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1. BERX} C. shehatae NL12 T #f /K ¥E & B2 % 8 B9 52 D
Figure 1. Comparison of xylose fermentation performances between the
control and the formic acid containing medium. A: the control; B: the
formic acid containing medium (8.0 g/L of formic acid) . symbol: []

xylose; A ethanol; O ODgy,.
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F1. ETHERABZESNOEEBRERRFER RQ-PCR 3141t

Table 1. The potential target genes based on transcriptome sequencing data analysis and primers

No. gene name RQ-PCR primers (5— 3°) FPKM-G FPKM-X similarity / %

high expression genes
F-CCGTTGTTATCCTCACCTCTATCG

1 6 phosphofructokinase 200. 8 85.7 73
R-TGACGCTGTCAAGCAATCTGC
F-CAGCCATTGTTTCTCGTGTC

2 glucokinase 34.1 456.3 79
R-TTCAGTTGGAAGCCAGGATAG
F-GAACTCTTCACCGTCAGCG

3 hexokinase 42.6 79.5 76
R-GTAAGTTGGTTCCTCCTAAGTCA
F-TTTTCAACAGCCAACCAAGC

4 acetyl-CoA synthetase 28.3 74. 4 79
R-GTAACAAGCATTTAACTCACCTCC
F-GGTGGTTGTTACGCTAAGTGTCT

5 PEP carboxykinase 500. 1 28.2 83
R-AATGTTAGTTGGGTGAGTGTCG

F-ACCTAACCCAGGCGACTTCC
6 dihydrolipoyl dehydrogenase 79.6 25.0 82
R-CAGAACCAAGCACGAGCACA

F-CAGGCGACAACAGCCCATAA
7 phosphoglucomutase 102. 8 65.0 78
R-CGCCGATTCCATTCCCTACT

F-ATCGGTGACATCAGATACAAGA
8 phosphoglycerate mutase 26.0 413.9 88
R-GTGAGCAGCAATCAAGACAG

F-TCGGGTACTGCCAACTCCAC
9 fructose-bisphosphatase 58.0 228.9 84
R-ACAGACGGCGTAACGACCAC

F-ATCAAACCTTCCTCGATTCCG

10 glyceraldehyde phosphate dehydrogenase 2172.9 2171.7 88
R-CATCATCACTGCTCCATCCTCC
F-TCTCATCGTCGGTTTCTTCG

11 fructose-bisphosphate aldolase 455.5 1171. 1 85
R-CCTACGGTATCCCAGTCGTG
F-CCTTGACTTGTTCCTCGTTCTTA

12 glucose-6-phosphate isomerase 21. 4 119.3 83
R-TGATCCCAACTGACTTCATTCTT
F-AGATCGTGTCCGACTGGTCC

13 triose-phosphate isomerase 40. 1 264.5 71
R-TGTGGGTGTCTTGAGCGTCT
F-ACCACCTCCAATGATAACGG

14 phosphoglycerate kinase 1825.7 3919. 1 86
R-TGCTGGTCCAAAGTCTAACG
F-CGACTCAAGAAAGCCAGGTATG

15 malate dehydrogenase 14.1 76.7 71
R-CAAGACTTCGGCAGCAATAGG
F-AAGTCCTTGGAGGTGTCGGTAT

16 succinate dehydrogenase 70.7 18.7 82
R-CACTGTGGTCCTATGGTCTTGG
F-CTGGTGCCGTCAGATTAGC

17 transketolase 46. 4 94. 8 82
R-ACAGCGATGTTTGGAGTAGC

F-GTCAAGATGCTACCGCTCAG
18 aconitate hydratase 103.0 50.1 87
R-TCAATGGCTCTGGCTAAATC

F-GGAAGCCGAAGATGGTGTAGT
19 oxoglutarate dehydrogenase 100. 9 13.9 82
R-AAACGAGGGTCAGTGGTGAAA

