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Advances on the production of organic acids by yeast
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Abstract: Organic acids are organic compounds that can be synthesized using biological
systems. They often contain one or more low molecular weight acidic groups, such as carboxyl
group and sulphonic group. Organic acids are widely used in food, agriculture, medicine,
bio-based materials industry and other fields. Yeast has unique advantages of biosafety, strong
stress resistance, wide substrate spectrum, convenient genetic transformation, and mature
large-scale culture technology. Therefore, it is appealing to produce organic acids by yeast.
However, challenges such as low concentration, many by-products and low fermentation
efficiency still exist. With the development of yeast metabolic engineering and synthetic
biology technology, rapid progress has been made in this field recently. Here we summarize the
progress of biosynthesis of 11 organic acids by yeast. These organic acids include bulk
carboxylic acids and high-value organic acids that can be produced naturally or heterologously.
Finally, future prospects in this field were proposed.

Keywords: yeast; organic acid; biosynthesis; biodegradable plastics (biodegradable polymers);
metabolic regulation
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Figure 1 Biosynthesis pathways of succinic acid, malic acid and fumaric acid in yeast!'>'”. DH:
Dehydrogenase; TCA: Tricarboxylic acid cycle; 3-HP: 3-hydroxypropionate.
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evolution strategy)7E | BRI S MEFE A Yisdh5 it
P TREERR Y. lipolytica PSA02004 1, i %4k
IR R R &, T R R B 2 55 5%
FL(yeast extract peptone dextrose medium, YPD)
VR SR FK R G IR 55 3 65.7 g/L #iI
87.9 g/L ; Bondarenko %5 PUiH i Xt i Bk
Y. lipolytica Y3753 W kA4, 7E pH 4 3.65
B, T ZRRAY R 2551 553 g/L i
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DL EAHF 53 S 0 P AT R A 18 B A A 0 o o s A
AR TR %
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1.2 E 5 (fumaric acid, FA)

IR CA MBI IR, TR
i B2 AL TS, KAR BF (Rhizopus oryzae)
SR BRI A (R AR AR
KNG | 7R B ERAE RS B, FERRE

: cjb@im.ac.cn



2236 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

M BE rp S U5 R Kk K AR A TR Y S R R A
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FMME-001 (& SR~ 3.2 g/L™. kA
R. oryzae R THIRIA JERAR B P] A FHAORE Y
1% B W1 (G 4 36 EQ TR (Scheffersomyces  stipitis) 3¢
B, TR E SR RA08 4.7 /L, Wik,
s R AR S DR B SRE R T E D
PR 11 fi e 77 1 (85.0 /L)AL, SRR,
PRI 7 2 v 7 e R R AR TR B T bk RO L L,
Wang 55 B0 43 8 31 — bk e B B 2 6 M
(Aureobasidium  pullulans var. aubasidanis)
DH177, fer~A=fiAdYrimA 323 g/L & SR,
Wei Z5C7F 5% % B 1S & R - FR Z 1 3K (ornithine-
urea cycle)Z 55 LR A YA B, W 7E E
DH177 BRI A AL GOX JE[HAI 3,5-—
BRI G LG TR, M IR N ERRER R
FLRE PYC FE, TREREPERERS ™ 4(93.9£0.8) g/L
)& IR, IR AR TEE DH177 & SR =Y 2.9 £i5,
PRAIRH 0.63 g/g HIAIHE, PR AR 49%.
D, 255 D0 5 e 7 I ol A 1 45 B0 AE 2 3R
W i FH T 0 A A 1 5 B A ) T I8 B o ) 7
MR .

