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W OE: LR FRpHEAHTHS L-IBOBEEAAB &, MNAREST Rk B1F8 —that ke pH 2.5 (SLERAT) ¥
BARATARARANANLRGBE T ELARKZBLER Candida magnolia); # —F % B T ABRE As3.819 #95L
BABLE Bt A KR (IdhA) ENAH G418 M A B Bt EF F R BAK, ME T TAMA pYX212-kanMX-IdhA, BILN
74 A C magnolia ¥, M EFT —HEA * L-ILBREE A I ZARA M C magnolia-2; BT KB ERIHRY, ZELE
L-FLBR 493K IE pH 4 3.5, JF /£ pH2.5 Bf B A B = FLBR., AFFS AR A B KA B AT 05 8 2] — A af & )R FLBR 44 o BR B4
HH, FARABEIAMET EAALT LB Eamd, ANMBRBEEE & 7F L- IRt TARNKE.
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Metabolic engineering of wild acid-resistant yeast for L-lactic
acid production
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Abstract: In order to obtain a yeast strain able to produce L-lactic acid under the condition of low pH and high lactate
content, one wild acid-resistant yeast strain isolated from natural samples, was found to be able to grow well in YEPD medium
(20 g/L glucose, 20 g/L tryptone, 10 g/L yeast extract, adjusted pH 2.5 with lactic acid) without consuming lactic acid. Based
on further molecular biological tests, the strain was identified as Candida magnolia. Then, the gene IdhA, encoding a lactate
dehydrogenase from Rhizopus oryzae, was cloned into a yeast shuttle vector containing G418 resistance gene. The resultant
plasmid pYX212-kanMX-IdhA was introduced into C. magnolia by electroporation method. Subsequently, a recombinant
L-lactic acid producing yeast C. magnolia-2 was obtained. The optimum pH of the recombinant yeast is 3.5 for lactic acid
production. Moreover, the recombinant strain could grow well and produce lactic acid at pH 2.5. This recombinant yeast strain

could be useful for producing L-lactic acid.
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FLIR P22 4t | Sasfhe b BOLRRIR 14 207 25
MBI R T R B E T, T
N HBERA L(+)-3LAR, R DA SR E R
R B2 ATAE T L(+)-FL R B H i i A58 1 69
DL(+)-FLRR" ., 54, L-AmH— 1 EEHE NG
AR FLIR, FFLIR DK AT LA F nTp A WU AR 7 O g bk
AR R T O N R R R R  MR G2 —
BT, 2009 4t A L-FLRRTT R R 13~15 7 t, E54E
e VERRATH AR, HFREK LR 59%~8
%o (14 R LR3I 22 RFLIR B9 72 A8 HE )
L(+)-FLER = ML BUBCHE 2R 4 K

FURT, L-ZLRR I A 7= 0 i R BN AR Y R e o
B PN AMIF T 32 AR T AR AT P ROR AR B0, 7E 7L
MR R T B, pH E £3 bl 5 7L W2 1 Az AT 28 Vi
A, A pHL {F 23 00 41 200 T RIRR 85 B 174 2 K R 2 I e
I, BIR CaCO; fE MR, T LIZERfGE pH
. (FUZFLRRESLE A/, H25 R BAZ sl
D350 30% FLIRES 5% B AESS M RE R, R RRSS
ke, REWRZY (0F) SRR, 55k
NaOH = NH,OH wJ W ff 2y rhofis, &K, 6
Ao,

AEXE T 20 T8 0B T, T B L T I T R
P, RIS R SR R AR A K, R
1994 4F Dequin Fl Barr SE#GE 7 QU5 TR BELE R AR
SRS L-FLIR A, L LA ik 12 /LM,
ZIR WA FHE VTR T LR . KRR A Al
N 1) LR B SRR ER B B rp 220k, 1 LAl
TR 25.7 g/L 1 38.0 g/LM1,

