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Study on Biodetoxification Mechanism of Furan Aldehyde Inhibitors and the
Construction Robust Biorefinery Fermenting Strains

Abstract

Furfural and 5-hydroxymethylfurfural (HMF) are the two major furan aldehyde
inhibitors derived from the over-degradation of pentose and hexose respectively during the
lignocellulose pretreatment process, which can severely inhibit consequent microbial cell
growth and fermentation metabolism. It is strongly required to fast and complete removal of
furfural and HMF from pretreated lignocellulose for efficient biorefinery fermentation, owing
to their high abundance and strong toxicity over phenolic and organic acid compounds.
Biological detoxification method using specific microorganisms to convert furfural and HMF
into non-toxic substances prior to fermentation process was proposed and considered as an
efficient strategy to overcome the inhibition. Alternatively, development of robust fermenting
strains with high tolerance to the furan aldehydes was another attractive method and has been
the subject of extensive investigation.

Amorphotheca resinae ZN1 is a specific powerful biodetoxification fungus isolated in
our previous work and has been practically applied for the high performance of ethanol, lipid,
lactic acid, citric acid, gluconic acid and xylonic acid production. In order to identify the
degradation mechanism of furan aldehydes in A. resinae ZN1, the real-time quantitative PCR
(QRT-PCR) method was firstly applied to investigate the transcription levels of 137 putative
genes involved in the degradation of inhibitors in A. resinae ZN1 under the stress of furfural
and HMF, as well as the stress of their secondary metabolites, furfuryl alcohol and HMF
alcohol. Several alcohol dehydrogenase genes and aldo-keto reductase/aldehyde reductase
genes were found to be responsible for the furfural and HMF conversion to their
corresponding alcohols. For the further conversion of the two furan alcohols to the
corresponding acids, different alcohol dehydrogenase genes, aldehyde dehydrogenase gene,
and oxidase genes were identified. In addition, the RNA-Seq technology was employed to
analyze the genome-wide transcriptional response to furfural and HMF. A. resinae ZN1
triggered not only the expression of corresponding oxidoreductase genes, but also the
expression of relevant genes involved in redox and cofactors regeneration (TCA cycle) and
energy production (respiratory chain). The significantly differentially expressed genes also
included genes related to transporters and oxidative stress response process which played
important roles in response to furan aldehyde inhibitors in A. resinae ZN1.

Zymomonas mobilis ZM4 is an important industrial strain for cellulosic ethanol
fermentation. Previous study showed that Z. mobilis ZM4 contains its native oxidoreductases
to catalyze the reduction of furfural and HMF, but it can be still severely inhibited by furfural
and (or) HMF. Over-expression of the exogenous aldo-keto reductase gene ARZ 13395 T1
from A. resinae ZN1, or over-expression of the endogenous alcohol dehydrogenase gene
ZMO1771 from Z. mobilis ZM4, the conversion rate to both furfural and HMF by Z. mobilis
ZM4 was significantly enhanced, and resulted in an accelerated cell growth and improved
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ethanol productivity in corn stover hydrolysate. The in vitro enzymatic analysis confirmed
that the ZMO1771 encoding enzyme is NADPH dependent for furfural and HMF reduction,
the ethanol fermentation performance of Z. mobilis ZM4 was enhanced again by
co-expression of the transhydrogenase gene udhA from E. coli with ZMO1771 by elevating
the NADPH availability.

Corynebacterium glutamicum S9114-128 is a stable strain for glutamic acid production
with high tolerance to furan aldehyde inhibitors evolved by a long-term evolutionary
adaptation strategy using undetoxified corn stover hydrolysate. In order to determine the
genetic changes responsible for the improved inhibitor tolerance in C. glutamicum S9114-128,
the genome re-sequence analysis was performed using the high-throughput sequencing
technology. The study found that the intergenic mutation between gene CGS9114 RS11050
and CGS9114 RS11055 increased the transcriptional level of gene CGS9114 RS11050 which
involved in the transport of glucose in C. glutamicum S9114-128. The enhancement in sugar
transport in C. glutamicum S9114-128 resulted in an accelerated glucose metabolism and also
led to the flux distribution of glucose towards lactic acid production. However, the
relationship between the reprogrammed pathways and the improved phenotype in C.
glutamicum S9114-128 remained unclear and required further extensive study.

In order to overcome the inhibitory effects of furan aldehydes on microbial metabolism,
the biodetoxification method and the use of the robust fermenting strains were investigated in
the thesis. Based on the studies above, the furan aldehydes degradation metabolism in A.
resinae ZN1 was elucidated at the molecular level and the key candidate genes responsible the
inhibitors transformation was identified as well. With the rational genetic modification
strategy, the tolerance to furan aldehyde inhibitors was effectively improved in Z. mobilis
ZM4. The molecular mechanism of the enhanced inhibitor tolerance to furan aldehydes in
adapted robust strain C. glutamicum S9114-128 was analyzed by the genome re-sequencing
analysis. These results in present study will pave the way for the industrial development of
lignocellulose biorefinery.

