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Metabolic engineering of Candida tropicalis for production of
1,2,4-butanetriol

ZHANG Lin, XIA Yuanyuan', YANG Haiquan, CHEN Xianzhong, CAO Yu"

Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University,
Wuxi 214122, Jiangsu, China

Abstract: [Background] 1,2,4-butanetriol (BT), a chiral polyhydric alcohol, is an important chemical
intermediate in organic synthesis. Among the biosynthesis routes, four-step enzymatic reaction with
xylose as raw material is popular with scholars. However, Escherichia coli shows poor robustness, with
low tolerance to some inhibitors in the fermentation broth and carbon catabolite repression. In recent
years, the robust yeast has attracted the interest of researchers, particularly the Candida tropicalis which
harbors the xylose transporter. [Objective] To develop the metabolic pathway from xylose to BT in C.
tropicalis. [Methods] The xylose reductase gene GRE3 in C. tropicalis was knocked out to block the
innate xylose metabolic pathway. The genes encoding D-xylose dehydrogenase (xylB) and D-xylonate
dehydratase (xylD) from Caulobacter crescentus and the gene encoding the branched-chain a-keto acid
decarboxylase (kdcA) from Lactococcus lactis were cloned into C. tropicalis 207, to yield the
recombinant C. tropicalis BT. Then, the ability of the recombinant C. tropicalis to synthesize BT from
xylose was investigated and the rate-limiting step was identified. The production of BT was improved by
increasing the copy number of key genes XylD and kdcA. [Results] Under the conditions of 30 °C,
200 r/min, inoculum of 1%, and 30 g/L xylose, the yield of BT of the recombinant bacteria reached
1.2 g/L. In a 5 L fermenter, the yield was up to 3.7 g/L. [Conclusion] We developed a BT metabolic
pathway in C. tropicalis with xylose as substrate, and a strain with high BT yield was constructed by
increasing the copy number of key genes on the genome. The study lays a foundation for further
improving the production of BT in C. tropicalis.

Keywords: xylose; 1,2,4-butanetriol; Candida tropicalis; D-xylonate dehydratase
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Table 1  Strains and plasmids used in this work
[Esk7 SArig A ARG P/
Strains/Plasmids Correlated characteristic Sources
Strains
Escherichia coli IM109 E. coli IM109 wild type Our laboratory
Candida tropicalis 207 C. tropicalis wild type carrying Pcas-cas9 Our laboratory
C. tropicalis 207-1 C. tropicalis 207 AGRE3 This work
C. tropicalis BD C. tropicalis 207-1::xylB::xylD This work
C. tropicalisBT C. tropicalis BD::kdcA This work
C. tropicalis BTO01 C. tropicalis BT::xylB This work
C. tropicalis BT02 C. tropicalis BT::xylD This work
C. tropicalis BT03 C. tropicalis BT::kdcA This work
C. tropicalis BT04 C. tropicalis BT02::xylD This work
C. tropicalis BT05 C. tropicalis BT02::xylD::kdcA This work
Plasmids
pTargetF-PMB pTarget added sgRNA Our laboratory
PBRPO1 GAPDH promote Our laboratory
PGappu-XYIB-Prgai-xylD GAPDH promoter This work
PGappu-XylB GAPDH promoter This work
Pgappu-XylD GAPDH promoter This work
PGappu-kdcA GAPDH promoter This work
PGAPDH'deA'PFBAl'XyI D GAPDH promoter This work

F2 NXPHARSY

Table 2 Primers used in this work

GIE B ¥4

Primer name Primer sequence (5'—3")

GRE3-F2 ACGCGTCCCCAACTATCAAATTGAACTCC

GRE3-R2 ACGCGTATGTCCAACTTGGCAATCTCG

rGRE3-F AACTGCAGCCGTCTCCGCAGTAGAAGCC

rGRE3-R GCTCTAGACCGGTGCATTGATCTACGACT

XYL2F ACGCGTTAAATAGAACCCACGAATCCCT

XYL2R ACGCGTTTTACTCGTACTATGCACTCC

rXYL2F AACTGCAGAGTAGTGAATATCGGAACCACA

rXYL2R GCTCTAGAAACTTCCCAATTTCCGACT

Pgappu-F1 gggttatctegttgtcggtgtcaaggt AACGTGGTATGGTTGTAAGA
Pgarpu-R1 tagagatgaagaccagacgtgattagTCTGGTTTAGAAGTAGGGAC

T PRIZE AR /NG P REROR R ¥ 51

Note: The underlined are restriction enzyme cutting sites; The sequences of homologous arms are indicated with lowercase

letters.

