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Directed domestication of yeast strains with high tolerance to furfural
and p-hydroxybenzoic acid

FAN Meishan"?, LU Shengjie’, ZHANG Hongdan’?, ZHONG Chunmei’, XIE Jun®’

1 Guangdong Provincial Key Laboratory of New and Renewable Energy Research and Development,
Guangzhou 510640, Guangdong, China
2 Institute of Biomass Engineering, South China Agricultural University, Guangzhou 510642, Guangdong, China

Abstract: Inhibitors including sugar degradation products (e.g., 5-hydroxymethylfurfural and
furfural) and phenols (e.g., 4-hydroxybenzoic acid and vanillin) from lignin degradation are
inevitably formed in the pretreatment process of lignocellulose raw materials, exerting a
negative impact on the fermentation efficiency. [Objective] To improve the tolerance of yeast
to inhibitors in cellulose hydrolysates and ensure the efficient production of industrial biomass
cthanol. [Methods] The model strain W303-1A was domesticated with the inhibitor furfural
and p-hydroxybenzoic acid alone or in combination. The growth curves and ethanol
fermentation performance of the domesticated strain and the original strain were compared
under different inhibitor concentrations. We then conducted high-throughput genome
resequencing of both the domesticated and original strains to identify the mutations in genes
related to the glucose metabolism and drug resistance, thereby analyzing the variation points
related to inhibitor tolerance. [Results] In the medium containing 2.0 g/L furfural, the ethanol
yield of F-2 was 19.40 g/L, which was 2 times higher than that of the original strain. In the
medium containing 1.6 g/L furfural and p-hydroxybenzoic acid, the highest ethanol yield of
B-2 was 20.22 g/L, 7.6 times that of the original strain. Then, high-throughput genome
resequencing of the original and domesticated strains revealed several mutations in the genes
encoding ethanol dehydrogenase, fructose-1,6-diphosphate aldolase, and pyruvate
dehydrogenase in the glucose metabolism pathway. The mutations of YAP1 (transcriptional
activator involved in oxidative stress response and REDOX homeostasis), PDR5 (pleiotropic
ABC transporter tolerant to multiple chemicals), and RPN4 (zinc finger protein) genes played
an important role in the inhibitor tolerance of Saccharomyces cerevisiae. [Conclusion] The
findings provide more targets for further optimization and construction of model strains.
Keywords: Saccharomyces cerevisiae; domestication; inhibitors; cellulosic ethanol
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Plate growth of original and domesticated strains under inhibitory stress of different

concentrations of furfural (A), p-hydroxybenzoic acid (B) and furfural+p-hydroxybenzoic acid (C).
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Figure 3 Fermentation performance of original and domesticated strains under inhibitory stress of different
concentrations of furfural, p-hydroxybenzoic acid and furfural+p-hydroxybenzoic acid. A: The change of
glucose and ODygg concentration under inhibitory stress of 2.0 g/L furfural; B: The change of ethanol
concentration under inhibitory stress of 2.0 g/L furfural; C: The change of glucose and ODgg, concentration
under inhibitory stress of 2.0 g/L p-hydroxybenzoic acid; D: The change of ethanol concentration under
inhibitory stress of 2.0 g/L p-hydroxybenzoic acid; E: The change of glucose and ODgg concentration under
inhibitory stress of 1.6 g/L furfural+p-hydroxybenzoic acid; F: The change of ethanol concentration under
inhibitory stress of 1.6 g/L furfural+p-hydroxybenzoic acid.
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Table 1 Re-sequence data statistics and evaluation
Sample Raw bases Clean bases Clean Q20  Clean Q30 G+C  Depth Coverage Coverage Coverage
(bp) (bp) (%) (%) (%) 4x (%) 10% (%) 20% (%)
W303-1A 34205540 32827660 99.0 96.1 37.9 388.4x 997 99.6 99.6
F-2 19 689382 19051580 99.2 96.9 39.6 229.3x  99.6 99.5 99.4
A-2 26299 894 25382568 99.1 96.7 39.7 302.3x  99.6 99.5 99.5
B-2 39691 162 37840814 98.8 95.4 38.4 448.6x  99.7 99.6 99.6
. WRARCH 0, X—45RRNELYIbE, %=
2l e AFKE 2 R ARG X, 3 s S T
5[ XA B e S A EL /N ek, 5k
i [ B-2 AR W303-1A 4 L1, F-2 bR A 3.7x10% 4> SNP
8 ol B2 B, HAP e IX AL S8 3.1x10° 4, [H]
;4; YR A 3397 45 A-2 WREEA 3.7x10*
ol SNP {7 s, HAP7EgmA% X A RAS 54 3.1x104 4,
af A5 [F] LA A 3399 5 B-2 WIkREA 3.7x10° 4
4t . SNP 1V 5, A e X (5848 A 3.1x10% 4,
5 4 3 2 00 1 2 3 FIMZEAEAA 43014, Meriem &gt
Pl W], 45 PR e 3 A T T X B L s B
B4 ERSDH T gt (P AN 22 SR T e, DTS SO

