTA
61 GTACATCAAC TCTAGACGAT GGGCGTCGCT GTGTAGAAGA ACAATAACTC ACCCGGTAAC
121 TAACACTATT TCTCGGTGGT CAATGCGTCA GAAGATATCA AGACGGTCCG TTTTGCGTTT
181 AAGCCGAGTG AATGTTGCCT GCCGTTAGTA AATTTATTAT GAAAAACCCC ACTATGAATA
24] CATCAGCCTA TACTGATATA CCAAGAAGTG CAAGGGAGGT GGTCCTGTTC CACCTGAACG
301 CGGTTCCCGA CAGGCGGCGG TACTGAAGGG CTTTGTGAGA GAGGTAACGC CGATTCTCTC
361 CTGAGGTGTC TCACAAGTGC CGTGCAGTCC CGCCCCCACT TGCTTCTCTT TGTGTGTAGT
42] GTACGTACAT TATCGAGACC GTTGTTCCCG CCCACCTCGA TCCGGCTGAG GTGTCTCACA
48] AGTGCCGTGC AGTCCCGCCC CCACTTGCTT CTCTTTGTGT GTAGTGTACG TACATTATCG
541 AGACCGTTGT TCCCGCCCAC CTCGATCCGG CTGAGGTGTC TCACAAGTGC CGTGCAGTCC
601 CGCCCCCACT TGCTTCTCTT TGTGTGTAGT GTACGTACAT TATCGAGACC GTTGTTCCCG
661 CCCACCTCGA TCCGGCTGAG GTGTCTCACA AGTGCCGTGC AGTCCCGCCC CCACTTGCTT
721 CTCTTTGTGT GTAGTGTACG TACATTATCG AGACCGTTGT TCCCGCCCAC CTCGATCCGG
781 CACGGGCAARA AGTGCGTATA TATACAAGAG CGTTTGCCAG CCACAGATTT TCACTCCACA
841 CACCACATCA CACATACAAC CACACACATC CACAATGGAA CCCGAAACTA AGATGAAAAA
901 GCCTGAACTC ACCGCGACGT CTGTCGAGAA GTTTCTGATC GAAAAGTTCG ACAGCGTCTC
961 CGACCTGATG CAGCTCTCGG AGGGCGAAGA ATCTCGTGCT TTCAGCTTCG ATGTAGGAGG
1021 GCGTGGATAT GTCCTGCGGG TAAATAGCTG CGCCGATGGT TTCTACAAAG ATCGTTATGT
1 081 TTATCGGCAC TTTGCATCGG CCGCGCTCCC GATTCCGGAA GTGCTTGACA TTGGGGAATT
1 141 CAGCGAGAGC CTGACCTATT GCATCTCCCG CCGTGCACAG GGTGTCACGT TGCAAGACCT
1201 GCCTGAAACC GAACTGCCCG CTGTTCTGCA GCCGGTCGCG GAGGCCATGG ATGCGATCGC
1261 TGCGGCCGAT CTTAGCCAGA CGAGCGGGTT CGGCCCATTC GGACCGCAAG GAATCGGTCA
1321 ATACACTACA TGGCGTGATT TCATATGCGC GATTGCTGAT CCCCATGTGT ATCACTGGCA
1381 AACTGTGATG GACGACACCG TCAGTGCGTC CGTCGCGCAG GCTCTCGATG AGCTGATGCT
1441 TTGGGCCGAG GACTGCCCCG AAGTCCGGCA CCTCGTGCAC GCGGATTTCG GCTCCAACAA
1501 TGTCCTGACG GACAATGGCC GCATAACAGC GGTCATTGAC TGGAGCGAGG CGATGTTCGG
1561 GGATTCCCAA TACGAGGTCG CCAACATCTT CTTCTGGAGG CCGTGGTTGG CTTGTATGGA
1621 GCAGCAGACG CGCTACTTCG AGCGGAGGCA TCCGGAGCTT GCAGGATCGC CGCGGCTCCG
1 681 GGCGTATATG CTCCGCATTG GTCTTGACCA ACTCTATCAG AGCTTGGTTG ACGGCAATTT
1 741 CGATGATGCA GCTTGGGCGC AGGGTCGATG CGACGCAATC GTCCGATCCG GAGCCGGGAC
1 801 TGTCGGGCGT ACACAAATCG CCCGCAGAAG CGCGGCCGTC TGGACCGATG GCTGTGTAGA
1 861 AGTACTCGCC GATAGTGGAA ACCGACGCCC CAGCACTCGT CCGAGGGCAA AGGAATAGGC
1921 AATTAACAGA TAGTTTGCCG GTGATAATTC TCTTAACCTC CCACACTCCT TTGACATAAC
1981 GATTTATGTA ACGAAACTGA AATTTGACCA GATATTGTTG TAAATAGAAA ATCTGGCTTG
2041 TAGGTGGCAA AATCCCGTCT TTGTTCGTCG GTTCCCTCTG TGACTGCTCG TCGTCCCTTT
2101 GTGTTCGACT GTCGTGTTTT GTTTTCCGTG CGTGCGCAAG TGAGATGCCC GTGTTCGAAT
2161 TCGGTAGTCG CACGGATGCA GTCGTAAGAC CCAGGTGGTG TGTCCGAGGC AGTATCGCTT
2221 TCCCAACTCT AGTAACCTCG GTAGTGTGAG ACACACTACC CCTAACGGTA GGACAGCCGG
2281 ACGACGATGG CGCAGCAATT TGGCGAACGC TGTTATAAAA CAATTCACTT ACGTGCAATG
234] AAAGTTGTTT GGGCAATAAA CAATAAATGT ATTAGAGCCA GACGATAGAC AACAATCCAG
2401 CAGATGATGA GCAGGAAAAT TGAGTAAGAT CGACGTGGCA AGAAGAGTTA CAGTTACGCA
2461 GAGTTAATAA GGTGTTGGGA GATTAGAGTT ACCCTGTCGG ATGACTAACT CTCCAGAGCG
2521 AGTGTTACAC