SR SCHk i, L-ZLIR b H At R 2 50h MLk
FNTCAILIR 5| 76 110 40 6 P TR ol 3 R, %o 40 L 3 G
M5 o Ry e Rk, — R RILL HCL Bk
H,S0, 5 JCHLIR Jy I 1 FE 145 2 A9 TH IR T 76 L-2LIR
A7 BN RER B AR R T A DR . AHF
FEI LA 1 8K S w0 6 75 510 10 — AR iR v v 3 7L I 114 7

BN R RbR, (R B YOR AR N TR,
i o IR KR TR SRR TN, A A T TR
BERIBR, SEIHFL MR AR, A A Ao A L
2o AT LAREAR AL GEFL IR A e i e v RS 05 7 7™ A
IG5, o mT R 2K 55 R A TR feg AL R A
A, TR BEREAR A ™ AT, Oy LA PR % £ 3 e
7 L-FLRIEAT T A s R R

1A

1.1 #7#l
1.1.1 A48

KRR L AR
1.1.2  FHSHKE
AWFFE BT FH T Rk B TR an & 1 TR .

R 1 AARDETAEKRR AL
Table 1 Strains and plasmids used in this study

Relevant characteristic

Source
or genotype

Strain or plasmid

Rhizopus oryzae CGMCC

(As3.819)

Carrying /dhA gene

pYX212-kanMX Preserved in

our laboratory

Yeast shuttle vector

(TPI promoter, 2 p
autonomously replicating
sequence, G418 resistance
gene)

pYX212-kanMX-ldhA pYX212-kanMX carrying This study
ldhA gene

1.1.3  BEFEH

YEPD #5373k Hi%ibE 20 g/L; HE AN 20 g/L;
FEREEY 10 g/Lo T RRKRFREEHTA M 20 g/L Bihg
¥ PebAL TR AN 800 mg/L 1) G418 Bk &,

i PERE #73  (Selection medium): i 25 4 20 g/L;
FEAM 20 g/L; EBEREE 10 o/L; LIFLERVETT pH (A
£ 2.5,

PRI BT FR 3L (Solo carbon medium): FL &
17 g/L; (NH,),SO0, 7.5 g/L; KH,PO, 3.5 g/L;
MgS0,-7H,0 0.75 g/L; BEEEE 0.5 g/L.
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PDA HiFidk. 74 20 g/L; 4% 200 g/L,
Bk 20 /L, HITARRERIREF .

LB B 3. NaCl10 g/L; HEME 10 g/L; R
F S g/l FTERR:FERET NN 20 g/L B4
PR T B INZER R 30 mg/L i RIAPE & .

KREEREFEEL . AARE 100 g/L, &AM 20 g/L;
P REE 10 g/L,
1.2 A&
1.2.1 RESHE

FRELS g RESL, NEA 100 mL JCE 4 BREhk
KB FEERE =M, 30 C. 150 r/min $§ %5 T HE
30 min; RGBT FEOK R, EEEA
FOFRRREE , 390445 YEPD “FAl, 30 ‘CHigE 5~7d,
WAL KRR, PR IES BR 2551
T TE PR
1.2.2 iR HEL 19T

NG B A B 00 BT i v Bk SR AR ) I B TR R 0
SR LLZLER A pH (HZ 4 19 YEPD A7
Ferf, 30 CHEFE 48 ho EHA KRBT B TERE T RRAK
W AR SR, 8557 48 h, EFERKE I
W PRTE YEPD i R FRIZ, 4 CIRAF.
123 #EEFE

TEAS Y8 Fe BRSOk 14109 T k2517 o

I FAEYE Y E . BERE DNA (IRBUT 2 8
CRE DR o FAE 2R sc s mE ) U, TS 149 o B
ITS WBHSIY (L3 ITS1: 5-TCCGTAGGTGAA
CCTGCGG-3'; Fiif ITS4: 5-TCCTCCGCTTATTGA
TATGC-3"), PCR ¥ 34 7= ¥y 2 e kA I J5 U ), 7EA%
M2 PP s (GenBank) A7 [P AN AR, 46
IR PSR A5, 1 i o R s 1 e il S ol