Key words: Lignocellulose; Furan aldehydes; Biodetoxification; Amorphotheca resinae ZN1;
Biorefinery fermenting strains
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Fig. 1.1 Main components of lignocellulose biomass and generated hydrolysis inhibitory compounds
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Fig. 1.3 A model of effects of lignocellulose-derived inhibitors to ethanologenic microbes
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Y e S AR DG DGR R R () o BT 45 AV AT LUK A resinae ZN1 A
SR Y R AR B N SR BE VR SRR, IR D T SR U it TR B R A A AR SR A B
%5 E.

(2) £ 2B Rk Zymomonas mobilis ZM4 Hidk ik 5 3k Wi A AE S i 2 AL
R BEIER, X R P B AR AT BRI s, A R S R TN S PR A TR AR T
FILH H 2 R 55 5T Wi B AL resinae ZN1 FIAME/E IS, Fffik
H Z. mobilis ZM4 H SN IEIERER . 75 LR RAHEA b, #—PRA RPN A
IR R JTHE LA AR B R . AHE 7 B AEAS BRI B % m R P B (32D PERERIR &
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B R BEPERER Z. mobilis ZM4 B4 TR R, & ZMEEAE, SCOUN S5 R T 2 1) %
G PRIRAYE R SR A= A

(3) M —HR G T KAE T 7K AR I I 4 ) A 45 380 P sy 00 o) A2 T 52 28 2R 738 1 ke
Corynebacterium glutamicum S9114-128 i 47 2& PRI ZH BT, b 12 90 Ao T R Pk o e 400
Vit ZvEbE i TV . BT AR &, MY B kAT B W, XAl
73 2 I TRARFH I o PR 1R AT 1 S by S B R O e, 5 W a0 5 U0 | A0 s 52 P 2 v A G 1)
SARFE R o AHIF F0 45 SN I 70 A SR R B4k T Ak DA B A g LAt 4 | W i 52 B R Ik
A TR ARIR L H B S E KA
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F2E HEFRIKFESH Amorphotheca resinae ZN1 % kIS AY%E (LA TR

21 Bl

FIFH Ao - 4 2233047 AR D077 o A 7= I 75 B S AR I A1 4 3R R AT AL 3, 5
IRIHTEE R, CARIIE J5 S 4T 4k 2l B /K AR AN B AE ) A e o SR T P PR TIUAL 3 % A AN ]
T0E G 1 2T At 3R S5 A 2L A0 (P FE AR AR, AR R TBORT R TR 1) [ I B = A= 22 b k) )
OI W, 5-¥2 HIILRERE (HMP) 230 rh Pk B AR M A, 43 5k B
TP A PRI R b SORE R OB R FE R AR, 5 AR IAR L, S B e BRI,
AN L R £ 4 W /K T S 2o B AE P (0 A KA R B B, B 1) 2B 77 2R
T pel28. 35,971

R EUHBRIREE . HME X A BRI A P R A FH AR AR AR i A AT 4 35 SRR AE P2 1
HEINT o FE R TR AT F 0 1 o i Ak B e AR R () — R e 477 0. H RTIR
207, AFEKYE . BN . BT ACH . A ALV IR B S Y B AL 2 7 A5 R S
PO EI LR, (HIX 722 S AR R B R K B2 AR R v R EERE O, SR AR
[y T2 590 A g i 2 R PR SR S (A s R B AT AR OB P T K AR
H A, I OSSR, K O IREE B R . S SR
SVEAALG, AWRER FAR B AR . RBERE. TCHEK . ToiG YRR A AT A SR K
T VS0 B R OT 7 (1 4 g 7 246, 2470