1.3 ERfER(malic acid, MA)

MA X% 2-35ET Z R, h T A—1
AXIRREK AT, A 2 MR REIR, FEATE
i P Bs 2 403 . & [Q 2 B (Zygosaccharomyces
rouxii) V19 253 B H M & T i ROBE T 52
B, AL A 74.9 /L ERRE, 7R 0.39 g/g
2P Chen 2 P7S@ 1 7E S. cerevisiae TR
TR 5t = R TR A B 14 PN TR TR R A Tl A S SR T
AW, KUk —RIR s, SRR ] L
KF] 30.3 g/L. Zhang %107 [ 3 1E BE 1C R
(Pichia pastoris) 3% ik i it — SR TR AG ¥1 10 1A R iR
TR R IRIN 28, RN RLG A 0.8 g/L
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BNEAIR R MR PDCI, T8 s ae™ 4k
154.0 g/L 1 D-LA, 2124 LA j” it fi i I BERE
R, D-LA =33ik%] 0.72 g/g #AHE

2.2 & (adipic acid, AA)

AP HEEC R Tl i — A E S 51k
Ein, SR e 66 ME BRI, 2 MHIA 1k
P& — A ET IR AU . TE R AT A
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WK KAR S T AA PR 8RN, ZERE R4
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Fh 01 g/(L-hP . AA 4y B B- R A B
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3-F2 0L ZR-CoA A AL (Tu_0067) . 5-F& 5E-2-
TR HE-CoA iR JEE(Tfu_1647)F1E —fR-CoA
A B (Tfu_2576-TfEfk, L 5 AN A 3R i
CTEAHTG A FIBEHIEATAG A A0 AA (B 2)PY,
TE BRI e B R GK T ok AR (0 AR
(Thermobifida fusca)l)Jz C. — R [FffiR T2 (reverse
adipate RADP) %
(Tfu_0875 . Tfu 2399 . Tfu 0067 . Tfu 1647 .
Tfu2576 F1 Tfu_2576)  FEMRALSRAF F RIS T 10.1 mg/L
) AAPY, FEFERI R 1k RADP i3 A
TE YPD R 323 h 3545 3.4 mg/L 19 AAPY, FERR
W Bk, S U R OK BE 45 2F fFF TS (Bacillus
coagulans)IGEBEAIE )G ER JER, AT LA
A AR A A L AARO

degradation pathway,

3-hydroxyacyl-CoA
dehydrogenase
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Figure 2 Heterologous expression and synthesis of adipic acid in Saccharomyces cerevisiae
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5 HAMAHURIEAL, Sl B 1 & R XA
PRI R . AVTSEUEN], SR . 2R ER
FAEG, BEEET H A B R O R 2 MR
Fletcher SIS & B, MHBR = FREROG R OC
SEILDY KGDI RESR bR O R S w M Hi -
LROR A 2, BRI, B A AR R
PUER MR pH RS 52 1 2 Bl 20 1 RE AR =
LV E S DS
2.3  ZEEES(glycolic acid, GA)

CFERRSE—Fh XUk a-FR MR, HA AR
BEA L Rz eI g e a5 A T 5 8L
VE R B35 SRR T8 ol ARy B kg 3
TR 2 TR, B3] 2024 45, GA T
Y Wi K ik B 415 42 3€ I (https://www.
grandviewresearch.com/press-release/global-glyco
lic-acid-market),

I FH AT P AR R S5 21 24 2R 28 A o R R A
A O HAT RIS o ARSI UK
W BE T AR KR ] b £
AR R BE R SR T LURHIAKE , BRI AT ARy
1 FA AR BT 4 R KA i A A LR 9 an
VB AERERE AT DL IR A ARKE , 24 B A
Hr, UL D- AR CEERIRIR, CARRREREFLIR be
S Yk LR (Kluyveromyces lactis)r™H: 15.0 g/L 19
MR , X2 TR 1 YOE i SR PR AE S TR
W JE AR R T A R C B R ) HGE Y, S pR
HIRF) 0.52 g/g LB, FEFET A 32%,
T I B H AN B KRR HIARBERE ), T
FESI ARBERI FHiR1E . 76 TRERELE S. cerevisiae
, Salusjarvi 210 i T 5 ik Z2 Fh il AR
%:LEE(D—Xylose dehydrogenase, XylB). A K
fiff (D-xylonate dehydratase, XylD) . [ 45 [
(aldolase, YagE &%, YjhH). Z NS ff(aldehyde
dehydrogenase, aldA)] (& 3), ARG T
1.0 g/L WYLWERR, B A I /K e ) 1 P A
AR T AN A F T LR IR 77 A
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Figure 3 Heterologous expression and synthesis of
glycolic acid in Saccharomyces cerevisiae'®". xylB:
D-xylose dehydrogenase; xylC: Xylosidase; xylD:
Dihydroxy-acid dehydratase; yjhH or YagE: Aldolase;
aldA: Aldehyde dehydrogenase.
2.4 3-FEAEE(3-hydroxypropionic acid,
3-HP)