Figure 4 Principal component analysis.
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<2 SNP/Indel H;ERRLER
Table 2 Results of SNP/Indel annotation

Effect F-2 A-2 B-2
SNP Indel SNP Indel SNP Indel

Exonic 31410 937 31417 932 31427 944
Intergenic 25 14 25 14 25 14
Intron 628 99 631 105 629 100
Intragenic 15 10 15 9 15 10
Splicing 20 1 20 1 20 1
Synonymous variant 3397 3399 0 4301

Missense variant 1953 0 1938 0 1952 0
Frameshift variant 0 99 0 100 0 109
In frame 0 79 0 82 0 77
Start lost 6 2 6 2 6 2
Disruptive 0 49 0 52 0 49
Conservative 0 30 0 30 0 28
Upstream 0 0 0 0 0 0
Downstream 0 0 0 0 0 0
UTR3 0 0 0 0 0 0
UTRS 0 0 0 0 0 0

243 ERRBEERMINEMRGHBES
S

T GO (gene ontology)E 4 2 X 3K 15 1Y
SNP i 5 Al Indel 7 i HEATTERE , 7 58 248 KL A
T RE S A CHE AR5 2, LASE S5 ORS o 5 25t
HEHWENH . GO s dfiE il #(biological
process, BP) . il i il 43 (cellular component, CC)
14> T I fiE (molecular function, MF)1*!, %4
(false discovery rate, FDR<0.01)LA 5 TE K &R
(K 5A), Hrp, fEAYRBRIENT, KEH0E
DR 3 8 A A Aol 2 A L e 2 . 7E 40 M B o0
I, 255 R 3L K (DEGs) 3 2 5 24 g Fi 4 g
Worf &, fEFIEeden b, REZHGEH
TERE AL TS 1 . GO T & A 70 M i 151 5B—5D
FiioR o Hir, AWl F8 B 1 g e s 2 AR
KR FE(GO: 0071456), HUKEAN NG 5%
BRI (GO: 000494)FIALBTERE 45 F L 2L A
P FE(GO: 0034497) AR, N BTIM(GO:
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0005783)HI P4 & M [IE(GO: 0005789) M 55 T i 155 o
TS T IRES B, AW 2 R AL i 1 (GO:
0004360) /2t H 21, KA 2 WA R B -6-
AR i 2 T PR (GO: 0004075) FIEE B 145 4 Bk
$1(GO: 0008270).,