1.2 73
1.2.1 EERMREEE

3B J55 TR A 1 4 BRI 22 P B B TR 2
DNA, LI 4 DNA itk , %514 GRE3-F2
1 GRE3-R2 (& 2) PCR §"'1¥% 765 bp A4 H
FEE B, i A pMD19-T Simper 25447, 375

FH Tk GRE3-Ts. LR A, 5]
¥ rGRE3-F Fl rGRE3-R JZ[i] PCR ¥ #4345 5 7
i [Fi) Y5 R S 1 Ak B4k UDGRES-Ts-UDGRES,
PCR JZ WK% . ddH,0 38.7 uL, ik 0.2 L,
dNTPs (2.5 mmol/L) 5 uL, 10xEx Taq Buffer 5 uL,
F . TUE5I4(25 pmol/L)4% 0.3 uL, Ex Taq i
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(5 U/uL) 0.5 uL, PCR KB 5 : 95 °C 5 min;
94 °C 30's, 56 °C 30's, 72 °C 1 kb/min, 30 ¥X
PG5 72 °C 10 min, i#1d Xbal 5 Pst 1 {HAL)H
ki Ts-gda-URA3 [E1If gda-URA3 F B, AR5 54
SO i 1 ) (N <O S S A~ N
UDGRE3-Ts-UDGRE3 K Bti% % , #5453 S 4 ik
Ts-UDGRE3-gda-URA3-UDGRE3 oA
Escherichia coli IM109, ¥4 LB+, FHit: F
M, i 6 TE 4 1 B PR Ak 34T I V% PCR K i
YI P36 0F, 3RAS 1660 0 46 Tk
1.2.2 FRIERAHAIHE

S 5Kk [ Caulobacter crescentus fi) A Bt
it S DR (xyI B) . AW IR M K i [H] (xyl D) Al
S T Lactococcus lactis 14 i /i v 42 il 3 (A
(KdcA)Y I PP S HEA A AR 18T MR 1 Ak S 114 35 1
750 A B R (P 2 M 4 E R A P BB R
A ). H B3 Bk Hind 1L F1 Sal 1 A
Y1, 4393k 45 H 5L R xyIB . xylD Fil kdcA F B,
H i R R B 55 28 2:0 R (] D7) Ak 381 A 2 Pk Ak 2k
& PBRPO1 #%4%, ¥4k E. coli IM109, 4 LB+
GNP, 07 3 1A Y PR 5 AL 75 A T T VR
PCR K I 56 01E , R4 LIEA A A SR Pappn-
Xyl B-Prpa1-XylD il Pgappn-KACA-Prpai-xylD .

PLJSTRE Ts-P-xyl B-T A4 , 15 49 Poappn-F 1
5 Poaron-R1 #47 PCR 84 13 H ALK P-xylB-T
RFEB(ITHEIILER 2), ki DLD1-gda-URA3
LAl Al — 20k e bR i e B D v B
TR A AL TR (A 25 TR UL B 45 ) , i 4 ™ W e
A E. coli IM109 1, 2 FHitk LB AR I i
TE IE B 1 PH A 5% AL T 1E 1 T 1R 7% PCR K i D) A
PRI P B AIE , 3845 1R A 9 1 2 1K xyl B 238 ik o
PATRIRE (R 7 R4 40 H LR xylD AT kdcA
1.2.3 AHRLBEBSLEEL

