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characteristics. It is suitable for production of various products due to its natural ability to utilize a

variety of inexpensive carbon sources, excellent tolerance to low pH, and strong ability to secrete

metabolites. Currently, Y. lipolytica has been demonstrated to produce a wide range of carboxylic acids

with high efficiency. This article summarized the progress in engineering Y. lipolytica to produce

various carboxylic acids by using metabolic engineering and synthetic biology approaches. The current

bottlenecks and solutions for high-level production of carboxylic acids by engineered Y. lipolytica were

also discussed, with the aim to provide useful information for relevant studies in this field.

Keywords: Yarrowia lipolytica; non-conventional yeast; carboxylic acid; metabolic engineering; synthetic

biology
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Figure 1 Engineering the biosynthesis of carboxylic acids in Y. lipolytica.

B e T 45%. XSS5 UL YHM2 JEIA
JiT 2 5% 1) 2 11 o i Al IS DX e Bk vh BE 8 1 7 (i 4%
iz LR ER P Ite . dE— PR, o
e 35 i N IS TG T B 1) %5 R I &8 (adenosine
monophosphate deaminase) 2% 35EHE AMPD fE
5 T AN AMP K- BT R, T AMP 2
BTG AT R I AU (isocitrate dehydrogenase)
&P b5 0 — R, itk AMPD e #) 1
RIXFH T RAGERICE AL T
o-MR R TR, IXRERE N T AT R A A TCA
PEHR AR, &, HLREBNIE YHEM2
Y5 AMPD F D N5 HIS B TR Ak 220 4y
AR Z B2 T 971 /L IR IR . X —
W B UG o AR SR A i 2 11 G S R ok

&: 010-64807509

DEA At HI PG T B TCA G35 v (] 7 ) —H 1 ¢
R 18, A AR HIS FR R B 1Y TCA 3R A=
7 A (Tl ™ SR AL T SR

PR IR A8 Tk e AR RZ
—, AR, R gks: FORMIMA |
R JCIE YR AR 07 SRR AR AR T
HE AR, WRTEE TS 4 M A TR K
B A~ 0 5 IR AR A TR (A 0 e A58 X A e
MR G AT TOUAE . o, iR A HIS R e B B
TR B A TR B Tl A 7 AT R R 1Y A
HEEWESEANZ —. ERIRBERIUE
S, R A T A AR 0 2 R W A i
HRS PR 1 B AT LS B AN (] 4 R A e 24
FATRIR AR . AT, SRR YHM2

X: cjb@im.ac.cn



1364 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

XIS SRR iz 8 AMPD X Fh i 7
IR T U0 I A L DXL X 1 O — 2 R v A s
HB ER B A = AT B R Y = i AR B 2 H A
AT

2 RHER

AR (isocitric acid, ICA) f7-7E 4 F[A]
SrSERORRY o JRATH W AR EI A KRR A
Y AT IR IR R A TR - AT R IR o AT R R A
FEMFLE R RREY) (InRRE . RREEESE) B
25 RS R R R B WY, B A R
FH BTG HERS R DU SR AR
AR Al R R A T R AR A
A B SATERR DL 4 B A 23 A R TR A
AL, ME B AR IWXE; e, R
A A L P ) A A B L 8 01 A S R R
HAMRKSE (B Do Hb, @R kA
BUERA R H AT A 77 S AT R I E A BT I A
Y. Biln, 2019 4, %[ Rzechonek <5
FEDREL T Il I O e A A 7 T AR
AR Z AT, AR A IS EC B TRk i 3%
BT PG A% H b R AL B JE IR, RIH S
(glycerol kinase) #fidEPN GUTI A1 H-3-B5TR
i & B8 (glycerol-3-phosphate dehydrogenase)
ISR GUT2, Z5AESE T X P BE I Y 2L
F KA IR pH 250 T B8 A iR 1)
T2 LU O IR, X BEARLE pH
3.0 AT, SRR = ik B T 42.5 gL,
XSS B pH ST A R H
JEORHAE PR IR B B o IZE T R B R
Al R A, PORAR pH B AT L/ T
b & 1% 3t R v B AR T TS G R R TR i Y
o PR U AT LAROR R AR AR 7 AR o 2020 4F, 3K [H
[ Yuzbasheva 554 ia0FI] i A HIS IR RE 5% fh ML
Ma JEORE A 7 S AR T U T e i 4 R,