&1
Figure 1

R T EEABENAARZR AL DNA 75

DNA sequence used for genome insertion mutation. 1-360 bp: upstream non-homologous DNA

sequence; 361-892 bp: hp4d promoter sequence; 893—1 918 bp: hph resistance gene sequence; 1 919-2 176 bp:
xrp gene terminator sequence; 2 177-2 530 bp: downstream non-homologous DNA sequence.
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4K DNA & UG , B3 T ARz 6
JE HE QB 5% 1k 5 v R FH I 2 41 2 ) O
TR B A5 U A E 2 T8 R 10 YPD SEAR ([
K YPD B5 3235 J . M 20 g/L, TEEER)
10 g/L, FHEAMS g/L, HJER 15 g/L, 121 °C
KB 20 min), & RWEE R 400 pg/mL. HE
F 30 °C Wi A% 3-5 do RIF 54k o545
B AR BB R A YPD AR L, gkt R
3-5d Liaifb b1
1.3 RTKRYILHIEGE

W AR R Bt K TR VR B —
PR 2 mL ELE Y, B 2 mL BOEE
0.5 mL W IARSEFR IS : 200 /L %0,
10 g/L BERERY, 3.5 o/L ¥PAE IR %, 3 /L 2 K,
i pH 6.0), MUEHEELERET 30 °C.
800 r/min $EPR(TAITEC 23] MBR-420FL)¥E% 14
Fro XFRAERREAL T L REUEA TR A 12 o
FE AL ZEAE BRI T 250 mL RIS .
1.4 SRTHRAVER BRI

W 0 25 07 18 ARATH A AS 77 Y 19 2 A8 R 43 )
FEI & 30 mL EARRE IR AR 250 mL $EHE LA K
T 150 mL AREFRIER) 2 000 mL AYEERH, £
FRIEATIE] 1.3 ik RIS A 28248 A B A BT ik
T HE RS . 30 °C. 230 r/min FEKFE R 2-3 d,
ML= E B . Hod, 250 mL $RMAE e SRR IR
HiREFR, 2 000 mL FEAE A A U R TP T 5
1.5 50 L ABZiEA %