W18 F IR 2 ODgoo My 1.0-1.5 B, i dE

#i{A 5 000 r/min #.0> 10 min, i TE
(10 mmol/L pH 7.4 11 Tris-HC1, 1 mmol/L EDTA)
THVE R ARTTTE , EEE 1 mL AY 100 mmol/L LiCl
Hi, 30°C. 200 r/min ¥ & 1 ho HL 90 uL 4,
510 uL DNA HBf % 2 uL kiR 5], 30 °C
S 30 min., FEMIA 900 pL %) PEG3350-51k
BRI (40% PEG3350 A1 100 mmol/L & fL4E),
30 °C. 200 r/min & 1 h, AR5 42 °CHH
5 min, REXRH EFEE, 12 000 r/min 250> 1 min
AR, JFHJCE/KIEYE 1k, R4 MM
Mr, 30 °CH;3% 2-3 dl',
1.2.4 Rt EE

MOPEFE IR B SL 0, RASMRTE 5 L R
WEPHEATHOR SIS . A, iRk C. tropicalis
BTOS £ 20 mL 4 YPD —ZFl 7 155 5% 24 h,
ZJaHEME] 500 mL YPD 2 Fh T, 30 °C,
200 r/min $53% 24 h. BRI R A R
5 LOREEMER SR, Witndelit i 2.5 L, %
Fhith 10%. & B R v ok A A RR 7 2
YN IR A AR o IREE ¥R RIAE 30 °C, pH 7.0,
20%3% fift A (dissolved oxygen, DO), fii+k:H 5l
. A RRARES, SRR
SRR AARIARTR 0.5 g . B 24 h BURE—k,
ETE)
1.25 MEFHRZX

R A 3 - BT 35 B H] (GC-MS) X &
Hr=A i BT AT At

TR T R R T 7 W SR L v O R R 5 Y
(HPLC)&:m U, Jsh40 % 5 mmol/L ) H,SO4,
SRR E N 60 °C, i 4 0.6 mL/min, i ]
INEPTC T ERIMG I G, AMRIEE R, ARER
FR e B R S 2 B BRI ARG ), B L E 0.7 mol/L
HCI ke, 1£ 100 °Cil/K H 23 15 min A
WL AL I ABEER NG, HX 500 WL ARREAGAE AN
A 1 mL FFEIERF(2 mol/L EhERF2IE S 2 mol/L
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N S e i S
HO OH xyiB HO OH o o xylD o kdeA H
OH
Xylose Xylonolagglne Xylonic acid 2-keto-deoxy-xylonate 3,4 -dihydroxybutanal
NADPH
‘ / NADPH ‘(
L OH /\/\/UH
OHNAD’ NADH HO
o U HO OH 1,2,4 -butanetriol
OH OH —————
: XYL2 OH O
Xylitol Xylulose

1 ABTBREZBEUKRKBEARVENR 1,24-T=ZEBMIRZ”IT xyIB: Zif4k H Caulobacter
crescentus B A ; xyID: 4ifSk [ Caulobacter crescentus FJAKER /K ; kdcA: Zwftk
Lactococcus lactis [/l 2 i 2 1 ; GRE3: 4ifihk [ C. tropicalis 207 M AWHAJFNE; XYL2: 4k H
C. tropicalis 207 [ AW it 2 il

Figure 1 The pathway design of Candida tropicalis to synthesize 1,2,4-butanetriol using xylose as a
substrate. XylB: Encodes xylose dehydrogenase from Caulobacter crescentus; xylD: Encodes D-xylonate
dehydratase from Caulobacter crescentus; kdcA: Encodes keto acid decarboxylase from Lactococcus lactis;
GRE3: Encodes xylose reductase from C. tropicalis 207; XYL2: Encodes xylitol dehydrogenase from C.

tropicalis 207.