3-HP AR SR ILRES 5 2 Fh b7
B, A —PhE S TR ), R
PG M 3-HP HAA RRL . gjn ] 4728 R S
B, BB A S O, T A R A
A1 Kildegaard 51V 138 1y PR BEAL AR 55 T
S. cerevisiae X} 3-HP MM 521, FH &AM H
JIR 23 1 5iR R AR XS 3-HP (TR 52 M o JE 46 TR
£ 0]~ 465 T T3 s 2 P v v ) 2 T e
fit: A I NADPH FRA: AR S EL T AHBS T A R
BR 244549 3-HP p= LT}, 7= HEIA 1) 864.5 mg/L.
Hh R 2 B T A2 B 5 T ] 2R Ak AT A O
I I R R R R, E A TN A A L
TERTAYI BTN —e40 T A 1 NADPH 38 &2 254
T, AR RSSO 3-HP
PRREIRF 56.5 g/L, JEICATE LAY A
AR 3-HP By fg s i, 7= ik 3 0.31 g/g
HAEWE, RHIRTRN 41.3%. 1ENNER KL
HATAEYRTR, 7€ TRBEEE S. cerevisiae
hRIATN BE AR A 6 JR [ (malonyl-CoA
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reductase, MCR) & J{ ) 4= (9.8+0.4) g/L 1Y
3-HPY), ¥E P. pastoris W, 1k 263K N L b5
A I it N B S A ) D- Bl AR B Y
FE I p- B B7 41 B BE I A B (D-arabitol
dehydrogenase)J& K ArDH, TEAMEMMIL AR
WIS g, 3-HP [/ it s 37.1 g/,
I, BRI AT e 4w 3-HP R A AL
TFBe @ A TR GE RN T 3-HP 4™
W A B — R AR G A Tl AT T A
fitt, ks Bl AT EE.
2.5 XEREZQ-FAET —E4, itaconic acid, IA)

A FETR B T 457 v A7 7 — > & M 2k B A
2R, ARG AT ZRNH, &
WMARBR A FEE2RAERH L &R
(Aspergillus terreus), y~HikF] 150.0 g/LI7; [
T A. terveus, HRMR(Ustilago maydisy i Je—FPRA
HARIACHRIR A a2, 7 RETIAE 2200 /L7,
SR, TE TRMbREEE, KB )™ i — HARMIK,
A 10.0 g/L, WTHFEREEE Y. lipolytica W7 ig
4.6 gL AEBERE P. kudriavzevii W, #IE9E
AR ST IR R I AU S DR A S 5 R R Ak —
RIS 1 B VI S SRR BOR T, 1A TR 2%
Frmik®] 1.2 g/L", Young SFEl Ak 24
WA, BRI EEREA IR A A A F)] 815.0 mg/L.
SRR, 76 TRREER Y. lipolytic T, LAHBIETHIAE
ME—RRIR , ACHEERAY ™ EEIAR)] 54.6 /L, XJELU
T AREEREAE R A0 T RS A o ey AR R ™ i
FEERGAE] 0.30 g/g HIAIHT . Xu Al Lil o5 i 1 A
TR AL R/ ATP/ADP ¥5i2 11, M
FIFIAS G T AR . T IRERE A R I R
TERBE R AT 2L pH AT, BERETRIE A 7 AR
FRERHY TR, BAE R,
2.6 HttSEABIER