WAE 250 mL FEH AN AL 5 A8 kit —
AE 50 L R FERE P AT . 50 L & e
iR 30 L, KiFRHEMS M 300 g/L H A B,
12 /L W RHEE, 3.5 o/L #rlEmekk, 3 g/L &
F ¥k, &4 pH 5.9-6.0. 115 °C K& 30 min, &
HJFHA 500 mL 28 AF BRER MR T . BEHk 4%
W 450 r/min, S E N 0.6 vwm, KEERE
30 °C. [mIE HEA RAZ XTI (Y. lipolytica

<l actamicro@im.ac.cn, & 010-64807516

CGMCCT7326) g0t tik e o e B ol 78 v 556 7
SO
1.6 75 m’ K EEEE L BE

A 1 TR P AR e 0 AT Tl B AL
RIS, DU E BOR S 2 AT BE DR R AP P fE
£ 50 L REEHENATIRI IS, B T 3 — il
A7 T v AR ANBE =3, FRATIHE 75 m?
) e v E AT T RO o (W) s ) R
(Y. lipolytica CGMCC7326)fHx} H ik
1.6.1 ER—RMHFHHEE

£ 1 000 mL MFEHE %A 100 mL K557 2
(43T 1.3), 3£ 10 4~ 1000 mL AR, 121 °C
KH 20 min, ¥ HERAE 50 L A BERE A ™
WH RS HRAEA 541 000 mL BRI, X
WETE A 40 54> 1000 mL (IFEIR A, 30 °C.,
250 r/min ¥ 5% 20 ho
1.6.2 30 L XEFRE— R FRIH&

W Bk 5 MREA PR AT —
(500 mL), 4334 A 2 & 30 L ik EfEp, —
BRI RAERR, H— 68X -E, 30 L
KRS 20 L B3R (41 [A] 1.3) . $5 3R IR N
30 °C, fEFEEEHE 500 r/min, S E 0.6 vvm,
e ih pH 6.0, Hi3E 15 h,

1.6.3 1000 L % B2 = L #hFHO$I &

¥ Bk 2 & 30 L R e b 0 Fp 75y
FHEEA 2 5 1000 L 9K BERES, — B HA L
HIRAERR, 73— B HXT B, 1000 L A& BERES
650 L {5 R M (47 1.3) FEFRIE N 30 °C,
P FEHL T 300 t/min, & 0.6 vvm, AZUH pH
6.0, 357 15h,

1.6.4 7000 L % E#5E PR F B0 5 &

¥ Bk 2 51000 L =% & BEHE ARl
SAAEA 2 & 7000 L KBS, — B A"
WHI R, B—GEXIEE . 7000 L & FEHE
5 000 L BEFRWOLATIE 1.3) HEFRIREN
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30 °C, EPEEEHE 200 r/min, #HE 0.4 vvm,
A pH 6.0, 153 20 h,
1.6.5 75000 L (75 m’) % B 7 4 M F B &

¥ Bk 2 /5 7000 L U2 A B b i A1
IYREA 2 & 75 o ERERET, — G A"
WLIIRASKE, 5 — B Xt BT . 75 m® K e &
50 000 L JEFRW (B4R 1.5), KRR h
30 °C, fEFEEEHE 120 r/min, #E 0.3 vvm,
IR pH 6.0, % B 5 5 FEF 1 g/L DN i 45
1R R B SR K T B 7 I
1.7 ERREEERERMEsE SR E K NIAINE

R T RGN 58 A KA IR AR P Y PR R R S
TR, FRATE 75 m® R EEREKE FE T
GRS KR 5N BRI AR G B S B A 7 o . R T
ZEHEBURE 10 mL, 10 000 r/min 25.0» 10 min,
B3, FHZE KRR RS 20 £i%, E4T HPLC JI5E .
A3 M KE A Shodex SPO810 AL (VB 1454
Y, REPOCK I ES RI201 (Shodex), i
1 mL/min, A R#E4AIK, JEFE 40 pL, FiE
70 °C, #r kK N2000 a3 T AEx, . F ik e
1 E AT BZY-1 4 [ sh 3 i/ A mak 4%,
RGP, He BE ™ b Ul B 4R
1.8 1EFIRAVELIL M BEEL 3R