P A% 985 Amorphotheca resinae ZN1 & A SZEG 25 M R KFEFF B B 32 067i% 43 2545 2]
) —HRAED I 35 B BRI SEEL LT B T B B A, S R B
LW JRE . FLER. 2 WL 5 A 0 R A 2 B 1 v 28 e e e LT 180000 s = T
5T TAE SN PR BRI AKCSEXT A, resinae ZN1 ARHHERE . HMF FIVERSHEAT T BT,
e F A AR B AR AT A OCHEM, AR B HR S AT I EE B C. basilensis
HMF1A SR i e i s 400 61 ) 7 A 2840k Bl 2.1, AL resinae ZN1 76 J5 A B E 41
T E SRR OV ICTE RS, SR T, R — PSR A K
W FE BRI FIRR IR, MR S CoA MEHAE HUBRIHE-CoA, HEIE-CoA &K FH G, KR
T o= R B 2 o T REEN TCA TG 58 I JEC S8 Ak 70 i o 5 WS B AH 2 AL,
HMF PR A0 IR 1 (0 5 AT, AEFESAR M N — P8 K AL HMF,
2 F MR R A 2,5-PKIR RIR, 2,5-MRI IR R MR I N AE R, B JE HMF P& fRS
PR [ B, e A AL RE L ol T R TR S UHE N TCA T3 . A. resinae ZN1 [ AR IR |
HMF B 2, KpkRE . HMF B AR BRI AR . 75 P SR B IR . 72 Y R
e PRI IR (B 2.1c, d), U RZRME0HFRREMSIEH RGP IR, fEK
BEACU AT (2R b, 3k — 20 EEDRI KT AT A. resinae ZN1 FRRIRIE . WRIEEE . PRAR
PR = 2 AH EL A %) 40 T LB O ) 2 Bt B it 9 LA B B ) 3

C. basilensis HMF14 & H ik -3+ ki [ 40 1) 4 B e i e s ig M D e vk, (HS2 i 807
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a AB
° OH : HO ° OI:
v : AvA
furfuryl alcohol H HMF alcohol
0, NAD(P}* H NAD(P)* 0,
Alcohol ADH, . ADH, Alcohol
oxidase AKR/ARI ' AKR/ARI oxidase
H;0, NAD(P)H ) NAD(P)H H0,
o = 1 o B
o] I HO
W : \ /o °
furfural ' HMF
0Oz H0 NAD(P)* NAD(P)* 0z H0
Aldehyde ALDH . ALDH Aldehyde
oxidase ' oxidase
H,0, NAD(P)H , NAD(P)H H,0,
o . o o o] o
° OH : HO ° OH ~ ° OH HO ° OH
; o)
L/ [~ L U T~ L/
furoic acid co, M : i 2,5-fur§n- i Hi0s Oy h,0 5-for'myl-. s o, HMF acid
CoASH ATP Decarboxylase ! dicarboxylic acid Oxidase 2-furoic acid Oxidase
N
synthetase
ADP

o

Q/&\S*COA

furoyl-CoA

ACCy H;0
dehydrogenase

ACC,qq

- ° _
Ho_ O, C._
U S—CoA

5-hydroxy-2-furoyl-CoA TCA cycle

o
1|

0 o
o ¢ H,0 H,0 CoASH COOH
OU/ “S—CoA| . Hooc s-coa _ 1O0C S-CoA MHOOC\/T
H o

Lactonase Thioesterase
5-oxo0-2-furoyl-CoA

2-hydroxyglutaryl-CoA 2-oxoglutaryl-CoA 2-oxoglutaric acid

2.1 A resinae ZN1 HREE(A)FI HMF(B) AR B2
Fig. 2.1 Metabolic pathways of furfural (A) and HMF (B) degradation in A. resinae ZN1
Solid boxes (a, b) were based on the previous experimental phenomena**Yl. Blue arrows were adapted from
Trudgill!™ and Koopman et al.l™. ACC, acceptor, either oxidized (ox) or reduced (red); ADH, alcohol
dehydrogenase; AKR, aldo—keto reductase; ARI, aldehyde reductase; ALDH, aldehyde dehydrogenase.

1 G a1 AR PR G ) WIRRI, A7 A BE 58 4% B8 55 Wk g 182 Bae e 2 A AH DR ) B A 1 2
R B RSBt E B PCR BIARM RNA-Seq F A BR RS 11 40 e T Y
A. resinae ZN1 4T K E B 0HT. EREIAKE FEEKFREE KP4 R,

AW TSI B2 T A resinae ZN1 HAE F T35 4 B A e AL IR OC B JE ] (i), XS
55 304 P A 2 A A O B HAR 4 AL BEAT T VRGN . A S FOKPER T A
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resinae ZN1 XTHERE . HMF FIRREALE], ZFRRALHI @2 AN AT LA A, resinae ZN1
TEAR A4 2R AR YR H I FE R ) e 55 N P SR AL B S, IO A G S Pridi L2 B ik
PP G IR E B S HEE R

22 MREHB

221 SEERRL
2211 SERPEMRS F B

WIERHIES A. resinae ZN1 525230 %= H £ 4 S TS 2N AN EHE, KT+
] M I AR P Foh AR B R0y (CGMICC) |, fRjS CGMCC 7452, A. resinae ZN1 4=
FLRAK A Mumina HiSeq 2000 W7 58 i CGRIINERZERFBHEGIRAR ), FH#R
GenBank, #3574 JZSE00000000. I/74Lit15 %) 18,830 N[, fifBh KEGG (Kyoto
Encyclopedia of Genes and Genomes). KOG (Eukaryote clusters of orthologous groups)-
Swiss-Prot. NR (Non-redun-dant protein database) 244k FExt Ho b 16,974 A3 K 4 i 25
1 56 FAH I () D eV RE o