F-ATGGAGTCCTCGTAAGTGTATTTC
20 citrate-synthase 99.2 210.3 89
R-AAGCACGTTGAAGATTTGATTG

F-GGCTGGGAACTCGGTGACTA
21 alcohol dehydrogenase 6375.3 3244.7 85
R-TCGGCTTTAGCACAGTTTGG

low expression genes

F-ATTCACTGGTGTATCCGTGTCCC
1 pyruvate dehydrogenase 33.8 37.7 86
R-TTCGGTGTCGAAGTTCAATTCTG
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“:k 1

No. gene name RQ-PCR primers ( 5°— 37) FPKM-G FPKM-X similarity / %
F-GTGTTCTAAGGGTGATGTTGCC

2 aldehyde dehydrogenase 2.5 5.0 84
R-AATGGAGTAGATTCAGCGGTCT
F-TCCCATTTGACTGCTACTGACG

3 acetyl-CoA carboxylase 0.0 5.8 80
R-GCCACCCTCTACTTGACGACCT
F-GGCGTGCGATGAACAGGTA

4 6—phosphogluconolactonase 1.9 24.6 81

R-ATTGCATCCCGTTGCTTCC

F-AATCATTGCCAGCTTGAGACAG
5 ribulosephosphate 3-epimerase 9.5 5.7 76
R-GAAACACCGACCTTCATACCG

F-CCATCGTCATCTTCGGTGCTT
6 glucose-6-phosphate dehydrogenase 9.5 20. 6 79
R-TCTTCTAAGTGGGATCTGGCGTAA

F-GACTTGCCCTTGGCTTCGTT
7 phosphogluconate dehydrogenase 40. 4 40.3 87
R-TTTGATCGGTTTGGCCGTTAT

F-GTAGACGACGGTGGAACCAGA
8 ribose-5 phosphate isomerase 4.6 16.5 82
R-TTGTTGAACAGGCCAAGAAGG

F-AAGGAAGCAGCACCATCAGC

9 fumarate hydratase 25.4 16. 6 84
R-CGAGCCAGGTTCGTCTATCA
F-ACCGTTCTGCCGCCTTATTG

10 succinate—CoA ligase 16.3 23.0 84
R-GAAGTGACCCTTACCACGACCA
F-AGTGAACTCGGTGGTGGAGGA

11 isocitrate dehydrogenase 50.9 28.2 85
R-CCAGGTGCCAACTTCGGTAGA

F: forward primer; R: reverse primer

F2. ETAIMEMNRBHOEBAEBRERER RQPCR 3|4

Table 2. The potential target genes base on manual gene blast analysis and primers

No. gene name RQ-PCR primers ( 5°— 37) FPKM-G FPKM X similarity / %

F-GAAGCTCGACAAATCTACCGC
1 xylose reductase 29.6 3390. 4 99
R-TCTCTTGACACCTTCACCGACT

F-GGTGCTGCAACCCACATCTT
2 xylitol dehydrogenase 619.9 2011.8 99
R-ACCGACTTGGACGAAACGAC

F-AGTAGTCAAGCCATTTATCCTCAA
3 xylulokinase 64.1 3578 77
R-GTATCATCCGTAAGATGGGTTCTA

F-CCCTTTCTGCTTCATTCTTCTCC
4 Xylose transporter similar to GXS1 44. 4 1247 84
R-AACAGCACCTCTGATCCACTTTG

F-GTGGCACAGATGACTGGCTTAG

5 pyruvate kinase 7.4 85.5 85
R-CTGAGACAGACGGTGTTATGGTT
F-GCTGGTTGCGACTACTTGACTG

6 transaldolase 232.7 523.2 86
R-AGGTAGCCTCGTCATCAACATAA
F-GGACGCTTGGGTTCACTTCTA

7 enolase 424.0 1675.0 88
R-AATGGTGGTGTCTTCGGTTTC
F-GACCCAGAAGCCCAAGACGA

8 pyruvate decarboxylase 10.5 128.8 83
R-TGGCAGCGACCTTAGCAATC
F-GGATGTTGCTGGTATTTCTGTT