ALY R . R SCR[ 14189 5 kAT o
1.2.4 %

AR E Tk HOAS [R) e TR IR (] 7 T AR
FH 721 #4366 T 600 nm AR HEIE G
BRAEDN A2 T . AR A% AN 2 T TRV P9 e M

HPLC EEA WL . AKBERZ 8 000 r/min &

/El‘\ﬁ

i
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> 5 min, B 300 uL F3HWANA 700 pL Jo/K L BEEDL
FEEEE 3 h LU LEJE, 12 000 r/min &0 15 min,
0.45 pum A HLIKFLIERE S , @it HPLC #4700 5E o 43
Mg : A iskE SH1011; JishiAH 0.01 mol/L HySOu;
Ui 0.8 mL/min; #EFELE 5 pl; HR 50 C; Rl &%
S ERAMG IS, AP A 210 nm,

1.2.5 7B S BEFEE 7

KIGHFTF IR Z W4, SMNERE A B S #ikiE
2, TG FACERAE . RIGAF IR BUR RGE SR, PCR ¥
W, 2R B S 4 DNA 8 S 8ES Sk 15].
1.2.6 A HIHPT9 PCR 4 #1 K 55 [

RAE KR A L-FLIR I S /5N (ldha) 175
(GenBank Accession No. EF15228.1), %590 F .
Roldhl: 5-CGCGGATCCATGGTATTACACTCA-3’,
Roldh2: 5'-CCGAAGCTTTCAACAGCTACTTTTA-3'
(FRIL PRy 9N BamH 1 | Hind 1 BV 5.
PCR S AR ZABA 50 pL, P 44540F: 95 CHiAE
P 5 min; 94 CASME 30s, 55 CiBk 60s, 72 ‘CHE
it 60s, 30 MEH; HJF 72 ‘CHEM 10 min,
1.2.7  JTHHIFE#

¥ PCR #4530 IdhA FEHAH BamH 1 Fil Hind Il
WEEY), 455 & F AU Bk pYX212-
kanMX 4%, WHEY TR pYX212-kanMX-1dhA
1.2.8 G418 HY#/ENE

WA T R B RE R AR, ddHLO PRI 2 IR BIF,
30 CHEATYLHRIE IR 2~3 he 55375 M 400 28058 Y e
IR 1A T3 R IRIME G418 H4: K ) YEPD -4,
30 ‘CHEFE 3~4 d, MEAKIEN .

1.2.9  F/6 5%

WERE AR M 2R AL AT, B LR IR T3
G418 Utk H) YEPD VA, BRikftfbT7 .

HL LR 45 F: 1500V, 5ms, Hid 2 ¥
HL Pk A 55 ECM399,

1.2.10 #Z/LFHmiF

# 7% PCR KiiE Al SDS-PAGE Hi, Uk B 1IF 45 # 1 1

Z: DL CHR[15]
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1211 FHYFL L5

P K E A BN YEPD HitEF-i b
W— 7% 2 YEPD WG 70 (250 mL =,
il 30 mL) Hr, 30 °C. 150 r/min 5555 24 h,
RIS Fh -, i TR N 2Rl 5 10% .

R B LRI IR S . AR A WY
Tl W00 e i 2 R RS SR (250 mL = ffiff, 2
Wik~ 50 mL), 30 °C. 150 r/min }%7% 48 h,

R LG pH (EXS K BEF= FLIR 52 = 4353
TER WEEE SR P N FLRR , ISR pH (53
2.5, 3.0, 3.5, 4.0, FFLIKRIET pH EHAYEFE
5 (pH 7.0) 1E=s XTI BRI Bl L i E R
T pH HM A BRI (250 mL =M, EWE
4 50 mL), 30 C. 150 r/min £55% 48 h,,