242 L R4 3 A 300 Z T K
ALY YPD WA 23 (% 300 g/L Fi&THH)
3 YALI-nfm 2848 #E 5% HE R %, 30 °C .
220 r/min $55% 72 h, BE.OEERAIM, 15REE
B, BB 5 mL P8R IR T s R
. I 500 pL 75 bé(hexadecane), Tk
ar FRIZURG: 30 s, #E 5-10 min, WAL
b1 RE o

2 BEREAW

2.1 EFEBRTHRIIIKSE
KM B S T A TS A DNA

R B &% Ak g Be BB IG (Y. lipobytica)
CGMCC7326", 7E W B R PV 3R 24
300 ARGV o B AEDUE AR B A A RS
T TG 1 BB e AP0 EEAR - E AT 4lifk o BEAIL
PRI 24 M EEALTIRIBOUL R, @1t PCR Al
HP R RPN, 2R BRI EEY AR
SRR RPUMESE N 5 B, Ui B AR
KA+ S A S RO . FRREALIE
50 N HUE AL 778 2 mL B0 TP gk T 77 i
BRI 1 ) A T 2

22 AEEEIERFIEIAMEELLE

TR IR ARAS AL T RS AT
HPERERE R A bR, FATHE JE7E 2 mL .08
PEAT T s R R . AR P U Y TAT (forming
phase) [ = AR, BT LUCKE 2828 bk i 7= 1 1 BE 4
R 3K BRI WWINAE 3-5 mm, 2"
WL TATAE 2-3 mm, 5% = 2R I 7E 2 mm LA
W WFFELE IR, 95%HE Ak 119 77 i v Bk
55X BB R (Y. lipolytica CGMCC7326)3:7x —
B, PEWRTETE 3-5 mm, B0 TH i R 2 9 T
3-5mm. & 2A BRI 3 R AR (1-3) 5 X
WP AR(4)TE 2 mL B0 TP tkge . B
DI H, 2 SRR R4, FIzk
AR E B4 4 YALI-nfm (non-foaming ,
nfm),

T EiA YALI-nfm Z€78 Rk A0 77 i M BE ¢
EREAR, R I G B R R A T 4 R 36 R I
¥ HIFE 250 mL 5 2 000 mL @R FiR
YALI-nfm 2878 4k 15 XF BE B8 0k 1 7= H v g A 7
T, 45 AnK 2B-2E s, 7E 250 mL #5f
o YALI-nfm RAFFRZE 0 40 h 557, A 74
IR (& 2B), T R G E A A 2R (] 20);
7£ 2 000 mL #H A, YALI-nfm RAFMRAEAE R
KPEIRKEFR 40 h H =Bk (K 2D), ik
HEBE BRI ™ A= KA IR (B 2E).
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2 WREKSREEKRIBMEREREE

Figure 2 Comparisons of foam formation of parental and mutant strains. 1-3: foam formation by selected
3 mutants; 4: foam formation by parental strain; B and C: cultivation for 40 h in 250 mL flask for mutant
strain and parental strain; D and E: cultivation for 40 h in 2 000 mL flask for mutant and parental strains.

2.3 HEABEEDFIEMEEALLE

TE 50 L & ERE X FiA YALI-nfm 28745 fk
55 BB AT R I MR RE I HL A, RIR& T
40 h K [EESR YALL-nfm S8 0k a1 58 i 25 %
FR(E 3A), X RGP AR 22 IR 18 21 & e e 1
(& 3B). BEH YALI-nfim 2875 #k ™ L 1ERE Y R
AT RE 2 KR /MJE DNA ffi AFIEE A S, ffi75
FLP AR I, s 2SME DNA (46 ALY
s T HAT IS TR D AR R RS A 0 A BE T -

HT T AR A5 9 TR D b A 2 AR Tl A 1Y
RTEHE I RGOS, IRA S 75 m’
PRFRAS T R TR E - TR, e RS 1
RASMIE AR ORI bR, 55L& 3 B
No KL 3 AT LAE Y, K I#F] 60 h I} YALI-nfm
R 70 TR R YL VAR I A il il B BE 0, 35 3 B WL 5
K MERE S, HI RO RARAL, B A
TETER 24 2 m BE (1K 3C. 3D); i % B B bk
FE 45 h BRI AE RS AR, R A C 4 i
Bll 3] & T EAR B2 (18] 3E . 3F)s
2.4 YALI-nfm REEHKSIBEKE K
TREEPEES 4 BEAV EL 3