9 glycerol-3 phosphate dehydrogenase 10. 6 52.0 78
R-CTGTGAATGTAGAGGCAATGGA
F-ATGATACCCTCGGTCTCCTCG

10 succinyl-coa synthetase 43.1 9.1 83
R-GTATTATGCCATCTCACATCCACA

F: forward primer; R: reverse primer

2.3 HBRING BiREEr LR AN S EE P 1K) RQ-PCR 9 3 P ATHEA [ Cr (I

[ R MR 4l Ak €. shehatae NL12 F g 4056 & PGy, S DN TR FS R FL i ith £ 35 O #— g Y, I
AR FFEA P40 ) RNA, SR ] RQ-PCR & & A2 FHYEGU S5 pvalue #/hF 0.05. X RQ-
A Lo A LR AE M H bR BE . S5 R Bon, % PCR 48947 Mh o, JCARSF S ME 9 G AN 51 ) — 2R 4K
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ACS GNDI PDC PDH PGM RKI TAL TKL XYLI XYL2ZWF1 ADH ALD GLK MDH PFK ALDH GXSI PGLS

target gene names

B2 HBRRENEHEERERRENTZNE

Figure 2. The transcript profiles of the target genes responsible to various concentration of formic acid. ACS, acetate-CoA synthetase;

GND1, phosphogluconate dehydrogenase; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PGM, phosphoglucomutase;

RKI, ribose-5-phosphate isomerase; TAL, transaldolase; TKL, transketolase; XYL1, xylose reductase; XYL2, xylitol dehydrogenase;

ZWF1, glucose-6-phosphate dehydrogenase; ADH, alcohol dehydrogenase; ALD, fructose-bisphosphate aldolase; GLK, glucokinase;

MDH, malate dehydrogenase; PFK, 6-phosphofructokinase; ALDH, aldehyde dehydrogenase; GXS1, High-affinity sugar transporter;

PGLS, 6-phosphogluconolactonase.



110 Peng Cai et al. /Acta Microbiologica Sinica (2014) 54 (1)
45 0 W B A0 M A A S ok A ) AR I 9 K
3 itie SR X R SR A ) £ DR ) 3 2 RO AT i

TE A T LT 4k J5URK 0 T b B0 A o, R O ok
[ > 2T 4 35 () PRS2 7K R S O S I 1 R
B N e S LR LTI R R 3
EHRREAN G . — Ml R W A e
TRV, B 750 5 I 745 Ak 35 5% 5 JIK % 0 4 00 4, 3 o
TR~ 20T R 29t T4 R 1 I 2 T 43 31 3 % 26.2%
49.5% K1 98.4% 7 . py gty WL, A BT R R Ak LA
Ut 4 Lk O o DR Ok O T R R R R T L
MR E 2 — o H R SR AR R K
% 5 3 2 5o o B A SR B8 o R P IR AR Bl 1R
B 185 2 Sk A A A1 2 % R 0 A O e i R e
FBIE ] . BARTZEARIRENS C. shehatae NL12 £
T AR 7 2, f) [R) IR 1T 36 8 0 R 3 43 T R AN L2
2 F R I S it — s R DU o 1% B £ 4 M 2k K
2 AR S 2 L 2 1 75 6 8 7 2R B 2 £ 40 o)
E R o A SRk FE R 400 o) fr 4 P WL B 2 H ke
GWFF AR5, 5 BB 75 H AR S50 e B 50 3t R 28
1, 7 7 240 T R T LT 4 SO K AR 1 B 2
W H R IS M o T BF S5 BUR AN R I 3K % R R
FEAE A T8 oK P 5 R G 9 1% B 40 1 X FR IR 10
{9 0 R A B TS SR04 T AL AR T
Tt TR O R R T T A S B 9 L A R
(HECE Y88

