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Abstract: L-lactic acid is a vital organic acid with broad applications in food, pharmaceutical,
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and bioplastic industries. The conventional production of L-lactic acid predominantly relies on
lactic acid bacteria, which are limited in the industrial application due to their strict substrate
requirements and poor tolerance to acidic environments. Kluyveromyces marxianus has gained
attention as a potential host for lactic acid production due to its rapid growth, acid tolerance, and
ability to utilize inexpensive substrates. In this study, we aimed to enhance the lactic acid
production capacity of K. marxianus through metabolic engineering and process optimization.
We first overexpressed the lactate dehydrogenase (LDH) gene and employed CRISPR to knock
out the pyruvate decarboxylase gene (PDCL), thus obtaining the engineered strain LA2.1, which
achieved the L-lactic acid production of 72.55 g/L. By screening and combining acid tolerance
targets, we improved the acid tolerance and lactic acid production of this strain. Through
process optimization, the strain LA4.3 achieved the L-lactic acid production of 112.41 g/L and a
yield of 84.00% within 72 h of fermentation. Additionally, in the case of reducing the calcium
carbonate dosage, the L-lactic acid production reached 101.50 g/L, with pH 3.52 after
fermentation. These findings highlight the potential of K. marxianus as a promising host for
efficient L-lactic acid production and provide a solid theoretical and technical foundation for the

industrial application of K. marxianus in bio-based chemical production.
Keywords: L-lactic acid; Kluyveromyces marxianus; acid tolerance; metabolic engineering
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it 5] A LacLDH, [F]EaBs &l =P Ctisiz,
183 S cerevisiae TAM-L17 Fikk, %@ #AE pH
B0 4.5 19 15 LAY 4T 192.3 g/L
) L-FLBR, 158N 0.78 g/g, FE1e4 M1k S cerevisiae
Hh R AE A B i 7K F- . Tian S8R A& kAl
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AR IR R, A Sl R e i rp o AL
Pt#, Htn, Charoensopharat 28U 24 #E T —Fk
i FH 45 2 17 & A9 58 07 O 6 A i B
DBKKUY-102, 7E 40 °C &4 F By BEr=HEik
#T 97.46 g/L. Zhang %533 i i Rk B E 1
BESEVRAT T KmMsr, $E5 T o v il oo & 4E
Xt Z BP0 A Az 1, RN R T AL PR Y
TR RIS L R EE 2B A 42 °C
TR\ T 545, 1637 °C FREET 2. &%
Wrod B L R g TR - T
Bilan, Bae SFUEBE T v i ow Yk i Lk Y
PDC1 K5 CYB2 K, it #Rik L-LDH
AT T LRIV TR, Z AR 482 &
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JEREL 99%, 40 1k T v i v i b o
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Table 1 Plasmids used in this study

Plasmids Relevant characteristics Sources
pY26 2u ori, AmpR, Pepp, Tcyel Lab store
pET28a pBR322 ori, KanR®, Pr7-lac operator, 6xHis Lab store
PUCCO001 panARS operator, Prer-Cas9-TrHos, AmpR, Pepp-N20-Tcyct Lab store
pY26-LpLDH 2u ori, AmpR, Pepp-LpLDH-Teyc1 This study
pY26-PSLDH 2u ori, Amp®, Pepp-PSLDH-Tcyct This study
pY26-RoLDH 2u ori, AmpR, Pepp-RoLDH-Tcye1 This study
pET28a-LpLDH pBR322 ori, Kan®, Pr7-LpLDH This study
pET28a-PsLDH pBR322 ori, Kan®, Pr7-PSLDH This study
pET28a-RoLDH pBR322 ori, Kan®, Pr7-RoLDH This study
PUCO001-PDC1 panARS operator, Pter-Cas9-TrHos, AmpR, Pepp-N20 (PDC1)-Tcyc:  This study
pPCt panARS operator, Prer-URA3, AmpR, Ppek, Tcyct This study
pPHCt panARS operator, Prer-URA3, AmpR, Ppek-HAA1-Tcyel This study
pPSCt panARS operator, Prer-URA3, AmpR, Ppek-SFP1-Tcyc1 This study
pPWCt panARS operator, Prer-URA3, AmpR, Ppek-WHI1-Tcyct This study
pPPCt panARS operator, Prer-URA3, Amp®, Prck-PDR3-Tcyc1 This study
pPECt panARS operator, Prer-URA3, AmpR, Prek-ESBP6-Tcyc1 This study
pPACt panARS operator, Prer-URA3, AmpR, Prek-ACE2-Tcyc1 This study
pPCCt panARS operator, Prer-URA3, AmpR, Ppek-ACS2-Tcyci This study
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Table 2 Strains used in this study