RNA FEHH 7 RNAiso Plus 4 B H 4 TAKARA 24 5], [z #3518 57 ReverTra Ace
gPCR RT Master Mix with gDNA Remover 1€ &ik 7l SYBR Green Realtime PCR
Master Mix ¥ H HA TOYOBO A, #E. HMF. 5-¥8 FSEREEI B i im ek s 24
BH A RA R, BEEEN B E 2458 B R a R an] . e Abidsn Grtral) b E
4L AL A IR A 7 Bk i b 25, A B IR A A .
2.2.1.2 ¥EFREESRFRKAMT

A. resinae ZN1 JE{CRH B4k PDA i 723k, A AS8E (i) 200 g/L.
HI%BE 20 g/L FNEHE 20 g/L. A. resinae ZN1 WAKR; 75K & ks 7R, W LHLEEES
I3, BN KHPO4 2 g/l (NH4)2S04 1 g/l MgSO4-7H,0 1 g/L. CaCl, 0.5 g/L, HR
pH: SHRIE SR FRR, 7N KHoPO, 2 g/l (NH4)2SO4 1 g/L. MgSO47H,0 1 g/L.
CaCl, 0.5 g/L. FFEHZHBr 1g/L. #i%HE 20 g/L. 5 g/L B 0 /L. FEFRAFAF TR IAR U ]2y
KH 28°C, BRERFF.
2.2.2  SEERANG AT T
2.2.2.1 VRGP0 1 A 0 oA

BUG TR RAE A, resinae ZN1, £ PDA “FHUFEILE: 2 =05 # \ PDA £ 5%
I, T 4°C 1R B—ERIERZN A, resinae ZN1, TCHE/KMFVERIE, FEIREL
4-5X 10° ANmL 7 BIF I . LA 10% SRl i B2 N S T &0 20 g/L (& s 33t v,
FrER IR T EIIR . DUEEE . HMF AME—BRiERT, FhriioR 6d, WEERE, G
B KPR R 2 F T R TR R, O A 5 B T AR R AR I TE LR B R 2, 10% 4 Fh i
NEER N BT IRIEY) 1 g/l (PR B HMF 1 30 mL B epL shis o5k, 28°C, #E
3% DI EIRE RIS, MriEaR 4d, FTEEEIG, 10%ME B EAS Lo/l
(PRI B HMF 1Y) 30 mL & Bk & s 72t (R &TMEIKRIE 9 5 o/L) Hho BERE— I [H] HY
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PIOREE IR, T HEIENDE MR &, [FREL Iml _E3EORAF T--20°C K48, HT 84
BIHE AN RS EE . FIRREESLIR T B0 2 IREY) R E
2222 HMHE

AR E AT E (DCW) Eos, HhyElidE 30 mL 1 A. resinae ZN1 35557,
ZLEBET/KKYEE 105°C FETFRIEE (£ 12 h), ZFEEFHESZIEAED R, R
FATHED G R A LC-20AT Y ) A5 = 26 AH HPLC i (Y (Shimadzu, Kyoto, Japan)
M5E , HPLC it B SPD-20A UV £ #M& Il %% (Shimadzu, Kyoto, Japan) 1 YMC-Pack ODS-A
ik (YMC, Tokyo, Japan). BEME. HEEE. MEERECILL 50% 205 NaIAH, HiEN
1.0 mL/min, A 35°C, Rl 220 nm, fREEEEN 5 mine HMF. 2 FBLREE . 2
FH R R PR G 0 R FE A P e JiE » W AE VR B AH A 5% £ G K, 0-15 min Z 55 & i 5%
% 100%; 15-20 min 2§ B 100%P% % 5%; 20-30 min, Z & EIEE N 5%. FEIAHR
A 0.6 mL/min, FEiR 35°C, KK 230 nm. %8 &4 & R H SBA-40D AL K4
AT CLLZRBF2ERE) M 5E o B A A S AE 20 AT BT 4208 BEA B i A 0.22 pm JiE St 8 Ab 2
2.2.2.3 FOGLERE PCR (gRT-PCR)

A. resinae ZN1 Fh-1- 35 F2 I H 2 0 F o R N 5 ofL 5 %0 0 1 S R A Rl
Btk B E TSR 2d, PR BRI 2 )5, ISR EL HMF, 2R 22 1g/L.
ISR 229 0 h G RED, WEERE % 0 h T 4 h (R K P N & 0 g/l
AR B S IR G R TR T, R B R BEER B O R 2.d, S0 1 /L FRORRRE
B PR, RIS ISR 2009 0 h R RED, U8R 5597 0 h #1048 h BB 14
IR SEES ) S A BRI B B 2 I AE) S R B 50 mL @A RS SR, 4°C, 12,000
rpm 2.0 10 min, JCE/KMHPEZIR, AR G PR A7 T-80°C UKAH & H o