2 EREGT

2.1 T EREEBHAY 5 55 ik

MESRTE 96 AFES e 55 BRAETE LRI
55 pH {H1k 2.5 9 YEPD K537 3 47106 sl AF K i B
WK, o 17 #kEERERRIEAE K . B —% YEPD Ki%
B LR 07 18 1 7% T LR BBk U IR R rh R R R
BRI, DA R BN bR — B B i . X2 AR
MIERE B A2 5, B — RS No.4 B TR
RETE pH {H 2.5 YEPD }; 3R K R4,
22 HEREFE
221 PG A FE

ik No.4 ﬁﬁ@éﬁ’]@%ﬂ@ﬁiﬁﬂ&, 0 2 I
BRI, 2. XU T T AR R E,
B RR R ITS J3#515 NCBI Hh [l P52 4 s 1 J Lk
B HEAT LEXS R[] PR 3B, [RIEAS (18T 1) T AEHh 2
N DA T A W R R Sk, AR No.4 5 NCBI
L — 28 S R TR G R G R . R C RS
() 245 ST LA HE DT 0L T 18 1 B 1 4 S iAo g Je T i 2
Btk JE Candida sp. . [RIE XTI 2R T A BEA AL 258
ZERNGR 2 PR, IR R R 1 JE TR
2221 Candida magnolia.

100% 95% 90% 85% 80% 75%

No. 4 :I 87%

Candida magnolia AM408497 :
Candida sp. AM931018 85%
Candida cf. apicola EU926486

. —| 97% 75%

Candida bombi GU237047

Candida cf. apicola F1713025

98%
Candida sp. FM209493 94%

86%

Candida cf. bombi EU926487

Starmerella sp. FN545853

ai Sp. 135 ] 949, 88%
Candida cf. apicola FI713025 4|

1 DNAman ¥ #42 $ E#k No.4 B9 EIR K
Fig. 1 Homology tree of strain No.4 drawn by DNAman.

F 2 B No.d HYHEIEA L4HE

Table 2 Physiological and biochemical characteristics of
strain No.4

Nitrogen-carbon Nitrogen-carbon

sources Utilization sources Utilization
Glucose + D-xylose +
L-sorbose - Cellobiose -
Maltose - Inulin -
Trehalose - Methanol -
Melibiose - Ethanol -
Melezitose - Inositol -
Soluble starch - Galactitol -
L-arabinose - Adonitol -
D-arabinose - Glycerol +
Raffinose - D-sorbitol +
D-ribose - Erythritol -
D-mannose + DL-lactic acid -
Galactose + Citric acid D
Lactose - Succinic acid -
Sucrose - D-gluconic acid +
L-rhamnose - L-lysine +
D-mannose + Potassium nitrate +

2.2.2 C. magnolia HIA PG Z 1
X R BEFRE C. magnolia #EATFLBR 321 256,
W H A b =S IS [F] i FLAR Y YEPD 55 5 3k

Journals.im.ac.cn
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i, OSSR A I R AR K R e, gk 2.2.3 C. magnolia HIHG L FIH 7 Hr
RanE 2 PR, FEFLRWEALT 68 ¢/L (pH HZH X PR B+ C. magnolia #4746 HLER ) FH S5,

2.5) W, BRI FLERXT C. magnolia #9500
BN, T 68 g/L I, WRAKZEZB S, B
L T2 T A LR VAR B ik 93.5 /L |, PR S AR K,
oD k] 6.5, W PR X FL AR A A T A2
P, AR .

A
28 1
[ Initial pH
— V2221 Final pH
2.7
T 26
25 1%
i %%%%%
425 510 59.5 680 765 850 5
Concentration of lactic acid (g/L)
B
=
20 L Ed =
=
15 +

ODgqo
}_|_|

10

425 51.0 595 68.0 765 850 935
Concentration of lactic acid (g/L)

2 FERESENIEFE pHME (A) K C magnolia 1
(B) HYS MM

Fig. 2 Effect of concentration of lactic acid on the pH of
medium (A) and the growth of C. magnolia (B).
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K FLo3 I HE T 2 0 o s SR B A B PRI SR AR R, R
PRAE O 55 FR e v A A HE R, T FE PR RIS R 3 vh
HARNGEER, H C. magnolia FFLER B9 A R 4K
T 5%, W C. magnolia HETEEFREE LT
PR AT IR A, (HONREAE LA FLIR Ay ME— B 5 19 35

FrAEPER
23 EIMEARNGRE

Kk C. magnolia T ZLER AN F) FHFLER 145
PE, AP LI E BN 4, il it KRR AR
R LI ERE Y, LR AR 5 | 1) LRI W7
], DA SN LRI H Y
231 JEHFER L]