Strains Relevant characteristics Sources
LAI Wild-type K. marxianus NBRC 1777 strain Lab store
LA1.1 LA1 AADE2::LpLDH This study
LAL.2 LA1 AADH1::PSLDH This study
LAL3 LA1 AADH2::RoLDH This study
LA2.1 LA1.1 APDC1 This study
LA3 LA2.1 carrying pPCt This study
LA3.1 LA2.1 carrying pPHCt This study
LA3.2 LA2.1 carrying pPSCt This study
LA3.3 LA2.1 carrying pPWCt This study
LA3.4 LA2.1 carrying pPPCt This study
LA3.5 LA2.1 carrying pPECt This study
LA3.6 LA2.1 carrying pPACt This study
LA3.7 LA2.1 carrying pPCCt This study
LA4.1 LA2.1 AADH1::PDR3 This study
LA4.2 LA2.1 AADH2::ESBP6 This study
LA4.3 LA2.1 AADH1::PDR3+ESBP6 This study
1.1.2 U F 5 peptone dextrose medium, YPD) (g/L): &1k

BERERUGAN . TEI A TR . BERSH KA
PCR §"14{Ug H Applied Biosystems 2y F]; #H
He TAE G B At g A YR R A R A E
W% IR E8 ) B Bertin Technologies /A A ; H i
B 400 A b B s B A A PR |
M A B A E s SRR A
10 A 2R () A PR | 5 BbR AU B
BioTek 2+l ; WU 4H I B ThermoFisher
Scientific A H]; 5 L REEREN Al /R A T
(R ARAW

AHi 5 BT R W B R s MR AR R
A B w\]; PCR 519 Nk AE VIR (1
)G BRA A A G L-FLER PR LI A 122 vk
AR R A BR A |l HAd R W [ 2G4
Bk 2 a0 R
1.1.3 EHFE

T B 20 Ut 5 il 5% 7 5 (yeast nitrogen base
medium, YNB) (g/L): BER:IEAEIR 6.7, #4)
HiE 20,

P B33 H by i 4 2 Wl 5% 3% B (yeast extract

Z&: 010-64807509

20, MERERY 10, #i%5HE 20,

E TR (ZWYP) (g/L): ilREk 5, Wil
AWM 3, LKEBRREE 0.5, #4100,

ZWYP iR ot R IF W (mg/L): L=
ez ig 15, LKEmRE 4.5, SKEHAL
Bio0.3, PKESAE 1, HAKAHERE 0.3,
TOKEAMES 4.5, KGRI 3, KA
RN 0.4, TR 1, BB 0.1, LIEBRE;
HEWE 0.05, ZIRES 1, Ewig 1, WIEE 25,
4k R BIL, MEMEREE 1, ST ER 0.2, IR
BEIE 20,

KGR H(ZWSG) (g/L): Tl 2, Wi
TEH 0.5, EARAMEREE 1, BN S, A
BE 100,

ZWSG i FE 3R TR W (mg/L): KRG
ERER 10, HOKEHEREE 0.05, —/KAEFML
B50.2, TKEHERE 0.1, L/KEMIREE 0.2,
PUIKA 4R S 0.01, /KA 8 0.02, JILEE 100,
JHMENE 50, HZR 50, (AR 100, JR 2R 100,
SR 100, B R 100, 17 BR4S 50, FRIELE 100,
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Table 3 Primers used in this study

Primers Sequences (5'—3’)