N T (malonic acid)j&—FF- 515 0,
ATUARSR A P m M IME A S, da] IR R

&: 010-64807509

BYFIRERRIEITA . VRN —Fh BA m a1k
Y, NIRRT 2y . B R
A, VLR S 2 A A TG T B i g
T E-CoA RARMEE TN RRAEY A R, E
X R T 3- 32 55 T ME-CoA /K % i (Hy
EHD3 Zh)f F121 F E124 37 55, 287 WA Tfii {f Ehd3
RAFN IE-CoA JKFRBFAITEYNE, TE AN &
MR g, N PR RIRE] 1.6 g/l AHER
(xylonic acid, XA)RILAWRYE L PaIA, HH
WE): P. kudriavzevii VIT C-79090T 7E{IX pH A %
T, BEA AL 146.0 g/L 1Y D-xylonate, j=3#ik
] 1.00 g/g D-AME . HIEBHRRAE Jy—FE A
PR, H AR B AT AR IAS 3 1) 2 i FH AN
Kk, RBHAPEEARERIEER: S, cerevisiae U
WREE A Y-, AT T REEE A malde Al
2 BETY BBk BE (Cryptococeus  podzolicus)
OY-1 F=/E 20.7 g/L Hj#IHEmR"™ . D-Hiwh ek iR
(glucuronic acid)iFEIE XA E, —MEIEE
SEMKIRER 3,6-INEREAEE, Gupta V5@t
15 S. cerevisiae " IR FRIBNIBEEALEE, 2H—IK
SCPL T AR T ARAEERE R, A 2 T R Y N Sk
B EAEERE S. cerevisiae Bga-4 S 35375 B Bl
W (Vitreoscilla) L1511, ¥2i5 1 AERE R 095 A
HE 6.4 gL LI RIS HLIR HAT7ERE R T Y
BT, (H Sk S HLRR AR AT — €
PR, Ef S — A2

3 RgE5R%

A FBERE A HLIR B AT R AF AL SRR i
B, kB A EFE B, A0 A o £
S. cerevisiae FlAE & B B A. pullulans
C. sonorensis . C. tropicalis . C. podzolicus .
K. lactis. S. stipitis. P. kudriavzevii, P. pastoris
Y. lipolytica .. Z. bailii M Z. rouxii, iXSEREEEHEE
ARIRWERE, WA TRREGE 1.

: cjb@im.ac.cn
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Table 1 ~Characteristics, main application and synthetic yeast host of high-value organic acid!'”

Organic acid  Structural formula

Molecular Main Substrate Maximum Theoretical Actual Synthetic yeast
formula applications production yield yield host and related
(g/L)* references

Glycolic acid 0 C,H,0; Cosmetics Ethanol®” 1501 0.52 g/g  Kluyveromyces
HUL and ethanol®® Jaczist®,
OH biopolymer Saccharomyces
precursor cerevisiael®®!
Acrylic acid o C3H,0, Coating, - - - -
adhesives
\).LOH and
detergents
Malonic acid 0 0 C;H,0, Polymers Glucose”!  1.67" - S. cerevisiael””
M and
HO OH polyesters
Precursors
3- o C3H¢O3  Plastics, Glucose!®!  56.5[%) 0.31g/g S. cerevisiael®%%],
hydroxypropionic /\)1\ coatings, glucosel® Pichia pastorist®”
acid HO OH adhesives,
and
chemical
precursor
Lactic acid 0 C;H¢O; Food Glucose® 154.00% 0.72 g/g  Candida
\[/“\ additives glucosel” sonorensis™*™,
OH
and Kluyveromyces
OH polymer lactisP",
Q precursor S. cerevisiae™*%,
Pichia
HO kudriavzevii®,
OH P. pastoris™*”!
Zygosaccharomyces
bailii*"
Glyceric acid O C3H¢O4 Drugs, - - - -
surfactants,
Hoﬁ)LOH and
OH polymers
precursor
Butyric acid 0 C,HgO, Food - - - -
/\)L additive and
OH feed
supplement
Fumaric acid O C4H,0, Polymer Glucosel*”! 93,9037 0.78 g/g  Aureobasidium
HOT‘\VU\OH building glucose®®” pullulans®®,
block, food Scheffersomyces
and feed stipitis““,
additive S. cerevisiael®,
P. pastoris[37]
(#4k)