AR IEL VR & T A 2R B R I R T R b 2 — T3
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e, (HIRASRESZ A 7 ) AR e B A .
THE YALI-nfm 53 728 TR PR -G 5 i s 1 ) 1k
R A AWM, 78 75 m° REEHEI T T
3 bR EERLS, FEIE T CRE B R R o
B eSS R BN, PL(310£15) g/L —/K
HEBENBRIR, 20T 78-85 h (U KEE, AREERE
P (4 77 B B TE (190+5) g/L, X bk 5 528 1
PR A TE AR SRR S e RE I 25 R
25 FEERERESEAMEX YALI-nfm
gy Sk - 0

DA 7 0 R 04 A 5% 24 A R VA B % b
(300 g/L JC/K 5% 0 , X1 330 g/L — 7K A 4
AT 359 %65 0 TG 7K 4 25 0 T ) 1 45 4 T 2R A T 8
I, N TR B R IS B S B R p
PR B DA S SRR R — B R R EEEA
[ e i A A M (R B = S b i 9% YALL-nfm A%
FR(30 °C. 220 r/min), MEEHAEA R [E] 7= 30
SRR, SRME 4 FR. 1ERE Tk
JEH 100 g/L 4F T4 alkE% 24 h (A 4,
A-1). 48h (& 4, A-2)5 72h (K 4, A-3),
J7EE R TR o 75 A5 AR 2 Dl 200 g/L 1Y 2%
R 15535 24 h (K 4, B-1). 48 h (& 4, B-2)
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3 YALI-nfm RE# S BERE S0 L 5 75 m® LB 5 h &L BER = 0 M BEEL 3

Figure 3 Foam formation in 50 L and 75 m’ fermentors for mutant and parental strains. A, B: foam
formation for mutant strain in 50 L reactors; C, D: fermentation for 60 h for mutant strain, no foam was
observed; E, F: fermentation for 60 h for parental strain, rich foam was observed.

4 YALI-nfm REKATEBEERE TR MR LR

Figure 4 Comparison of foaming ability of mutant strain under different glucose concentrations. A: foam
did not disappear with the prolongation of the culture time after 24, 48 and 72 h with 100 g/L glucose as the
carbon source; B: foam disappeared gradually with the prolongation of the culture time after being cultured
for 24, 48 and 72 h with 200 g/L glucose as the carbon source; C: no foam was observed when the cells were
cultured for 24, 48 and 72 h with 300 g/L glucose as carbon source; D: the control strain was cultured for 24,
48 and 72 h with 300 g/L glucose as carbon source, and produced a large amount of foam.

http://journals.im.ac.cn/actamicrocn
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5 72h (K 4, B-3), KBAE 24 h BEERRZ,
FI| 48 h BHAIRE B/, Hof 8 rY i
REL LI R (B-2 A ), £ 72 h B iKY
THR(B-3). TEMAMWE R 300 g/L MZFMFT
SRS 24 h (K 4, C-1). 48h (B 4, C-2)5
72 h (B 4, C-3), BARIWBK™ A, Tt EEE
FRTE 300 g/L #iZMEAH N R 24 h (H 4,
D-1), 48 h (K1 4, D-2)5 72 h (K 4, D-3), 4
AR E IR

DL 45 B R, YALI-nfm 282844 (0 T4 1 e
AE 5 8 2 W 10 TR 3 DA S % 9% I 1) 20 A R BT Y o6
R, e WRBEAAGHER IR AT 09I M e I
e AR B A 2 W RS R O T B e RE . TE
300 g/L #IZAWERMRIE T, AR R WA
W= A (K 4, C-1-C-3). 7E 200 g/L A4 1
WEET, BEESEIRA T AIE 0, T R
Hanm, 2 72 h BHAKRE 2K (Kl 4, B-1-B-3),
AEACHR B A A5 T (0 100 g/LyfliRan %%
ANEEW L (K 4, A-1-A-3). #iP] YALI-nfm %
PR ) T VLM RE A2 T A AR B ) A
2.6 AEEEFROT SRR ILIAE