TCGACGGATTCTAGAACTAGTGGATCCATGACTGATGTCAAATTGCA
ATAAGCTTGATATCGAATTCTTACTTAACGGCTGACTTAAATTCTTCTTGAG
ATTCTAGAACTAGTGGATCCATGTCAGTCAAGGAATTGTTGATCCAA
ATAAGCTTGATATCGAATTCTTAGAATTGCAATTCCTTTTGAATACCCCA
ATTCTAGAACTAGTGGATCCATGGTTTTGCACTCCAAGGTT
ATAAGCTTGATATCGAATTCTTAACAAGAGGACTTAGAGAAGGAAGTAGC
AGCAAATGGGTCGCGGATCCATGACTGATGTCAAATTGCAC
GGTGGTGGTGGTGCTCGAGCTTAACGGCTGACTTAAATTC
GTGGACAGCAAATGGGTCGCATGTCAGTCAAGGAATTGTT
CGGAGCTCGAATTCGGATCCTTAGAATTGCAATTCCTTTT
GTGGACAGCAAATGGGTCGCATGGTTTTGCACTCCAAGGT
CGGAGCTCGAATTCGGATCCTTAACAAGAGGACTTAGAGA

pY26-LpLDH-F
pY26-LpLDH-R
pY26-PSLDH-F
pY26-PSLDH-R
pY26-RoLDH-F
pY26-RoLDH-R
pET28a-LpLDH-F
pET28a-LpLDH-R
pET28a-PSLDH-F
pET28a-PSLDH-R
pET28a-RoLDH-F
pET28a-RoLDH-R

ADE2-N20-R CGAGTAAGCTCGTCCTCAATTCGAAGCCCATATCGTTTTAGAGCTAGAAATAGCAAGTT
ADH1-N20-R AACTTGCTATTTCTAGCTCTAAAACCCCACCAATGGCAACTTGGTGACGAGCTTACTCG
ADH2-N20-R AACTTGCTATTTCTAGCTCTAAAACCCGACCAATGGCAACTTGGTGACGAGCTTACTCG
N20-F GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG

ADE2-UP-F AATTTTTTTCCCTCATTGTATCTCATACGCG

ADE2-UP-R TGCAATTTGACATCAGTCATGATTAACAAGGTTTATATTGTTGTAGTACTATCACTA
ADE2-Down-F TTAAGTCAGCCGTTAAGTAAGTATTCAACTATCTCCAACAAGAAGCG

ADE2-Down-R ATTAAATTACATTGTTTTTTTCAAATTTATGAAGTTTGTGCCA

ADE2-F CAATATAAACCTTGTTAATCATGACTGATGTCAAATTGCACAAGAAG

ADE2-R TGTTGGAGATAGTTGAATACTTACTTAACGGCTGACTTAAATTCTTCTT

ADH1-UP-F AGCACGAATCCACTATACACCACC

ADH1-UP-R AACAATTCCTTGACTGACATTGTGTTGTGTATGATTTTGTTTTTAAATGTAGTAACC
ADH1-Down-F AAAAGGAATTGCAATTCTAAGCAAGGACCCTTTTGATATGGT

ADH1-Down-R TCCGAGGCAGCTTCTTCTTCTT

ADH1-F ACAAAATCATACACAACACAATGTCAGTCAAGGAATTGTTGATCCA

ADH1-R CATATCAAAAGGGTCCTTGCTTAGAATTGCAATTCCTTTTGAATACCCCA

ADH2-UP-F AATTTTTTTCCCTCATTGTATCTCATACGCG

ADH2-UP-R ACCTTGGAGTGCAAAACCATGATTAACAAGGTTTATATTGTTGTAGTACTATCACT
ADH2-Down-F TCTCTAAGTCCTCTTGTTAAGTATTCAACTATCTCCAACAAGAAGCG