http://journals.im.ac.cn/cjben
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(EZ3))
Organic acid  Structure Molecular Main Substrate Maximum Theoretical Actual Synthetic yeast
formula applications production yield yield host and related
(g/L)* references
Succinic acid 0 C4HgO, Polymer Crude 209.723  _ - S. cerevisiae™,
HQ building  glycerol®? P. kudriavzevii®™,
OH block and Yarrowia
0 chemical lipolyticat'* 331,
precursor Z. rouxiit®®
Malic acid O OH C,HgOs Polymer  Glucosel®™ 749081 _ 039 g/g S cerevisiae®1™,
HO . _OH intermediate glucose® P. pastorist*?),
and food Z. rouxii®®
O OH additive
HT o
HO
O
Itaconic acid o) CsHqO, Coatings, Waste 54,61 — 030g/g S. cerevisiae ™",
HO detergents cooking waste P. kudriavzeviil,
OH and polymer oil” cooking Y. lipolytica’™
0 building oil ™
block
a-ketoglutaric 0 9] CsH4Os Chemicals - - - - -
acid i M OH precursor
0O
Xylonic acid OH O CsHp0g Polymer D xylose!"™171.07%  — 1.00 g/g D P. kudriavzeviit’™®
HO ; ; OH precursor xylosel”™
OH OH
Adipic acid 0O CeHio0s Nylonand Glucose™ 12,153 — - C. tropicalis™,
H%‘/‘\AJ\OH polymer S. cerevisiae™*>%
O precursor
Galactonic acid OH (E)H o CgH1,0; Detergents, — - - - -
HO : ; OH solvents and
H paints
OH OH
Gluconic acid OH OH O C¢H,07 Food Glucose®™ 20780 _ - Cryptococcus
HO\/’\/-VH\ additive and podzolicus™,
7~ Yy~ TOH : i 1ol79)
H H pharmaceuti S. cerevisiae
OH OH cal
ingredient
Glucaric acid Detergent  Glucose™ 6484 — - S. cerevisiael®'
builder and
polymer
building
block
Lactobionic C,H5,0,, Cosmetics, — - - - -
acid personal
care and
pharmaceuti

cal products

—: Represents no research reported on organic acid production in yeast; *: Represents maximum organic acid production when
yeast as host cell.

&: 010-64807509 : cjb@im.ac.cn



2242 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

FL M) P B TR )™ A LR A7 A 1) TR
FUABRAE Y UL, A LRI BE B, B -4 2
AT LIELL T LA TT R B ESE

(1) IF % B A HLIR A2 7 IS 2 19 £ 20
f, AR LR AR R . ZRER AL
PR B B R IR B I TR R, it BT B9 PR
R TR, (EAR 22 A 5 AL B 5 A5 A0 AR
A R R, RO Bl R TR R [N 2 2 R R 1Y
PEJE, A7 BLRGE R ) R B PR AR

(2) TR B f B b 7 R 10 20 1 IR AL
R B B A HLRR BT 58 215 B A iR A g
T B VST B, (AR R A A
PLRR B 7> T IR FEALHE T A EE /0, BRI T ACH
TR PR R AR o R A 2 A A R 1 D R
BRI REFE N A = A E KA B T ik — 25 T %
ERE A HLIR PR AL AR, S AU AR
ORI

(3) WEEHAPLER A=) H AR 245 B A S0 0
EWFTE, TAVBRBEFER R AARIE AN ETRA
Fean, AR Z TR T IR 8 RS 2 & B R
BEATPERRVEY, AE A 7 BB SR IEAN XS 200
F A ST EF 4 2K S 80™ A HLIR A 3 e B K i
TP AR P ) R S5 TR BT R G B TR
Pk i T 20k

(4) BEE G RAY S R BORB N A
J& , 0 AR I 25 T SR PG e B 7 LR A LR
OTE D, R BRI, AR T Tl R R Y
5E 5 o
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