ARSI E T4 Rk gz, Tl R
2L 5 3 AR 0 1 B3 40 i rh 2 R TR 1 I 0 H b g
BRI F 975 36 AT v e I AR 38 Y . RS 2 5
BB 20T i %A 1 % A Wl S TR 7E % % R
(le SEA P DB AR 0 HE 25 500 AFR 3 T AT 1 e 33
2 HE 075 2k 5 P IR R e 0 o 4 ) R £ A 6 i A
IS JE 18 4 B A b ik S IR A A v, AT A T
B 2 T6 B AR B J2 997 20T O M0

BT A RESU RQ-PCR IGHIF, M\ 42 AN 10
f) F b 3 D5 T R0 5 19 AN 5 R 40 4 4 B
7 () 3 DR o 3 o J3E 6 Y IR 40 9 4 1 I BE R
% I A 2R ) i TR 3 AR 3 3 ) s 4 R R WL 11
A TR f) 6 S 2 3 VT A T RR A4S 6 PR 10 A JE PR
A TR S IR, 5 AN BE R R T R R,
3 AN 3 DR 7E AR [ 94 88 YRR 0 4 4 11 I 8 3 ik
B B B

HUHE WL 822 (B 3) (1) AR IE R (XYLL) |
B 2 0 S (XYL2) R AC B 28 3 % 0 4 38 HE N IR
FEWE IR R 15 (PPP) [R5 — 2K S S, 31X 2 I 2 (1
{1y % 3% 52 0 T RR AT A U 5 2 AU Sk b 10 55 % F 4
(1) 125 T S W % A4 010 AW A 8 8 17 » 30 1T 940 240 A
() I %5 (2) [, HER 2 ) PPP 3 42 i %
Wl P W (TKL) < 1 1 g (TAL) < # %5 K -6 - 1% i &1
g (ZWEF1) Bl 8 48] 26 W8 1 J0E S 6 (GND1) VRS B -5 -
B S K W (RKD) 45 S B RG22 810 6 o M0
PPP i 12 /2 1 BE 40 M8 P9 AC B AR U 10 6 /i 42, X
SR T 555 T 0 L P I A A o BT (3) P9 R
1 i B2 g (PDC) A1 20 W5 T %0 5 (ADH) 15 8% 6 3¢ i
fh 2B AR i s AR R N . R IR R B
X A R M R R R i 2 X 4 P S OmE
AL 7 00 T T T T 9% 2 B 2 6 ( W) 1 AR O ok
590 5 RS G ) A o (H R, 2T I DR 7
RGOSR 502 B a3, 3X 5 R B 8 ) 2 1)
HF 50 45 S A7 AE P J » #003% ik DR 76 R 400 76 0 %
W) 87 L S8 5 55 I 8 T VR ON IR A (4) T I R R
ZU (PDH) A1 Z BRI A 45 Bl (ACS) $ 3t i L
PR R 3N TCA IR 3K R4 — 45, i AL A B AR 380 7 0
T P R e S E N TCA A5 B 3 117 B 04 K€ TCA 7§ 55
S0 3 2 5 B0 A B AR 4 B T B I TCA 4§
PR T A0 N ATP 55 B A8 Ak A 3 48 56 1 B IR A
Flo FR G T3 2 i 5 A f 38 3 43 TCA 48 5
WA R D T 40 P ATP B A R Y . AR
Palmqvist P B FR (R 25 45 BL IR 1 490 461 4 ]
B W R A B L R B R B 5T K
20 M 55 T A1 I FE AT K5 40 L A R UK AR 2 I
FL* %52 40 4 Sk o 5 4 i 9 pH BRI 9 B, ATP
R T RE ST ¥ I 45 B 7 T A A 0 AR R
0 B A o RN, TCA 75 3R 50 40 g P wk
KI5 0 19 K 1 R A L B A AR AR 4L IR
IR TCA 75 FR i T3t 3 110 6 40 9 2 K> A 30
M5 my . XF TCA 753 2 5 3L A (1 RQ-PCR L5 45
B FRIER AN