ADH2-Down-R ATTAAATTACATTGTTTTTTTCAAATTTATGAAGTTTGTGCCA

ADH2-F CAATATAAACCTTGTTAATCATGGTTTTGCACTCCAAGGTTG

ADH2-R TGTTGGAGATAGTTGAATACTTAACAAGAGGACTTAGAGAAGGAAGTAGC

PDC1-UP-F GAAGGCTGCCAGTGACTGCTA

PDC1-UP-R GAGTATTGATAATGATAAACTGCAATTATTTGGTTTGGGTGTGGAG

PDC1-Down-F CCTATAGTGAGTCGTATTACAGAGGGAGAGGATAAAGAGATAAATTACGA
PDC1-Down-R GAAGTCGATCTCGTCTCCTTCAAAG

PDC1-LpLDH-F
PDC1-LpLDH-R

ACCCAAACCAAATAATTGCAGTTTATCATTATCAATACTCGCCATTTCAAAG
TCTCTTTATCCTCTCCCTCTGTAATACGACTCACTATAGGGCGA

http://journals.im.ac.cn/cjben
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Ph 53R BITE 115 °C44 T KTA 15 min,
U TG R VS WA B R TR
1.2 7%
1.2.1 FHRMNAIEE

PABURL PUCCO01 St , i N20-F 5
ADE2-N20-R 5|4y Jsz ] 9 38 FL A7 8 i) LU0 3 1A
PDC1 f)[1] 5 RNA (small guide RNA, sgRNA),
Bt o B 14 05 B 14 Dpn 1 iEALEE AL
DA Tw] 5 8 40 1Yy i 2 PUCCO001 okirp i%
277 W) R AL 2 5 A0 7 ik 7 Ak 2= KR IBAT &
(Escherichia coli) IM109 J&Z 2540, 7654
ARPUERD LB Fh B bk, PRI
AL T, RIEYE PCR FHTIGIE, REUTR 5
PEAT IR B0 E o 2R3 BRI, R A A ) 1R
WL PDCA ()5 2 ffiki PUCCO001-PDC1,
SR 2L TR A R ) 5 AR ]
1.2.2 EFEESEKAEE

FER 2H A LR R ] CRISPR-Cas9 4t
DATARK LA1 BE K 4] M #8it , ik PDC1-UP-F/R
5 PDC1-Down-F/R 5|43 |43 PDCL I T i
% 500 bp [AFEE. P HHAg PDClup 5
PDCl-down M& [ol Wit 7= ¥y oy #85 M, 38 2
PDC1-UP-F 5 PDC1-Down-R ZI¥iE474 14,
733 PDCL fBRHE . W7 Cas9 11 AY 4L i
. PUCCO001-PDC1 5 PDCL il [ A 3 1 itk i
5L S ARIBE LAL H, 7 YNB
MR EUEATR I, {8 A 20 mmol/L NaOH & il 4
WE, B HCEE A s SR AT I0 T e . Hrh R R
PDC1 iy H Bt KBy 1 000 bp, A #i PDC1 Y
R BN 2 695 bp. FBHMF L% A YPD
R B g AR ARSI, FEESN S-ELIE R AN
PRUEWER) YNB Pt b RARIESR 1K, 7€ YNB
PR B, BERH R T B, 15
FIMBRAMR LALL. HARBEAHRMME Ik
¥15 AT
1.23 SRR E&HmRE%EL

W R T YNB [EAEE R b 64T = X 4
2, 37 °CHiFF 24 ho PREEEEL HLEVE T 30 mL

Z&: 010-64807509

YPD 5573, 37 °CHi 5% 12 h, BlJGHH 200
1) YPD R53RBEHP & ODgpo=0.4-0.6. K &
TFEHER 50 mL .08, 4 °C. 5 000 r/min
B0 5 min YRR, FHTA M JC /KPR 2 .
JIMA 10 mL 100 mmol/L {248 (lithium acetate,
LiAc)fE&, T 37 °CRERHHEFE 10 min, 433
F 1.5 mL EP &, 5000 r/min &[> 2 min £
B, 35 Fi . IIA 50 uL 100 mmol/L LiAc.
10 pL 5 mg/mL #EffE DNA (salmon sperm
DNA, ssDNA) . 340 uL 40% % Z — [
(polyethylene glycol, PEG), 2 pug DNA & 1 pg
PUCCO001-PDC1 #17HE#, 37 °CHiFE 30 min
&, 42 °CHkZEEEFE 25 min, 5 000 r/min &.0>
2min, 5% B, AT YNB BlASE IR,
37 °CH; 5% 48 h.,
124 BEERNNFESENE