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

MULHT, MR B BAWIER T yhm2A TRARTE
YPD 8537 5 i JLF A=A i 8 A R R . i AE
RO I ) B 5 R v B R SR R B R, A
GERR I P AR /D 1 S A R 1 7 i A DA i
B, E yhm2A WK L%k AMPD 3,
5 75 31 14 £ A IS R T Bk 1L B R A RO 3
FEJG , SEATRE IR 0 7 o I A T 7 TR
BRI, SFC T 3 DR T 4 A5 B4 4K 1 5 sk
SRR A P B B R £ 0 4E R R R 1 55 18 1R
PR AR, 2020 4F, ELFEAY Brito Z5UERT 141
FIJTH SFCI N gmis iR 11518 = IRIRER AL
FE S TR BRI R AR LD, it e
PR, fEARHR CEERE R ) SFCT 3R 4
T 11 2 30 2o 52 52 48 WL il 7 five s I E 7 B 240 i
TR R B AT RRER B, SFCT 3R fad ik
3% T B AT A4 1 A 1 HI DG e Bk 1R TR Pk v S
FEERR I . e, Wb YHM2 FLP N [H]
i KNI AMPD 5 SFC1 5 F ) i AR R FG
FEb): T AR TR AR AT A, SEATAE IR = JhikE T
136.7 g/LPY, X IEE A i A 9 & vk A
7SR IR T A T 1 e i 7

S ER—FE, SAERR O Tl A
RAT BB —FR IR . (HS PRt L, I
PR TR B A WA 2 AR s ol e iR A
PSR R B S IR X A b . AR SeRT e, 8
b ARG TR e i IS QR O 2 S T
W AELH T RIROASE 9ok 3 2 R DR Ak A i v R
PIME Tk ™ fh—— AP R . (AR R,
A 16 A A i IS G T 5 40 IR % 1) A S A B TR
$E328 R G0 AT LAARAS i 8 A 7 S R R A ek
WA T, X — 5 it ok A A A A BIS I I £
Az 7 H At FR 1 K At = BN fk A P B2 4L T
AWM S % . RAOTOHE, EIEER KA
SRR R R R A W i Tk A 7 S AR R 1Y
Tl




R F/A0E TEMEMRISI REEARARIMTHRE

3 o-MR-R

S ER MR ER —F, o-fd % R
(a-ketoglutaric acid, a-KG) L 24#K TCA 1E
IR i) SR (R A,  [R) Bt 2 1 O N 2 R R
AR A S AR AR 2 — B e R R
A= W 1 B A - A b i R B AR
AP BB Ry, LT Tkl 4
WA ETZ T AR, BEr, T
MR . HIR — LR MRS 2 b G UK 2 2
Tl A7 o R B AR SR,
XAl 2R B AP TEVF 201N, W EE 1k
AR = 2 L 8 A 2 AR Ak 7R AR
55 A 25 A DLV 00 RN 2 4 A Ak 550 1) 1k = i
LA, FIHBMADRA ol R A
R HARE A AR RS R
A, R A e B Hodr i B EG R R
HAEATHKY . TCA TR TR . BRI
WARE TSR AN LA A A BRI R L AT
BB R oI 5 R R N e
AR B R R IS 25 2 — 100 Bildn, 2012 4F, 7T
FR2: Yin S5 UCUE I T i B HE CQ e RE R A T
FRRRARALAVER S oI FRA 2 8] Ay 56 214,
T AR IR R QB B (B Bk WSH-Z06) it P i
MRRALEE (pyruvate carboxylase) WG PEAN ],
BTN 53K S B TR P R0 K i 2 %) D9 T R
BRALEE g EL R PYCT FPYC2 4330 5 | A B fif
JiE IS EG I Bk 3 2% TR A v DA AS) 0T Y R TR R
(B 1) Z5RFH, WA TREEKRT ol iR
= A AR TE T 24.5%H01 35.3%, &I FEHI
Tl 2 %) 7 e L MR R R o [RTERE, 24 i PN O B
T PR R 2R 35 7K T 1 A2 Ak 45 SR 3R B T 19 i R
T2 AL B A% 1 3 5 R 2Dy R ik 38 2 DA R PR TR
BATIE] T o-MR % R . X R PYC2 BRI
fiff JI IS E T B TR R AR AT R REALAL, R