HX-80 °C VKA IRAF I B AR, VA 78 70 BT J5 1 RNAiso Plus 7T #E1T RNA $2HL.
RNA Jii s FIK 42 4366 +F DU 800 (Beckman Coulter, Fullerton, CA, USA) 46
M5E . Bk &I RNA & %877 & ReverTra Ace gPCR RT Master Mix with gDNA
Remover 317 cDNA &, 5 5WR 5 R172T-20 °C vkK48, — RN 5ERE & PCR 74T .
£ PCR M {#H SYBR Green Realtime PCR Master Mix, 7 BioRad CFX 96 1 #%

(BioRad, Hercules, CA, USA) H5% . PCR LA B-WlzhEE HFEK ARZ_9569 T1
NWSBEEE, UMFEFREMT 0h FBEE AR, SREEESKPG 288 k35
53, & L ZEFRIEMEH Foldchange > 2.0 v FifiFRiA, Foldchange < 0.5 N N ifZRIA,

SANEN P B A AR DI R 1) PCR 4734 51 04K 4 A. resinae ZN1 2K 207545 B, H 5l
YL it 8t Primer Premier 5 ¥it 5. SIS 18 bp 3 25 bp (R 2.1), ¥ BIK
Ji 120 bp-170 bp. 5& EAT LABE FEFS R[] cONA BN & 51 AT R IAIE, {R10F & 5]
MR T 90%-110%2 ] . qRT-PCR Jx M AA R AFE LR 7K 6.4 L. SYBR Green Mix 10
ul. ETFWESI%% 0.8 ub. cDNA R 2 plo R ZAFT: 95 °C #iAs Pt 60s, 95°C
A5 165, 55°C 1Bk 155, 72°C #EfH 30's, EIF 40 KGR TR RN ZE b, & 5s FF
105 <T, K 65°C F+5 95°C &5
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2.2.2.4 RNA-Seq 5 qRT-PCR ZGilE

A. resinae ZN1 Fi¥35 R 4 a0 b o BP0 N7 5 o/L I & BE ) B R S K
B Rk eh, B IR IE 2 d, R K HU R B 18 22 ), N IDRRBA B HMIF, 3 29K 8 1 g/Ls
SRR R B HMF B ARG 7% 4 h B AA,  [R]I AANER InAm 4) A . sieae: 2 A
FRAH 7y E 2 IRAEW ST . B 50 mL AR FR3, 4°C, 12,000 rpm 5.0 10 min,
TR K=K, R 5 547 T-80 °C VKA -

B R R OR AT B A, IR B 5 48 A RNAiso Plus 18771517 RNA $2H0. RNA
Ji B 5 e B4 Agilent 2200 TapeStation  (Agilent Technologies, Santa Clara, CA, USA)
R, R k% 1) RNA AT RNA-Seq Fil qRT-PCR HF.

RNA % Dynabeads® mRNA Purification Kit (Life tech., USA) 4t J5 14 FH lon Total
RNA-Seq Kit v2 (Life tech., USA) #1T cDNA )2 . cDNA Il 5% Life Tech lon
Proton MlfFF-&, i EEEGHEDRIEARA R T, UL A, resinae ZN1 FEFH 75

(GenBank: JZSE00000000) ~Z# K4, {48 MapSplice FA4x5 45 R AT 7 41
Hestte Hot 4 4 RPKM (reads per kilobase per million reads) #7#E44.% 5 {3 il EBSeq
AT 22 S RIKFE R I i - 58 S35 22 R IA 1) BB 2 A1 22 R R 1A 54K Foldchange > 2.0

(FRRZE) 8i<05 CFAKIE), HEHRAKIMZE (False Discovery Rate) FDR < 0.05.
BT BE DR R R RO ) B 5 22 R R IR BRI T GO (Gene Ontology) 4035, KA Fisher
RrI6 Xt %% GO BT B E KT (P-Value) 43#T, 53] % FRIEFL KA E Z 5 ENEYF
IhAg5r2% (P-Value <0.01).

NIHAIE RNA-Seq 551, 160X 17 DMANF D BEA [ 28 2 Y R K 4T gRT-PCR € & .
FERM5I Y W 2.1, qRT-PCR #/E L 2.2.2.3 #4>.