BT UL Fo AT B A E A C. shehatae T T}
A 2 2 K 2 b, 2 P IR S e TR
XYL2 ACS-RKI.TAL.GND1.TKL-ZWF1.XYL1.PDH
M PDC; # B g 3L R ADH.GLK MDH.PFK



SR A5 IR B AR 22 6% BF v FY PR AR 1 b R R /AR ) 2E 4R (2014) 54.(1)

111

F1ALD .
m NAD(P)H NADH

xylose L—V xylitol 7}5 xylulose —®| PPP pathway
XYL1

o)) NADPH NADH + CO,
6-Phospho-
glucose-6P > > gluconolacton ribulose-5P
ZWF1 PGLS GNDI1
RKI
ribose-5P xululose-5P
TKL

TAL

fructose-6P  erythrose-4P

3) CO, NADH
pyruvate —4 acetaldehyde >—> ethanol
PDC ADH
&) NADH + CO,

TCA cycle

3. &R 5 R ER 4T & E T H SR 2

—» glyceraldehyde-3P sedoheptulose-7P  q—

B e B

ATP
phosphoenolpyruvate —4 pyruvate —4 acety-CoA  €——— acetate
PYK PDH

l ACS

Figure 3. The metabolic pathways related to the some target genes regulated by formic acid.
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Discovery of the target genes inhibited by formic acid in
Candida shehatae

»2,3 2,3

Peng Cai'®?, Xujie Xiong'®>’, Yong Xu'?* , Qiang Yong'’, Junjun Zhu'’,

Yu Shiyuan'”’

"College of Chemical Engineering, Nanjing Forestry University, ° Jiangsu Key Lab of Biomass-based Green Fuels and

Chemicals, *Key Laboratory of Forest Genetics & Biotechnology MEC, Nanjing 210037, Jiangsu Province, China

Abstract: [Objective] At transcriptional level, the inhibitory effects of formic acid was investigated on Candida
shehatae, a model yeast strain capable of fermenting xylose to ethanol. Thereby, the target genes were regulated by formic
acid and the transcript profiles were discovered. [Methods] On the basis of the transcriptome data of C. shehatae
metabolizing glucose and xylose, the genes responsible for ethanol fermentation were chosen as candidates by the combined
method of yeast metabolic pathway analysis and manual gene BLAST search. These candidates were then quantitatively
detected by RQ-PCR technique to find the regulating genes under gradient doses of formic acid. [Results] By quantitative
analysis of 42 candidate genes, we finally identified 10 and 5 genes as markedly down-regulated and up-regulated targets
by formic acid, respectively. [Conclusion] With regard to gene transcripts regulated by formic acid in C. shehatae, the
markedly down-regulated genes ranking declines as follows: xylitol dehydrogenase (XYL2), acetyl-CoA synthetase
(ACS) , ribose-5-phosphate isomerase ( RKI), transaldolase ( TAL) , phosphogluconate dehydrogenase ( GNDI1) ,
transketolase (TKL) , glucose-6-phosphate dehydrogenase (ZWF1) , xylose reductase (XYL1) , pyruvate dehydrogenase
(PDH) and pyruvate decarboxylase (PDC) ; and a declining rank for up-regulated gens as follows: fructose-bisphosphate
aldolase (ALD), glucokinase (GLK), malate dehydrogenase (MDH) , 6-phosphofructokinase ( PFK) and alcohol
dehydrogenase (ADH) .

Keywords: Candida shehatae, xylose fermentation to ethanol, formic acid inhibitor, target genes, RQ-PCR
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