T BESE YALI-nfm 28728 bk T i P BE AY 4R
PR A R SR T W T A TR T Y

Wy B (AR TG PEF) , B AE 300 g/L ) 2 Wl ik BE
ZAF T FE 72 h B YALI-nfm 28280k A9 15 72
(4, C3)5XHIRAPRAEE TR (B 4, D-3)707
BLORPRANNG, MEIEEESRR. 23 S mL
W IR T, A 500 pL oS4
(hexadecane), WIZIPRY 30s, FE 5-10 min,
B FLACYERE A7 B R S A B 2 R TG
PEF, WREAE T 7S bt A T L AL B ¥ 1 i 2 77
W, YI5RTEFRR AR RAS & R
TEPERL, ToSBEAREREFLIL, )20 I ThE
FRWM) )2, T2 B EIRE R i & .

STHE R FiES YALL-nfm 878 RkES 3% F
O RBRAIALS , X EE Rk RIS TERGE (S,
A-1), TZRA KK B P 2R R(E 5,
B-1). MIMATREEE, TRkif FRFRE b
JZ(E 5, A-2 1 B-2 Bk n). BIZIRG
30 s J5 FEFFE 5 min, XT R PR T 20T WLEH 2 1Y
SE, kT ERE S, A3 LA FTSLPIR),
1M YALI-nfm 5828 ¥R S A 2L IR 14 B 3R A8 S ¥
MR, TRBERASEIE S, B-3), i
# 10 min BF, YALI-nfm 28728 kK085 350415 N
VMR IE (R 5, B-4), TN HCEbER RS
W 5 min B I ELE B (B 5, A-4).

A-1 B-1 A-2 B-2

A-3 B-3 A-4 B-4

5 MREHKESF LES YALI-nfm REKEF EBFN R LI BIR X EE

Figure 5 Comparison of hexadecane emulsification between the culture supernatants of control strain and
the mutant strain. A-1, B-1: comparison of the supernatant transparency after centrifugation of the
fermentation broth of the control strain and the mutant strain; A-2, B-2: add 500 pL hexadecane to A-1 and
B-1, respectively; A-3, B-3: A-2, B-2 were shaken for 30 s and then stood for 5 minutes; A-4 and B-4: A-2
and B-2 were shaken for 30 s and then stood for 10 minutes.
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o iR LA IG 25 R AT AT, YALI-nfm 58748
PR TE v VA 4 2 W 10 35 95 2 A N R T A
PE, ATRERE B THEmERE W T LAk
VB FH B TRTVE MR 7= A 1, i TG 1 591 T
KA A e Tri ok Ty, A HAA TR, E—2
ME T X HHEES YALI-nfm R25FR7E 300 g/L
IR IR A T R SR R R T 5K 7 . I
SELE R, X b AR R 3R Y T T R TR K
A 68.3 mN/m, 1M YALI-nfm 275 £R 5% 752 W ) 2
165K 71 41.6 mN/m. ZE75 B AR A 2 167 5K 77 &
ERRAL, WIREA SR, MM =48 h 8
EWHE T RE

L4y FIRES AT, YALI-nfm 2878 #k 3515
KW BE T R REE L AR T A B AR
Sk 7 R TRITE PR, L% TG e A 7 AR
A BE 37 i ViR BE A M (15 T o TR AR X R AR v
B R BE RS 72 4500 (I 200 /L), Bl B SR AT
LB N e = A 2 1 T OB T
WEPEFL, TSR B (HR eIk
JE R MR ) 5 SR AR (A 100 /L), R B 25
Br IR ] A HE G, A RE S AR HLAA T AR AT
TSR

3 winEE#

R TR 77 U R A 1) A T A 3 188 3 £ 3
PRI, BUoF A ey il A, A i) 4 e ad
P I B I RE AN r B PR BGL  . A I
FEULRREAR T e P e P A R AR, 38 Tk
P ICAS o DR At ey S R AT B AR 7 L 2 A T
IR D) B DR )AL (ol ) A T e T Y
IR 2 LU LR, (1) e f v B
FRENWER, XEEA T HA PSR
VAR g 2 i 376 550 5 B 7 BT, I st 19
Oy T (AR AR XA AR RIS E R, AT f
FHEWIRA S W (2) KBt R rh = A 2 HER