L TR 3% & T T 9 0 2 J % AU NADH
TE 340 nm KT 1Y WO RE AR A6 f S i g 7k
WK Z 100 mmol/L #E#22% il (pH 7.0) .
20 mmol/L P& .0.2 mmol/L NADH } 0.2 mg/L
AEF AL BTG E SR 37 °CA&MFTR, 4F min
1k 1 pmol NADH Az il FLER Ir i B2 (1) il 2k
1 AN 7 FAL(U) o

FLIR It Ul 20 1 2 S 800 I ik . EANIR
Tl B 25 4E T e AS [F]V E (0.05.,0.1.,0.15
0.2.0.25., 0.3 mmol/L)i NADH )W R84k,
il B 225 il s oA 2 o 3 e A D T T R A
(1.2.3.4.5,10, 15, 20, 25, 30 mmol/L),
W oE N F oWk R R RN M E, R
Michaelis-Menten 7R 4l-& 1538 122250,
1.2.5 FERMREEAEE

W5 JFURE pET28a-LpLDH #7 F % 50 mg/mL
F-RIBEE R LB Kigdkrh, 37 cCal %,
DL 1% (RFR O )FEFT B4R 2% 50 mg/mL A RIS
BRI LB 7Rk 1142 3K 200 r/min .,
37 °CIEIEREFE, 24 ODgoo=0.6-0.8 i, il A 200 pL
1 mol/L A9 55N J-B-D-Ai X F: FL A 7 (isopropyl
B-D-1-thiogalactopyranoside, IPTG), FfF 16 °C
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73 F% 16 ho 4 000 r/min 0> 10 min, 3 b
T WCEE AR A buffer A (25 mmol/L Tris-HCI .,
pH 7.5. 150 mmol/L NaCl)EE & R{&, Fi#E
1] L 0 1A SO A P A AT B, R R P R T
4 °C, 12 000 t/min &.0> 5 min, f#8 E3, BN
UM . FETEAEAT His br2k, %%
Ni**-NTA #:E M2 0 kit fraifh . 1A
buffer B (25 mmol/L Tris-HCI. pH 7.5, 150 mmol/L
NaCl. 50 mmol/L BRMEPEIRZE T, ARG H
buffer C (25 mmol/L Tris-HCI, pH 7.5. 150 mmol/L
NaCl, 500 mmol/L BRME)PENE, 245 H AR .
4 H FH buffer D (25 mmol/L Tis-HCL, pH 7.5 .
150 mmol/L NaCl, 5% )il i #8 3 x5 H b
AT AR ke s, 4 °CIffEs . M=
Bt B IR A - 3N M TBE B BBE R UK (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
SDS-PAGE) /3 #r & A i i 238 5 4l Ak KK .
1.3 BEiREF
1.3.1 MFiEHR

ARG 2R — PR, T YNB [ 485
FEhE AT IO IX RIZ, 37 °CHiF%E 24 he

— T PRI TS, M RRA
50 mL YPD 535 5:09 250 mL =i, A4 =X
FEIR 200 r/min. 37 °CIHE I 12 h, &E—Z b
FI ODe0o=5-6

TR BB 10%3E Rl
R 224 100 mL & BERGFREAY 500 mL — £
g, A XK 200 r/min., 37 °CHHIEIE IR
12h, ZZHFF I ODeoo=10.
1.3.2 EiRLE

B ODgoo=1 HIFFF¥ 2 100 mL/500 mL %
7 s SR BL B FE R, 200 r/min, 37 °CK % 72 h,
12 h 58 L-FLER ™ i, pH {E# H7E 5.0 LA o
1.3.3 5L #Ex ot 2 B2

R EERER BN 3 L, A TR Lk
PR IR 10% 2 b 2 A P v o K )
AN . pH 5.0, ##°H 300 t/min, i@
SEA 1 vvm, MREEHITE 37 °C. Y4 pH FE{K

http://journals.im.ac.cn/cjben

% 5.0 LLNA, fi el pH (E.
1.4 DA%
141 L-ABRFEMNESE

FEIRINE « AR Aminex HPX-87H
F(Bio-Rad 22 ), FEii 52 °C, i 3hAH K 5 mmol/L
H,SOy4, WA 0.6 mL/min, 610 &% 48 461l
i, ERETE R 20 pLo K K BRIV RIS AR BUS
12 000 r/min 250> 10 min, | I8 W o 840 38 3F
i 5E .