&: 010-64807509

BEIT 62.5 /L 1 -l —8R™. 2014 4, 18
FE () Yovkova U] F 4 2 04 it i B G e B 1
TR AR A B H MW DB T a-flil 5 —
W2, I Iy B AV T )= A0 R T 6 1 7= A 2
B, MU A L R EE X A A g ES P P B S A
IR E T SR B EE P NADP R A
A2 10 Tt S B L D) ZD.P 0T A T TR 2 A T g Ly i
PYC [RIEHINIESEE N . B, 5l #
TR 3 PR A P R PR D R 3 3R R T A P T B PR o
o R B RES IR & o-Fl I R =i (K 1), 5K
a5 RN, SRRk ELA IDP F1 PYC X o- B 1K
SRR RS, o-FR R R
K F] 186 g/LI % MFAE AY B AR 2B —,
HUARIE T IDP F PYC WYFLFGKRENS B 2405
AR ER FCERE N YR A ™= oI —FRINEE T ; 26—,
ST o- i G R G AR AR 7

o- A 1% R W T 3 A% B 2 R T AT R TR
DR b FH AR A i A 7 ol 3G — R %) il
A E N E R TR S, F—4, AN
AR A A W 2 R AR A TR T 1 s 1&
T DA 2 — 25 B v e i IS G I B Y 28 A0 (I it
LA B2 R R 1 e 1R & — TR R

4 FHB

BEIAMR (succinic acid, SA) J&—FpHiLIfY
TRR ., eI R R TR, RS
y-TER . 1,4-T R DU kIS5 AL T dh iy
BT, L n] 3 A 7 A 4% o s B {2 Ak
W, Ll &t By, R bl i A
SUISAFH T Z R, ehl 2 E R
INGE YR 12 K E 22— Fe )
b, BEIIRE TCA TEM B R Y 2
—, AT E A AR A0 BT PSR
TR HE 7 5 i i 2R ) F2 2 A R AE 7 BR R R T 2k
FFEf . BRI AR . RI A T A 2 IR

X: cjb@im.ac.cn



1366 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

RIF R AZ AP b o BRI X B AL R
VIR A 77 B3R MR 0T LIRS A s 17 i, (H X L
Tl A= Wy B0 5 % 2o R 0l o PR AR DL S P Ry
pH 551 iy 1 e b 2544, By B 1
B A R I e RETE . IR BT
02 2% (T iE Tl AL B AL BT g IS EC e B
MR IE BB, FEAR pH B ™ dh A2 7= T T
HA MR, I 451 AT TTF46 1) s
HIR R P B A Oy JER 258 20 M e 22 X D0 AR 3R B R 9 2
PO, B0, 2016 4, FRIE AR
Gao SESZEL Tkl A FQ I B A1 DAL H b e 40k
KA B (B D). TR TCA
PEIRR el =y, B A R N HI DX 1 B v ik O
AR REBBIEHMRAAE S, Ffbfi]22
g 5% e i BB R 1 B v 3% 30 R i A G 2 S )
(succinate dehydrogenase complex, Sdh) f#J il
LSRN SDHS A FHIWrBEARR AL . Sdh
WRR A 1L SRR -1 B A Ll I i, 2
S AR B ORGSR BRI A AL
N R, [FIRERE AT RS Bl 7 AR B U
i, Hrh SDHS5 Frdmt i H i Sdh B &
A R EORA R 1, W2 dEfy Sdh i
MR E LT WY Z )5, PR bE
Xof R T B A B A R e 2R A RO A A A AR TR
[REELE sdhSA TR BEIAR 10400/ Sk 5] 1
43 o/, i1 2.5 L W R BEE b 4T R BERE 57
HARr=4r-imis 160 g/, X —45 R ahiF
BT e i B e B 2 B B RR AR 7 )y Tt FLA A
HRAEH, B T B R T T 02017 48,
Cui F58 2% 3UR) A I L 58 e ke el it fidk g HIS
FORERE LUER B BRI IR 10 7= i, nlel 1 PR,
NN =B 51 R SR O DS di ey
(pyruvate decarboxylase) % i F& PDC Hi
CoA-#4F4 i} (CoA-transferase) #ifiS3:[R ACH;
WIS, 8 T A R ) SRR, WEFE G