£ 21 qRT-PCR A3 ML
Table 2.1 Primers used for gRT-PCR

Primers sequence 5°-3°

Gene ID
Forward Reverse

Primers used for transcription and expression analysis
ADH

ARZ_10052_T1
ARZ_ 10290 T1
ARZ_ 1137 T1
ARZ_ 13167 T1
ARZ_ 13908 T1
ARZ_1429 T1
ARZ_1478 T1
ARZ_ 15335 T1
ARZ_1542_T1
ARZ_15626_T1
ARZ_ 15717 T1
ARZ_ 15727 T1
ARZ_15928 T1

gccagacatcaaatccatgage
gccaaaggaacctaccaacg
gcagattgcgaaagccagtg
acccgcaggaggaagatgtg
aacactggtttgcgttggtatg
accgttccttacctgccaatca
gggcttatctcaattattggattcc
tggagggatggtggatagaag
tggagattggattacctcaagtce
cagcagttgaagtagcctecg
ttaggttgctggcgggtaaagac
agccctgatctcaagaaagcc

gattggtgaagagggtaaaggage

tcgccatcaagtcactaccaaac
accagccgcaacctcaatc
ctcgtegteegtcatcttcag
gtatcccacttggcaacattcac
tcagatgggtcttcacgatgc
catggggaactcttcgatgatg
cctcaatggctctgttcatctee
tccaggatcactaggcacgtac
agtaatgagcccagcecectttg
gaatttcttcagactcgcaagatc
gcttcaataaccaccttcaacacca
ccgacgccaacagtaaccac
cagggaatctcctcctggtgaac




H20 T

BARET REM A0

ARZ_16054_T1
ARZ_16075_T1
ARZ_1653 T1
ARZ_16562_T1
ARZ_17261 T1
ARZ_17817 T1
ARZ_4514 T1
ARZ_4549 T1
ARZ_5226 T1
ARZ_6335_T1
ARZ_9116_T1
ARZ_92 T1
ARZ_9386_T1
ARZ_9803 T1
ARZ_10032_T1
ARZ_10048 T1
ARZ_10445 T1
ARZ_10735 T1
ARZ_11749 T1
ARZ_12708 T1
ARZ_12851 T1
ARZ_13165 T1
ARZ_14225 T1
ARZ_14914 T1
ARZ_15221 T1
ARZ_16631_T1
ARZ_17974 T1
ARZ_18688 T1
ARZ_2180 T1
ARZ_3303 T1
ARZ_ 3412 T1
ARZ_5014 T1
ARZ_5127 T1
ARZ_5257 T1
ARZ_5925 T1
ARZ_6148 T1
ARZ_6276_T1
ARZ_6334 T1
ARZ_6568_T1
ARZ_6769_T1
ARZ_7751 T1
ARZ_8436 T1
ARZ_9070_T1
ARZ_9496_T1
ARZ_9792 T1
ARZ_5124 T1
ARZ_962_T1
ARZ_11219 T1
ARZ_11558 T1

gcttgtcccattgttatcaccg
gacatcacgttccccatcatg
ggcttcgtgttattgggtceg
atggataggcattgttggctctgy
cgtcgceccattccagtcatac
ggcagtggatcggtatcattgg
ttcgcattacggggaacctc
atcgtcggtattggaggtcttg
attgaaggaaacaaagcacgtc
tgtactggagttgaatcttgccttc
accgcatgacgtttgacct
caggagaagctgatcgagatgac
tacgtgcggcaggatttcg
tgacaccgctgaggctattga
attcgtgtgaactccatttcce
tcgttgagaaagatgagtgtageg
agaagtacccacccaacctcc
ttgccaaagagcgcagattag
tctttgagagagcgtgaacctgac
gaaaggagcgatgtgaaagacg
tagctgctgagaacccgaatgy
cgttatctcaggagaggtgtctacc
gcaggcattgtggctattcg
cacatcaaggatgtcacggagg
cgtgtacttggtgacgaggge
cccaacccaccaagaacatc
attctacggcgacaagtcaaagg
agatcgtggcggaactgaag
tttggacgattggactactgtgtg
gctggaacaggegttegtate
ccgaccatttactcggatgce
tcttgggaaacggaatattacgtc
ggcattggaagagccgtage
tggcaacatcctcctatceg
atcttctgctccagegttge
ggtgaaagcggagagaaccag
tatcatcacggcatccatagcag
gagactgaggagtatcagtgageg
tgtcggctagtagtttcgectatg
gtcagtttgccgagttcctagac
gagtctggegagggagttt
tcaacatcacgtctggettgg
catgatgatagcgaccaatcttaac
cctagattcgcaagctacgage
cggatatgctagatgaggtagtcg
gctgtggtcagegagttaggte
gcttcaagagagaaaacatcgacg
gcactccaccatcaaggttaagg
ttgctcttgtcatactcgcace