PR LR A2 . mod 10 g/L L-FLER BT
FR RS, 43 K #i B2 0.1, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2 g/L, f#if] HPLC #EF74kil . R4
3] Aty 06 T FELRTRR IO P e B 2 S v v T £
1.4.2 MR ENE A

B 1 mL RBEM, MIA 2 mol/L ik R # B
JEIRG 5], AN LT T 600 nm Akl
FE WO (OD),

1.4.3 BEEEKENEGZE

i FHAE P A% IR A I A A T I 2, o R T
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R SCERIA BRSO R &, e T 3 R TE
#9 LDH, 4351 J& & 5 F K AR 2% (Rhizopus oryzae)
) ROLDH . %% (Pelodiscus sinensis)f) PSLDH I
¥ FL #F @ (Lactobacillus plantarum)
LpLDH. ##iX 3 Fl LDH F) 4 ih 3 K 28 1o 55 ) 1
ALIG, wWEZE pY26 FikFokid, W T HE
20 Jfi K. pY26-ROLDH . pY26-PSLDH #i
pY26-LpLDH. SDS-PAGE 43 #7175~ , 3 # LDH
BRI ek o Xt alifbJ5 i LDH #E173h 1) 2%
ZHONE R 4), Z5REY LpLDH HAT AN
K (B F1 3R 55 Y kear, HEALBLRE KK 15 3|
(709.41+£118.31) mmol/(s-L), #H#T RoLDH #I
PSLDH, 4r3ll#EE T 94.97%H1 62.55%:

RE p-FLR S L-FLIR b= B AL, (H
AYTRe2E S . T HERRAS DN Y S A
P54, SR TP B Y = ROR A 2.3 (HPLC)
AT . S5 BN, 3 FhSRUE) LDH ¥ REAE
fENERER A A L-FLIR, Hob=ratifE 8 #iat 99%
(K 1), & bRk, LpLDH 3 &% & itk
BRI L ST AR e R

22 R IRENES R nE®EE
A R L-ZLER

AR L-FLER Y v i v A R
TEPR Y A= I T a W v e 2R RE LA VE R IR T
Pk, M CRISPR %t [H4H 4+ R7E ADE2,
ADH1 1 ADH2 1y & 43 %)id %5 LpLDH .,
PSLDH #i! RoOLDH, % T Ftk LA1.1-1.3, Ff
5, TEHA 100 g/L #iZ i) YPD & el 57
rRUE TR R W . A5 NIE] 2B BN, X BB AR
LA1 REGINE] L-Z2LER AR . RPE LALL FER
W72 h 5, L-FLRRAY ™. 1328 RIE R o
WA 49.31 g/L. 37.64%F1 0.68 g/(h-L). 1M

x4 ABRBREEBOIINFESH
Table 4 Kinetic parameters of different LDHs

Organisms K Keat (s™) Keat/Kmn
(mmol/L) (mmol/(s-L))

Rhizopus 6.80+2.33  242.67+£21.67 35.69+9.43

oryzae

Pelodiscus 1.35+0.25 358.67+13.33 265.68+53.32

sinensis

Lactobacillus 0.90+0.13  638.47+15.38 709.41+118.31

plantarum

70 000 ‘fVA N
-lactic aci -lact
60 000 E L-lactic acid — L-lactic amy\
50000 F cincticacid
B t?\ actic aci \j\
40000 F L-lactic acid \y k
30000 F D A
20000 F E j\
10 000 F A
F
0 —
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Time (min)

B 1 L-AERRSEELE

Eaoth  A. L-FLRS p-ZLRbsHEN; B: D-FLERPRMEM; C: L-FLIRFRUE

ans D: *E%?Lﬁlﬂﬂé‘/ﬁﬁﬁ L-LDH HEEIN AR i 7= 20 A s B BEORUERY L-LDH AEAL AR AR A4 79 73
M Fo RARESRIEAY L-LDH AL N BRER 1 7= 4 7347