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

T TR T R TP P B 1 Tl R A T X PN T PR AR
¥ W (phosphoenolpyruvate carboxykinase) i
AL HE DR PCK 0 DA A B A At il A 5 o S e
(succinyl-CoA synthase beta subunit) i Kl
SCS2, Mot kML, 2] T 1107 g/L
B FIR ™ 5P

ARSI A SRR, i B I I R B R
B BE TR A S &R - 3R AR, B S5 %
WAEVIR AR L, 20 Wi 5 00 150 P R sl
TOREE AR AT AT G, R T
BUAS R, Fr DATEBRHIRR 1 Lol Ak A= 7 vp e B
TR ITE S T

5 RER

AR (itaconic acid, TA) & —Fh Al
MR, FERRTE . vtk A SR A T Y
HABGF At N A2, aTHTFR .
SR PR L IR A v M A A
Tl 7= SR B A . 2004 4E 4K RRE Rt Bl 36 [ R
PREBIAE AP TR 12 K Efb2= iz —. B
B, AHERR 1) Tl 28 7= A A 2E 6 U A 9 6
PR, fb2E A R R A AL T O A
WAL T Sl A, SR R AR AR R
FHZAR AN 5 R 5 o s alidb il L, HAE K
BB Tl Ak A F v 2 8 T BRI . A EERR A £ 9
B BT T AR A e A AR AR s 18
Wik e Hbrr=idl 4. K, g, £
KEBRH . SEREE . AR R KR A
FEA FRIR I BE T 408 . H BT BFIE 45 R 24
R LR K B TR K I A 7 A R R 1 ) it B
B, AR E) 220 g/LPY. fRHRER G IEEEAS B IF A
REF AR AR, (H B WA R IR HL A A i A i 32
Mo ULk, R TR & A A Y
LT 7 i IS ER TR S VR A A R R B R T A 6
WEFEH S . BN, 2015 4F, 2£[H Blazeck %%



R F/A0E TEMEMRISI REEARARIMTHRE

TR TE i R IS X e B IG5 v S B T AR R TR 1)
PR, AR UL 152 7 A A EI G 1 R 41 i
TN, o 2 AR T e TR R A A T B AL O TR il
A, ZTRHHG A BJS A TCA GG i ] 7
PG S e AT 2 o A DT % S 1 It 7
(cis-aconitic acid decarboxylase) ZifilJEK CAD
IR HE QIR IS 2, A5 SR R I 2 3k
MR AT LAAE 1% Sk T2 3R i 1) 4 R 7 AR AR
M. MifE, iRk CcAD MR 5 3k 2
(aconitase) ZmASKEE ACO FHA 5IEA FRERR ™~
I E S, X AT RESE T ACO i 4 it 1 I
B S MR A B e 6 TR, Wi AR CAD
JIT G B 140 2% S 1 o 422 T D) o7 240 L )5 v
T SE B A R S R E AL DR, X 4ACO
BE I Gk Al S SN E AT TR . R4, TE
AR P Rl 5 ek ACO (RBRME BT 5
CAD 1V)fit g BB FG IR T3 P R 2ead B A A5
BT 4.6 g/L AERIR®Y. Ji5h, 2019 4F, 558
Tk K2=H) Zhao 55381 FCH TR Ui 4R 15 1)
fiff Ji IS P B TR TR AR K I A A M A A R
M2, FHRA T RmrmERY (). ]
5l Ak B &N CAD FER kA P2 AR IR .
ZJa, W R SR B A AE DG SR
AT T b IR RAE, RN T IR AR 5 Sk R
28 ki K ¥ 32 %5 H  (mitochondrial cis-aconitate
transporter, Mtt) X & = fif A HE FQ e R T RE PR
PR S AR 7 AR R R 1) 7 e SR A Y A R o X2
K2R Mitt AT LA Sk i D R A4 2 i 1) i ot
H, NI oE TR WA . e, Rk
Mtt Gifih 3L 5 CAD Wi B M IR B BE TR bk
2L A AN R AR AR 3 T 22.03 /L AR RR
MR, XA A4 1k Ae il 25 e LASM Tl i Ak
Py 8 0B B A BRRR e 7 i, SR TR
U % JR AL P i

gi b, AR BRI S — A A I X T B

&: 010-64807509

TE S IR A P AR 7 TR B 1 AR Ry & i
SN AT BAR HRTHRAS A AT AR,
EFEATN, 8 LR BN A QI A% el
R A e ) AR W s BRI — B RS
T, R A BT B v e i IS E PR B A A 7 A B
BT TR Tl sa 4 g, WARA A B2 46 /N5 L il
g 1 T K PROM T 55 R AR R TR R L A B TR )™
7 T B ZE B