ttccacaatagccttgectge
gcccgtaatcaacttcttgacat
catttggtgccaggcegagtc
gcaccagcttccttcgataactc
ccttggcaccctctatttectct
tccctatcctcgeatcaageac
aactatcctgcccgcaatgte
catctgtggcaatgaatctgtcc
gaccaagttcacacctcgctc
gcatcatcgtatgtatttgcgtatc
caatcagacatccattcgctat
ctgcgacaccaatgacgatg
gacatgcttctccttctcegty
ttccagcatgagatcgtacacct
cacttgccaaaaacacacatcc
cgaatgtcctggtccagatgg
ggaatcaggcagtccaccag
ggttaatattgttgatggcaagatgy
atctggcaatccgagaggtagg
tctegtegtgctgctggtte
gagccagaggatgaagtgtge
gtcatagcgtcaggacttctgttg
gttcgtacaacaccgggacag
cctttgcttgaccegtaatgce
aagcgttcttgctggacttgtag
gggagacagtatccaccatcaac
ggttcgggaagatcagagtatcag
cgccatgacgatcaacagag
gccaacatagccctaatctgtge
gccactcttgcgacctcate
cttccacgacggaatacttcg
tatatcctgagggcttcctatccte
tctgagcactccgcaaateg
gacatccatttccccatteg
ccattgaccgtgatgccag
accgtctgcccattcaggtac
tgtgtcgtggacccaattcaac
catccaaccaccatcgacaac
acctgctgcgagatcggatg
cgagatggatgagatggctatg
gatcgtggctgtgtgtgtagatg
ctctetctcgatccgatcattcte
cattgtacgcaaagccgtataag
cccaccgtcgacattgagtatc
ggtatggcgttaagggcttc
ccagggatctttcaagcagttg
tgttgtcgcetcttcattcaccte
ttgtttccaagaccacgagcac
gccagtctgaccgcattaatag
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Hol

ARZ_1162_T1
ARZ_12683 T1
ARZ_12736_T1
ARZ_12928 T1
ARZ_15224 T1
ARZ_15907_T1
ARZ_15995 T1
ARZ_17851 T1
ARZ_18719 T1
ARZ_18811_T1
ARZ_2579 T1
ARZ_3164 T1
ARZ_3236 T1
ARZ_3617_T1
ARZ_6090_T1
ARZ_6576_T1
ARZ_6619 T1
ARZ_9528 T1
AKR/ARI
ARZ_10923 T1
ARZ_13395 T1
ARZ_14857 T1
ARZ_14938 T1
ARZ_1621_T1
ARZ_16490_T1
ARZ_17182_T1
ARZ_17370_T1
ARZ_17920 T1
ARZ_3860_T1
ARZ_7295 T1
ARZ_8147_T1
ARZ_13663 T1
ARZ_137 T1
ARZ_15150 T1
ARZ_18349 T1
ARZ_3141 T1
ARZ_3976_T1
ARZ_7271 T1
ARZ_7657_T1
ARZ_8367_T1
ALDH
ARZ_10708_T1
ARZ_11689 T1
ARZ_12503 T1
ARZ_15082_T1
ARZ_1535_T1
ARZ_15746_T1
ARZ 18373 T1

cgatgctctcgtcatggaaac
cgagatacggcatgagtaaattg
tgccggttatgcacagtce
gctagtatcgtggcattcaaacc
agcgtcaatgtcacgggatgt
gtgtctactctgaatcctggttgg
atcatcactcggattggaaacc
atcaatctcagcggcatcatg
caggtgctggatggtcagaag
acacggtcgagaactggcag
ggaacttgtataccgtgaaattgg
cggaatacggcgagaagaac
cagcggatcctttcacagtag
tgtagtagattttccagaccgattg
gagccatcgtcaatgtcccac
aacgcagttgttgagaagtacgg
agttgcggaagcataacgatagag
gccataacaatectgeccc

cctgatctaccgtgaagaagaacg
gggacattgtgcaatggtgc
ttcaacacgcagacggacatc
agaagattggcggctcagtg
tggtatttccaacttccaaggttc
acccaactcttgtcgagatcgg
ggtaacttcaagtccgacgage
ctcaagccgattgccgatag
agtggaccaaggatagcatgac
tttggaatagcgttttggatgg
aacagactatatcgaccttctccag
aggagatcgtggatttctgtaagg
cgagaagaacgacgactacacc
ttccgcattaaatatcaaggatgg
aaggctgcttgggagttcg
cttcccatgecttcgtcattac
cagaacaagccatcatttgcc
cgagacgacattgaaggtacttg
ctacctccaacatggtgatctcg
gaccagagtgttgtagctgtgacy
aactggtcaacgagggcaag