Fele 1.2.7 MR, 9EIRIKRPAR pYX212-
kanMX-ldhA, %Rt AT BEVI AL, 455 anlEl 3
s, UERA BORAL 2 )

11 501

5077

2830

2140
1700

1159

3 EHEFRIEHMK pYX212-kanMX-ldhA 14 E

Fig. 3 Identification of recombinant expression vector
pYX212-kanMX-IdhA. 1: plasmid pYX212-kanMX digested
with BamH 1 digestion; 2: identification of recombinant plasmid
pYX212-kanMX-IldhA by PCR; 3: recombinant plasmid
pYX212-kanMX-IldhA digested with BamH 1 and Hind III
digestion; 4: recombinant plasmid pYX212-kanMX-IdhA
digested with BamH 1 digestion; 5: ADNA/Pst 1 marker.
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2.3.2 G418 HIH I & HRRA R, HEE KSR, 2R S

EHW AT EE L G418 BB R Wik & 71,
PR b 5 20 5 D B TR PR T B X G418 Bt A 3R 0 sk
P, M 1.2.8 BEATSC, A BLRENE 5E 4 1 ikl I an
i BR W R B MR C. magnolia =K Ak G418 Mk & R
800 mg/L. PNILTEJESLifi e b v rp, ¥i7e
REFRFLP RN 800 mg/L Y G418 S 31 i B 4 1 1
258 I
2.3.3  JEAL pYX212-kanMX-1dhA HYH FE 1L R E
HPELFFEIE T

B BORL pYX212-kanMX-1dhA i i Ak itk A JE&
ZAMERE C.o magnolia A, ¥AL)E MTEREIR
FE 7 800 mg/L G418 Hi/E 1Y YEPD P-4t L, % 1
1.2.9 Pkl 74T HvE PCR ¥ 1Y, HIIKEIE
(PCR ¥4 1dhA FBt). Z5RKMER C. magnolia-2
Fl C. magnolia-3 )4 — 5 K/NR 1.0 kb 19 R B,
5 IdhA R BER/INEEA S, 1% R R bR AT
(R A I 257 RO 1dhA R Bt BB C. magnolia-2
M C. magnolia-3 T WY NEHH ki pYX212-
kanMX-IdhA .

24 PCR W UEM 1L+ C. magnolia-2. C.
magnolia-3 . MJFIRHME C. magnolia #4740 LM
B, AT R YRR B 25 e R EAT SDS-PAGE 1
VKEIE, 25K 4 s, HALF Comagnolia-2 Fl
C. magnolia-3 YJTEANX 43 F 5294 43 kDa BHiz i 38
TR EARKSAN, SR NME—E,

G C. magnolia WIAR WL AR RIK . HF—PE
BT C. magnolia-2 1 C. magnolia-3 H AR AL T,
AN FLIR I U R ] A B 3Rk
24 FIARBOSABMENTR
2.4.1  HHFLFE TR 1SS

SR g IR S BT A E AL TR Y R ERE T, iEAT
iR W LR SC 5 o K T C. magnolia-2 1 C.
magnolia-3 XJFIRERE C. magnolia 570 T K& FER; 3%
b, HERWME 5 PR, I EARAS RE R A0 %4
WA T AW AR 7= FLIR , T R 2 T 7 A e aod 7 v 1]

PR, X C. magnolia-2 Fl C. magnolia-3 Witk
HF W RAFLR G RiFTIeE, KB C. magnolia-2
WA RS EW ST C. magnolia-3, FILTEFLEK
BZRI6 H1EH: C. magnolia-2 #t—E W5,

kDa

200

150
100

85

50
40

43 kDa

30

—20

E 4 C magnolia R L ELHE SDS-PAGE B k3G iE 4 R
Fig. 4 SDS-PAGE of C. magnolia and its recombinant cells. 1:
C. magnolia; 2: C. magnolia-2; 3: C. magnolia-3; 4: protein
marker.