6 EER

EL S BR (crotonic acid) M H{FRN (2E)-T
TGRS —Fh C4 FEEANMBFURR , TEA O
WHEAT RN Flin, O REEER
YO B IR-BER OIRTR R A, ME T
Aot it R0 Sk A B eh B B R DG PR IR
[ 72 Sk RIE AR TP, esh, BRI
WAl T Uk R GigUh . KA.
BE T = fh i = p B G4, BE R K
BREATLE Y IR BA BURAE, 5 T BRI 0
w0, BT, B R R
A= Tk HE A S TR Bl A
AL A G RGBT AR DL AR A BRI AR AN
Wr bk, AT I TR B A] KL B I A AT AR
7 R E e, R, DARTRRSE K R AT 2 B IA
i 2% &, R B TR I R IR R A A RUEY)
PokA IR . Hor, SR A FEAE TR
AR AR SR S el K AT IR Bty -4k
WA ERY, B, WHERE IS
O VE fif B IS EG P B 1T 48 55 08 A )7 B S 1R 1Y) R
Jio BN, 2019 4, 4L Tl K29 Wang 5538
I TE SRR HR IR EERE TP A T — 255 T REAE D65 K
WIS T O E R AR P (1 2),
R T AERRERRHR G B rh A B T RS iR, W
SENE SRk A IR I G (crotonase)

X: cjb@im.ac.cn



1368 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

Glucose
1
1
1

¥
Pyruvate

l PDH
Acetyl-CoA

ERGIO HBD
Acetoacetyl-CoA—— 3-hydroxybutyryl-CoA

N
NG,

2 MREERKESHESKRANBENAZSHL

CRT
v

Crotonyl-CoA

BTE

¥
Crotonic acid

Figure 2 Engineering the biosynthesis of crotonic acid in Y. lipolytica.
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DR bt 2 i R 2 1 14 A 0 2 B RO IR AR 5 5%
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RS0 B A% U [ R, 081 4 O 25 B 8 A ) T B R TR
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SRR ROE I E . 5B, BTN

x1 MENKBEIEERE~AINKRERHRRESO

Table 1 Production of representative carboxylic acids by engineered Y. lipolytica strains
Parent strain Product Engineering Titer Theoretical Actual Substrate ~ Fermentation References
strategy (g/L) yield (%) yield (%) condition
Y. lipolytica SWJ-1b Citric acid INUI? 779 118.2 66.7 Inulin Batch shake [22]
flask
Y. lipolytica W29 Citric acid YHM21 97.1 106.7 50.0 Glucose Fed-batch [23]
AMPD? bioreactor
Y. lipolytica AJD Isocitric acid ~ GUTI® 42.5 1043 28.0 Crude Fed-batch [28]
pADUTGut1/2 GUT2Y glycerol bioreactor
Y. lipolytica W29 Isocitric acid ~ yhm2A 136.7 2043 74.0 Olive oil Fed-batch [33]
AMPD? bioreactor
SFCI
Y. lipolytica a-ketoglutaric PYC21 62.5 97.3 52.1 Glucose Fed-batch [41]
WSH-Z06 acid bioreactor
Y. lipolytica H355A  a-ketoglutaric  IDP? 186.0 95.2 36.0 Glycerol Fed-batch [42]
acid PYCY bioreactor
Y. lipolytica Succinic acid  sdhS5A 160.0 62.4 40.0 Crude bioreactor [48]
PGC01003 glycerol
Y. lipolytica Succinic acid  pdcA 110.7  62.4 53.0 Glycerol Fed-batch [50]
PGC01003 achA bioreactor
PCK{
SCS21
Y. lipolytica Polf Itaconic acid  ACO? 4.6 86.7 5.8 Glucose Fed-batch [52]
CAD?Y bioreactor
Y. lipolytica Polf Itaconic acid  CAD? 22.03 86.7 5.6 Glucose Fed-batch [53]
Mttt bioreactor
Y. lipolytica LZJ004 Crotonic acid CRT? 0.22 108.3 1.1 Glucose Batch shake [58]
HBD? flask
BTE?
ERGI107
PDH?

Note: 1 gene overexpression; A gene knockout.
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