Figure 1

Optical purity analysis of L-lactate dehydrogenase. A: The mixed standard of L-lactic acid and

D-lactic acid; B: The standard of D-lactic acid; C: The standard of L-lactic acid; D: The products from
pyruvate by L-LDH from Lactobacillus plantarum; E: The products from pyruvate by L-LDH from
Pelodiscus sinensis; F: The products from pyruvate by L-LDH from Rhizopus oryzae.
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LFLRRA B s B: TREBIHR LFLRRAOE S

Figure 2 Construction and evaluation of different engineered strains. A: L-lactic acid synthesis pathway in
Kluyveromyces marxianus; B: Production of L-lactic acid by engineered strains; C: Fermentation curves of

strain LA2.1; GAP: Glyceraldehyde-3-phosphate;

DHAP: Dihydroxyacetone phosphate; G3P:

Glyceraldehyde-3- phosphate; GPD1,2: Glycerol-3-phosphate dehydrogenase 1,2; PDC1,2: Pyruvate

decarboxylase 1,2; ADH1,2: Alcohol dehydrogenase 1
JENL1,2: Lactate transporter gene 1,2.
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,2; CYB2: L-lactate cytochrome-c oxidoreductase;
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TETE R TR R 8 5 . HAAL . SPF1, WHII ., PDR3 .
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PRIRE

FEAFEAN G IR AR PRI A W, AR
L-FLERAE " . A . AT R AR S AR
3K 4 ASFE AR XTI TR HE 5 HE A T . 25 SR an &
3A iR (1) 7E L-ZJLBRAE 777, Witk LA3.S
(¥ ESBP6). LA3.4 (7% PDR3)Fl LA3.6 (&
ACE2)i) L-FLER/ 435 11.21 g/L. 10.74 g/L
1835 g/, BXTHEBEHE LA3 (7.88 g/L)4rlik
BT 27.52%.26.63%F1 5.96% . AL EFk LA3.5
RSN pH (E 2.59, HARMKDN L-FLIE
FEEZENAHE; Q) FEAMMAK T, #ik
LA3.5 Fl LA3.4 1) e K TR e 40 il 55 % BE TR AR
LA3 #5 T 16.33%F1 12.24%, Ti#kk LA3.6
() e KB MR A R BE T Bk LA3 FRE T 5.50%. H:
AR E R EREZ DI ; (3) 7E4NAEStT:
M, KEE12h )5, Wk LA3.4 5 LA3S 1
YR BE T 243 3R 82.20%F1 85.40% , 5%} A A
Pk LA3 (92.13%)B#MK T 9.93%F1 6.73%, 4
PR FE T2 T0 2 05 5 (4) EA B SR fk
T, KB 12h 5, HRE LA3.4 5 LA3.S f40
J 56 B B A T X BR TR Bk LA3 (] 3B).

ENIERE |, WP LA2.1 9 ADHI .,
ADH2 fi jSH sl 2 54 A T PDR3 5 ESBP6
LR, #7 T HEfk LA4.1 (% PDR3). LA4.2 (&
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ESBP6)fil LA4.3 (5 PDR3+ESBP6)., 7 5 L k&
P HE R IR RRIEAT LR A =, 25 R an
& 3C fton, TERERAFE CaCOs TN Z 75 g/L
WA T, KB 72 h I, BRE LA3 1 L-FLIR ™
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ik LA3 230325 T 56.57%F1 35.16%, 1EX
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SRR 6.60 g/L B TR .
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J T AAL TR H bR LA4.3 2577 L-FLRA T
M, AR REFERE . pH FRAIFIZEG L )
TR HEFh & RIS R IR AT T4

PP e o e R BERE R AR,
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% 400 r/min F1 200 r/min 5514 F 0977 &0 B4
BT 34.61% (64.63 g/L)H1 57.67% (55.18 g/L);
(2) TEARMI AR RV EE T, 48 =% 3 2 400 r/min
T, BARR A B TR B 430 8¢ 200 t/min F
300 r/min #2751 55%F 23%; (3) TE/-iE%
JiTh, MEEEEFEHE N 300 /min B, BFEE
LA4.3 1 L-FLIR1S R iE 2] 77%, % 400 r/min I
200 r/min 54 B8R T 15%F1 31%. LA L
ZEEEH ) 300 r/min MR PP R