100 1 14
Si=iche 2 1 12
80 27 -
& 1
g / 10
= -~
N o f
. 60 ) 8 '§>
/ 2
= f Q
= 40 + / 6 5
3 ' £
4] C. magnolia K
pq:: —-O— C. magnolia2 | 4
20 / —&— C. magnolia-3
& 12
'
,/
Fd
Of:———-l————l ————————— 0
0 12 24 36 48
Culture time (h)
B 5 FHEIBMERERINIE
Fig. 5 Different recombinants fermented in fermentation

medium. Solid line represents the concentration of glucose, and
dash line represents the concentration of lactic acid.
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242 KHEERAIG pH [HXT L LI 1 52 0

PR R TR DT FR B, Sy F 90 O o 2 T A ) A
FITERRPE S5 T BAT R B A SR BE Sy, i
Kol C. magnolia-2 5353 HERN T pH B[R] 19 K e Bs
IRk, HZERME 6 i, EAW C. magnolia-2 T
R g% pH (HIEFITE 2.5~7.0 JE BN R B, YIRE
e A mi g iR FLIR . BLAE pH Ol 3.5 B BEIR e AL
e, BFE16% L L.

16 r =3 LAC —O~ Yield of LAC 718
14 +
= 116
12+ .
4 14 \°>°/
= 10 O =
&0 I~ 3
= > = 2
S 8 F 112 5
2
g 6t it
= o 110 3
al pe
18
2 -
0 6
2.5 3.0 35 4.0 7.0

pH of medium

Bl 6 EFEXG pH EX REE~FERRI T
Fig. 6 Effect of initial pH on lactic acid production. LAC:
lactic acid.

3 d#

FETRERE = LR TR T 9T 7T, A A e
Skory SEKERAHIEE 1 L-L 1 Mt S5 PR B A TR
BErp, 78 pH 5.5 B WEIRR 4 Ak 28 i i), 78 pH 3.5 B,
WL EEAL R IR T 29 10% , PRI W32 3 1 3 He);
Hoth 56 F 1 BEREA: 7= L-ZLRR ST, 46 R 280K
IHFFZLL CaCO;. NaOH i Z/KIEYT, B kit iz
(¥ pH HFEHI7E 4~6.6, A R & B iE & #1711,
Ut B 30 TR TR AR R LR iR 32 My TR A AR R Y
R

AT RN SR 5 i e A 31— A T v ok R
TR (VAFLERVE Y pH HZ 2.5) WM RREERE H bk, I
HL G R T RN RE A FLER . X AT A
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S A T A I A T L 23 7 D A 22 {22 1
C. magnolia. FEHE RV R R, KRR
TREFFREOR, 7R R I B 26 1K K AR B LR =
LA, H g LR AR A, A A A A LR
TR YT ) T PR R AR A i R I 2 ™ LR Y
e, EALRETE pH 2.5~7.0 Z M REA &k il
M2, 16 pH {Hh 3.5 B, HEMRFEILREm, JFHAE
KR pH HFEIKZE 2.5 0, A FLRgks A4
o PRI, 2% HE 4 T A L TR A T e e v D sk 2 ik
P2 55 45 H R ) o )y T 28 B R A 1 O FH 5 [
i, 7EAR pH S5 T AT DL— @R F b AR IS
JeJLE,

P A S0 B 45 B9 H 2 1 0 T LR A BT, )
AT FR 26, BVAT A FLIR ™ 535 3] 40 /L LA
b AR S K, A UTE L RMOE a2 B K I T
A B A SRR TS | N — 2 TAE, ik
o LR i PR AL A8, AT TR AS SOR S ) TR BR B Al
AW AR - P AR R 5 SRR R Z A Y 5%
F, JF#fiE HALFTREMBR BN 22, WS ms . Hhh Al
NADH S5} e & FLRRACH AR, e 2 i Ty T o
() A3 Wy A BRSBTS BCEL R ™ BRI A [R5 %)
K WEZRAEAN pH BRIV AR FEA 7RG B 81 P o o mT
— AR KB [, BT ASCRBRSE R
ok B 6 LR O S e P 1) R ) 1 S 45 91 B
S DR LR I S Y RS L R T
HE— 2D B 4 i FLIR A ™ 2

i
i
it
fig
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