KEGG i B4 e 2 e it — A 7 KA
KO TFAEAE . RO ARG Y R 5,
KEGG il }% %} DEGs M2 24500 5 25
B ARG . G BN . 40 R A
L fi BAL PR — Bl K 22 B0 TRl 1 B A
R i, b, R2EAIH, BE2E
PRS2, R EBOKAA YRS
YRR, EEM RGNS, HIER
SRR FE MR, BEOUEE A EM AT
I INRERY, AR B PME DL SE s — R A A Ak
RN, Ht, KEGG i #5#r o] LU BhE /R 5
P g AL B2 W U R A G i A L R L DU
KEGG $iE N 5%, 14 158 122 5 HL 4 42
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Figure 5 Gene ontology (GO) annotations of the differentially expressed genes (DEGs). A: Classification of
DEGs; B: GO analyses of DEGs in biological process; C: GO analyses of DEGs in cellular component; D:

GO analyses of DEGs in molecular function. The color scale indicates corrected P-value of enrichment
analysis.
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Figure 6 KEGG pathway classification of differentially expressed genes.
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NADPH #4458 5 HME FURRERE 11 8% T4 #E
A, BEEE AT LI DNA, BHAS RNA FIZE (A
FT A, BRI PE, DT 40 240 P A 1<

A, TR e 1 v 118 22 o 06 S it/ Do Il i £ s
BERE R HMF 348 J5 A R B4 5 P A Ay B0

WA, WA TR, TERRIERERE D, B
[ T =W SN RO R I ES3 TR EN:E T /TN

Yot AL h & G IR AT &
P, YRR BE F-2/B-2 P gAY 2 P ARG
(alcohol dehydrogenase, ADH) ., S H-1,6- iR

*3 SHEAHEXEEEZRNIRER

Ji% 45 ¥ (fructose-1,6-diphosphate aldolase, FBA)
FITN A iR 5 &0 B (pyruvate dehydrogenase, PDH)
5L DR HE R A 2R A%, X S BE IR 5 T B A
R AR AH DG, 17T 0 AT/ i i S IR 1) 2o R TR 4
PN S AR N TR | N 25 SO ]
TR AT 32 1 o Liv S R90F R R 8, 554 RUAH
P, oo B SRk i S i L DX A R 9 B NRRL
Y-12632 A A X% 4§ B (20 mmol/L) f1 HMF
(40 mmol/L) Tt 5z P sy, 1 H A5 R,
AR AERY,

Table 3 Annotated results of major genes in glucose metabolism

Chromosome Position Reference Alteration Gene ID  Gene Function

NC 001134.8 678799 C T YBR229C GLK %585 Glucokinase

NC 001136.10 412388 C T YDL022W GPD1 Hili-3-8§ it Al [NAD(+)]
Glycerol-3-phosphate dehydrogenase (NAD(+))

NC 0011399 1408 C T YGL257C SFA  o-JEH T Alpha-amylase

NC 001139.9 971560 G A YGR240C PFK2 6-1 R S AV % 6-phosphofructokinases

NC 001139.9 986049 A C YGR248W SOL4 -1 % 1 % B 2 N iR % 6-phosphogluconolactase

NC 0011429 357352 A G YIL045W  SDH1b BEFIBR i %M Succinate dehydrogenase

NC 0011439 140593 G A YKL165C TPI  PNHHBEER R A4 Triose phosphate isomerase

NC 001143.9 521709 G A YKR043C GLK ¥ Hexokinase

NC 001143.9 569825 T G YKRO6TW PGl 6B & i % b 5 44 g
Fructose-1,6-diphosphate aldolase

NC 001144.5 740878 C A YLR305C PDC NS Alcohol dehydrogenase

NC 0011453 57144 G A YMLI106W ALD  HL#E-1,6- MR w45 ms
Fructose-1,6-diphosphate aldolase

NC 001146.8 736950 G C YNRO59W ADH L% Alcohol dehydrogenase

NC 001145.3 540024 C T YMRI135C GND  6-f 5 5 % H 15 it 0 ity
6-phosphogluconate dehydrogenase