PEFAIER pH FRRIGRI XS T i & AR R
) PR T R AR R LA 2 G EE e, AR5
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Figure 3 Screening and characterization of acid-resistant L-lactic acid production strains. A: Production of

L-lactic acid in acid-resistant strains at plasmid level; B: Morphological changes of yeast cells after 12 h of
fermentation; C: Fermentation curves of strains LA4.1, LA4.2, LA4.3 in a 5 L fermenter.

B, Ak LA43 &M 72 h i L-FLER = aik
88.20 g/L., R4 Ca(OH), fl NaOH 7E4E+F pH
fa @RI T CaCO;, 1B FEIIMAFAL
Z e L-FLIR 50 R 76.49 g/L F161.46 g/L.
NH4OH S AR T &6, 5 L-FLIR ™ AR i
BTF, Ak 52.73 g/l NI, ZEE%1E L-FLER
H LB & & pH WHRIRI B A, mAERE
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Figure 4 Fermentation optimization for L-lactic acid production in a 5 L fermenter. A: Effect of different
stirring speeds on L-lactic acid production and ODeoo; B: Effects of different neutralizer agents on L-lactic
acid production and ODggo; C: Effects of different inoculation volumes on L-lactic acid production and
ODeoo; D: Effects of different mediums on L-lactic acid production and ODggo; E: Variation curves of strain
LA4.3 in a 5 L fermenter under optimal fermentation conditions; F: Variation curves of strain LA4.3 ina 5 L
fermenter with decreased CaCOs3 addition.
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L-FLIR 7 55 (85.47 g/L)% ZWSG B ILRFEME T
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PR A PO AR KR E AL IR AR B TRk,
E ZWSG R R 5N i 72 5L o
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Table 5 Lactic acid fermentation process with different yeast production
Strains Substrates  pH control Fermentation Titer Yield Productivity  References
strategies process (g/L) (%) (g/(h-L))
Kluyveromyces Glucose CaCOs was utilized ODeoo=1 101.50 79.10 1.41 This study
marxianus for the first 36 hto 1 vvm
control the pH to 37°C
5.0 300 r/min
Kluyveromyces Glucose NH4OH was used 0.14 vvm 109.00 60.00  0.80 [21]
lactisstrains throughout to 30 °C
control pH 4.5 800 r/min
Saccharomyces Glucose After 24 h of 0.05 vvm 117.00 58.00 2.40 [22]
cerevisiae fermentation, the 30 °C
pH was controlled 320 r/min
at 3.5 using 5 mol/L
Ca(OH)2
Saccharomyces  Glucose 5 mol/L Ca(OH): 1 vvm 142.00 89.00 3.50 [23]
cerevisiae was utilized for the 36 °C
first 20 h to control 475 r/min
the pH to 4.7
Saccharomyces  Glucose CaCO; was used 10% inoculation 192.30 78.00 1.60 [8]
cerevisiae throughout to volumes
control pH 4.5 30 °C
300-800 r/min
Pediococcus Glucose+  Without 10% inoculation 110.40 61.00 1.50 [24]
acidilactici Xylose neutralizers, pH 4.6 volumes
at the end of 42 °C
fermentation 300 r/min
Pichia Glucose Without neutralizers 20% inoculation 74.57 93.00 2.08 [25]
kudriavzevii volumes
1 vvmm
35°C
300 r/min
Pichia Glucose Ca(OH)2 was ODs0o=4 154.00 72.00  4.16 [26]
kudriavzevii utilized for the first 1 vvm
20 h to control the 30 °C
pH to 4.7 350 r/min
Issatchenkia Glucose+ 4 mol/LKOH was 1 vvm 67.10 59.00 0.56 [27]
orientalis Xylose utilized for the first 30 °C
41 h to control the 100 r/min

pH t0 6.0
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