AN LB ) o i A LA 40 HCI
(650 uL, 3.2 mol/L), #RJG¥MN 500 uL FeCls
(100 g/L 7F 0.1 mol/L HCI H1), fdiJf] 8453 24
& UV-VIS 7. EIFE 550 nm A2 W56

2 BERXR504

2.1 C. tropicalis 207 #1 GRE3 Rif& E KAy
iAEES

TEFHFAR 22 BB v, AR PO R (G A 4 5
Pk GRE3 gt (1) A i It il 2 A o A WH B, i &l
1R, ABEEEDE— R nT LAk 40 Mo 42 fiE A K
PR P RETE . N T B SR A A ) i 5 X (GRED)
A i UL R (xyI B)SE G4, (A S AL
F1,2,4- T =, T LITE C. tropicalis 207 H bR
T KB 5 L R (GRE3), #R1F R AL #k C.

tropicalis 207-1. £ 5 A ABEVE ok — sk 5 1 []
K33 35 |, C. tropicalis207-1 AEgEK, HEZ
AT DATE 5 A 0 2 WA Sy P — B 050 1 [T 4R 5 7
AR FEALE AR T AR I )5 i R (GRED)
ZJa . RBEAREE A difuny F20hER, M
MR A K TR IR &, ARG AT SR A
it L R (xyI B, {H2 xyIB 3= B AW 2 7
KWERR, HE—E 1,2,4-T =8, HEAREdRL
YA KT E BESRE . kR C. tropicalis 207-1
5%} B kR C. tropicalis 207 ££ YPD K532 KA1
F5, 455K 2 Frn, C. tropicalis207-1 A4E K
et B Bk C. tropicalis 207 HifF . 45K,
TEIAHT (B 22 P B v R B AW A it T 56 (] (GRE3)
J& , WHRARER IR AERE i, ST AE S 4 1
FIRE A, FEORRACHE, AYERE.
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60 - —o C. tropicalis 207
—u— C. tropicalis 207-1
40} =
QE
Q
20 -
0

0 8 16 24 32 40 48 56 64 72 80 88 96
t (h)

B 2 C. tropicalis 207 #1 C. tropicalis 207-1 7£
YPD $EFE PR CH 2

Figure 2 Growth curve of C. tropicalis 207 and C.
tropicalis 207-1 in YPD medium.

2.2 C.tropicalisBT &£ F=E k&

N T EERE R 2R R BT AT
WA, BEARE I S B N (xyI B) . AHE R 7K it
HE DK (xyl D) 7 i 12 i 32 it Ak DX (kdeA) IR &
TEPGT IR 2 BRI 4] |1 5, xyIB 5 xylD
FIKERATE C. tropicalis 207 JEHAH |, K5
A W & B 5L DR (xyI B) 55 A B R I K i A
(xyID)FR ik W i E AL # C. tropicalis BD; Fifi
J&i, kdcA Fik &S 1EH PR C. tropicalis BD
DRI 2H v, AR A% Bl R 5 1% il ik A (KdlcA) 2 35 L 2 1Y)
l%H: Ak C. tropicalis BT, 7£ C. tropicalis BT
() & B P GC-MS K% BT, N 3 fr
7~, {H HPLC Ml BT &5k, 2 F80"
IR D R AT R R TR R R

R TWE BT Wi ARRRAE, 1&E
ZH# C. tropicalisBD 5 C. tropicalis BT ZE sl
IR S AR R R RE SR B g, Rl 4 2
R EIR, HFE C. tropicalis BD AMHR KR FLE,
53] 6 g/L 24, Hikk C. tropicalis BT AMBHRFH
F i BD Wl /b, (HTE 96 h /598 1K % 3 g/L
IR 2 H . Fitk C. tropicalis BD Y4 il 4= 9
BAR, ATREE T AOREER 1f 22 B SO0 A A K

H—E R IHIER . #E] C. tropicalis BT 1
M= R U B AR B RR 1 T U Ak RE
J1EE55 .
2.3 SMEEE xyIB. xylD. kdcA 43153 %
IEE X BT & BB 200

R T i 3 A AN R AR BE R B R A BT
AR SEIR , TER kR C. tropicalis BT Ay BLAl I,
Sr PR A FRIR T AR B A B (xylB) . AW

24e9}f  TIC
2.1e9t
1.8e9
1.5¢9| P 1,2,4-butanetriol
1.2e9}
0.9¢9 +
0.6e9
0.3e9

4 6 8 10 12
¢ (min)