NC 0011453 672129 T C YMR205C PFK2 6-1 R S AV % 6-phosphofructokinases

NC 0011453 680936 T C YMR207C  TPL SR T B e iy T 6 A1
Phosphoglyceraldehyde isomerase gene

NC 0011445 1039435 T A YLR452C FBA  HLA-1,6- B BRI 4i iy
Fructose-1,6-diphosphate aldolase

NC 0011453 887821 T C YMR307W GASL 1,3-% RFEIRE M 1,3-glucanyltransferase

NC 001146.8 755761 G T YNRO67C FBA  RMH-1,6- - Hi IR 1 45
Fructose-1,6-diphosphate aldolase

NC _001147.6 68602 G A YOL136C PFK2 BB FAH G phosphofructokinase

NC _001147.6 580333 C G YORI36W ZWF  6-f ik 1 23 4 i 2

6-phosphate glucose dehydrogenase
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x4 SAFMIMERXEZERFERER

Table 4 Annotated results of major genes in inhibitor resistance metabolism

Chromosome Position Reference Alteration Gene ID Gene  Function
NC 001136.10 180 644 A C YDL154W MSH5 MutS K% [ Proteins of the MutS family
NC 001139.9 16217 C T YGL256W ADH4  Z A Alcohol dehydrogenase
NC 001143.9 120268 C T YKL175W RPN4 #5217 Zinc finger protein
NC 0011445 624955 T C YLR243W GPN3 #5574 455
GTPaseThe signal sequence is inferred to bind
GTPase
NC 001145.3 556437 G A YMR145C NDE1 NADH-iZ % Filift J5 i (H(+)-55 %) K
NADH-ubiquitin-keto reductase (H(+)-transfer)
enzyme
NC 001146.8 112698 C T YNL279W PRM1 {5 B ZE #7525 1 Pheromone regulatory protein
NC_001146.8 450515 G A YNL093W YPT53 Rab K% GTPase & H # il
Rab family GTPase protein kinases
NC 001146.8 740284 G A YNRO60W FRE1  8kE4 )0 5 Ferric chelate reductase
NC 001147.6 57959 T C YOL141W TPO BIZ W) 5 %% 35 8 1 Transporters of polyamines
NC_001147.6 286252 A C YOL020W TAT2 &GRS zEA
Aromatic amino acid transmembrane transporter
NC 001147.6 558497 T G YORI124C HAA  #5%#i% Bl Transcriptional activator
NC _001147.6 563945 A G YORI127W RGA1 GTPase #{fi 8 H GTPase activating protein
NC _001147.6 985344 G A YOR347C PYK2  TNTfR# G Pyruvate kinase
NC 001147.6 730587 T A YOR207C RET1 DNA § i RNA R4 111 4.0 5
DNA directed RNA polymerase III core subunit
NC 001148.4 880017 C G YPL125W HXK  CUHiEE & 1 Hexokinase protein
NC 001148.4 191944 C T YPLI88W YAP1  AP-1 #5472 M AP-1 binding protein
NC 001148.4 890346 T YPR175W PDR5 ZHEZY4iH ABC #izEH

Multiple drug exporting ABC transporters

R B i 52 o 0 2 Y R 1 A BRATL ) 5 A 4<F
LN pH A O, XS H i F--ATP B2 $2 41k n
‘B LA ATP A I AH R BT K BR BT+ 7ERE T
ff R, OB . R U R A 1
TS BRI AT A YIAAAE T R0 B 2l ™),
Xof 38 B 2R HH R A TG P B v 5 R R N B, T
Tl E RS, 545 DNA, AT BE 2 R B A2
Jf A A 32 B A D R, R 2 T R A
TCA ¥R AR LA K PPP 253 42 i Y 1% 1
SR R RR A R A R 8 ek 0 4 R R
AR DR B A0 AR 4 A, R R
PUAN 4 AH O 1 B 5 2 HiR 3 A9 AH SQ S R A 7
AT S, Wi ehE T 5P H
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