G, MR RN, B R gk )
FRESI . (3) WAHE, FEEHRM, i
S EL, (4) RBERE, RERR S, R
PR B ERAIG, R TaT ok TN, MRS Z 3
P fie i IS G o B ek B B ME B A 1, —
i 323k 33 °CY, (5) REFRELIAERL, S F
MLAEM Z 2 i, @kl AR ERe
A R AR TR 1) = A

HY T 7 B BB [ B B H AT 2 D 2 1 4 W
e, eI AN 2R U ] A R
2 A I AU E D, T B T 1 T
A RE B A R RS O A [ A
He A R E AR (K 2E; Bl 3B, 3E). HARIE
PSR R R DL 8 FR A A R R
MRHLER T AR, {E 3 2 PR 3 AN J2 A g I £
WERE R W I G 28 . Tl b i i
[REERE K 6 B BRI, R I I — B A
ST KT 4R (29 40 h), MRS 20 it 46 1 A1
SR ZFE AL R A R et AT
B 1k NHEACE i kE 5 EE AR I v 590 A g il
WAL L. B, ) o B sk ry S R 4l
BELBTIE 2 P I AL A P 1A iR A, SUE (et
LA FRAR A T 5K 77 4 FH A 2 T it M 700 1) 5 e
A BB SR P L = ) S B R 2 . T AR T HR EC
BRGS0 1 K5 F- & 0 Fh 2547 K R 43
T, DRI A v A DR T BRI TR Y
A, BRETEMESCEL, M MR DNA F BeRtifl
A7 A S R 4 s B B AT 58 728 PR 1Y) AT AR
JE— AT T

R, ASHFSE 1 e ad oAl — By
FHREARICH DNA, FFEEHLIE A 2 3L K 4
o, DURIS Z R o848 bk, SR 5 X kAT [n] i
e, RIS MR AR B RN R AR, &
IR . 50 L R BERERD 75 m® A 7 K FERE A3
55, WIAIE B S AR BRI R A RRAR, IF
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H A& AR eI 0 - i O Bk T
ARSI S AP & R bR, # 5L
iR H A Z BTN IE 22 BR % AR R HAs T
My BRASE A e T T A S e %) e PV ) .
FABEFLAIRIE , W45 UE B R A MRS P I A i
DK AT R Ay 12 TR Pk B TE e VA 8 4 A7 7E 1 251
T A RERREAR R 5K 7 R NG MR, Rk )
% FE R ARG 68.3 mN/m FEAK ] 41.6 mN/m., £
T 5K 7 A AR AR IR AR e, TS S 2
IR BT L ROR

fif B A8 X T B R A% 1 T i 26105 Ry it —
WU, 4316 2% 1T 6 P 7] (biosurfactant) ol # F,
fb 7] (bioemulsifier) A S8 g, 5 T 49l W i
FIFU, i i B G B RE A B 22 FlOAS [R] R 26 1)
FEE G MR s F AL . Cirigliano ZEF 5T T AN
Ht EAA P a5 b . Al . KRS0,
AT LA B T Kb o fige Rig IS DX e Bk 5 A= W) 6 T
TEPERI B SZm, A oS ExT 4 m A A Y &
T R A A R A Y B ST IR
A, I B B IS DX T R A A LA 7 2 4 A e
— B ) 85 S B A B AR W AL AR B AR
YiFmTE R, HAbE R FEA S ER .
KUA R AKACA Y, AN TR 24 1 3 T 0% e )
AR SR P B AL L BAS [R] BT
AR F AR SCERIRIE TR HR IR BERE G L 2
PR A M B B LA, (R DA AR Y
RIEIEVER 5 L B ARSIl . AuHoE
ARAS Y 58 R AT BE B8 TE w5 Wk B2 A 2 0 1Y) S A
T AR RIS PR, R R K T
& B A IR A 7 A= . SR DNA
AR A A R DR 2R 0 B % T R A
FE DR R DX R A Ay, AT AR AT
TH LA FH ) 22 TE TS MRS B 3G R, IR
PR 9 2H B0 DA R 5 R AL A S 56 25 A 7
W .
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