1.2e9+ e

1,2,4-butanetriol
0.9¢9 | -

0.6e9 +

03e9} | ‘

4 6 8 10 12
t (min)

3 BT iEHRAFMEZERB)AE GC-MS
o

Figure 3 The GC-MS analysis of BT standard (A)
and fermentation broth (B).
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25 -
C. tropicalis BT -&- C. tropicalis BD
20 F .
_15F :
=}
S 10+
&L
0 . L L . : L . )
0 12 24 36 48 60 72 84 96
t(h)
B

10r wmc tropicalis BD =3 C. tropicalis BT

D-xylonic acid (g/L)

24 48 72 96
1(h)

& 4 & #k C.tropicalisBD 5 C. tropicalis BT £
EREFEPHERBZATMEEERSHB)
Figure 4 Growth curve of C. tropicalis BD and C.
tropicalis BT in fermentation medium (A) and
analysis of fermentation results (B).

iR 158 7K 6 35 R (xyl D)7 R iR 5 4R ik PR (kdlcA)

AN 345 T F#k C. tropicalisBTO01 . C. tropicalis
BTO02 F1 C. tropicalisBT03 ., X 3 #k T i & I 4
RUE 5 fras, Hfk C. tropicalis BTO1 HAHHE
R R %, BT JLTIA, HPLC JEAK
A#|, C. tropicalis BT02 Fll C. tropicalis BT03
H A BEER TR E 3% C. tropicalis BTO1 £ fr i
A, TOBT AR AR L 3 e, e C
tropicalis BT02 ¥ i &, BT = &is%] 0.8 g/L
ko ULEHIEARBER] 1,2,4-T ZFEA BRI
3ANE LM IMNERE R T, AR TR 2 4
SEIH xylD Fl kdcA B SCHE, T xylD X AKEER
BHIEEAE B doE e, & — QR i

S R E AR LI BT a5 R
M4 . Wbk C. tropicalis BT03 1Y BT f s
AT TS, ARG R D, BRH R
kb C. tropicalis BT02 bk~ Ak, {HAHIT C.
tropicalis BT W ¥k T BB A &, Fr LAZE AN
F| BT MG e, AP T U
SHEY PR AL R
2.4 XKHEERE xylD ¥ NEEE BT &5
B =2 Ml

DL EZERGIERT, AW A% b2 & BT
) S R T T A A R IR 119 xyI D S S BEHE A
SR xylD i F LB kK C. tropicalis BT02 /i) BT
A TR MRS, BT 8E BT 1)
7, TERKR C. tropicalis BT02 Ay LAl |, 4%
S 1IN AW 2 I /K i 22 R (xyl D) A 5 DL %%, 42
HFikh, #7149 C. tropicalis BT04 Hitk. K%
gE K 6 Fron, &k C. tropicalis BT04 4
B3R 5, BT /=& {{ I C. tropicalis BT02
P T 6%, YW ICH BARME, AR
RS R BB AR R K B N i
B OGP, AU xylD ¥ VBT A fgdk
SRt
2.5 XREEE xylD A kdcA HEHFRIEER
BXT BT & B B9 &2

[ IRSE L xylD 1 kdeA ¥R SEEERLIN
MEA L F 3k xylD R 2 # & BT 6, frli
A A S ] 2 1k 6 e 3 IR DL B o R B R G 5% 1L
F, MR BT p=# . fE C. tropicalis BT02
P SERE b, 4G 22 TR AR R /K g 3 8] (xyl D)
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Figure 5 Growth curve of C. tropicalis BT, C. tropicalis BT01, C. tropicalis BT02 and C. tropicalis BT03
in shake flask fermentation (A) and analysis of fermentation results (B).
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Figure 6 Growth curve of C. tropicalis BT02 and C. tropicalis BT04 in shake flask fermentation (A) and
analysis of fermentation results (B).
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Figure 7 Growth curve of C. tropicalis BT02 and C. tropicalis BTO05 in shake flask fermentation (A) and

analysis of fermentation results (B).
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Figure 8 Fermentation result analysis of C.
tropicalis BT06 strain in a 5 L fermenter.
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