cctcacgacatcccccactate
gaattgcccttttctgatctttg
gtgctcggatgggcetgaag
gtggaccgagacgctcaaac
ggaacttcgtgaagccaacc
ttggcactcctgtcattcgac
gccgacaatcatcgaaacg

aatcctccagttcctegetcac
cttgggtggggtttgattty
aactggatcttggaagtgtttctg
caataaggtcccacatcgcag
cggctttggaggcegttgtag
aggtactgtccatgcgtttcac
tggaaacggaaagccatctc
atgacaccgaatttgctcgtc
catcatgtcccaggcgaaac
tgacgagatattgatgatagaggc
tgcttggaggtagcgtagatagg
cccaagtgggacattagatacgy
caagaggctctgcacgaaag
gctaccatctgaacgaggey
tcagtgctgtaagcatgtaaccg
gccatcatagcecttacccacag
ggctgagcattaacggtgagc
gtttccatgacgagagtatcgc

gttgttcagcatcctgteegte
agaggcacgaaacccttctgtag
gcactcgtacttcttggacage
tctttcatcacctcatccgtcag
caaaggacgagtatgcggtgac
ccctecaagtttgectttatee
cgtatgccagagcgacactg
gecttcacgetgtcataaacce
gactagagcctcgacggtcttc
cataattctcatctgggcetcgg
ccagccattcttctcageg
tgataactcaggaggacggagg
cttcttggtccagttggacacy
ttcegtgtetgtcttgctcace
tcgctggttggaggtgtty
gtatcggaccctgtaactttgacc
gtgccgatgtttggtgagatg
gttgcccacagtgagagttce
ctcccttgetgactcegtattte
atcttccttcagacaccctgaacc
tgtccaatgcgtgtegtgag

cacgcaatagcaccgtttactg
ggtcgtagatgctgctttggac
gacgcggttggcagtgatg
aacgaccgctcecgtactct
ggtccagatagatgcggtgag
gttccctgtattcatgccgate
gtccagaccgaggctectaac
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ARZ_3957_T1 acccaaccgagcatcagaac aagtagcctttggagttatcgtagg

ARZ_494 T1 atggaccgatacgctcaaactc ccgetcecgtactcttagtattg

ARZ_5090 _T1 acgagcgagctaaagcccaac gtctgcggatttctttaagec

ARZ 5413 T1 cgaggaccgcaggtagataag ctttatcgcccgactgttcte

ARZ_ 6133 T1 tcaacagcagcaacgactcc attcacatggaccgccttagtc

ARZ_ 7774 T1 acaatgctgctgtgctggttc cgtattggagttgggagacctg

ARZ_ 9159 T1 cgggtctttgtccagegag accttgaggcacggtgagc

ARZ 9778 T1 gcaagttgacgtaggagcaatg agggtcggttggaaatagtgtc

ARZ_11723 T1 ggtcgtcgtagcttcagcac tcttcttccactcegcatacte

ARZ 18463 T1
ARZ 3707 _T1
ARZ 10838 T1
ARZ 9969 T1
Oxidase

ARZ 11534 T1
ARZ 14616 T1
ARZ 17610 T1
ARZ 5225 T1
ARZ 6129 T1
ARZ 16765 T1
ARZ 18116 T1
ARZ 10839 T1
ARZ 12679 T1
ARZ 17625 T1
ARZ 15963 T1
ARZ 3499 T1
ARZ 16317 T1
ARZ 17995 T1
ARZ 18300 _T1
ARZ 6529 T1

tgaagtgcggaagccaatatg
ctcttcaaggcetgctgttteg
gccaagatccegtcaggctac
gaactccaaggggtatgctaagag

accttcaagatcacggctacg
gttgagactacatggcacagtctg
aatagccgtggaggegttg
ccgataaaccactgaccgatg
cacaggaaaaccgaggtcaac
cgagggaacgtccacataag
gggagcggatatgcatttgtg
gccgacttatgcttetttcty
actcgtcggtttcccacgta
ctctcggettgggaaaattct
ggagtcacgttgcccgataa
gtcctcatctccggetctga
tgatccagataccttcggtgatg
gttgattccgtcatgtctaccg
tgttggcttaccgctttge
atggcaatatggtatggctcag

cgagatcgccagtcaacagc
atgtcgccgtgaattatcgte
gcgagtccgagtttcgtgtta
tgaagatttcagaccgaggctag

tgggcataaacgctgatacy
ccgcaaccttcaggttcttaac
gagattacgtccaatgtgccg
ccectgggactgcagagaag
tgtgtgccgtagaagaccceag
tatttcggctgtgaaggcac
cgtcgtgcaggtaatcaaggag
tccatcgtggtttgaggtg
atggggacgaaatcgatctg
attgacaagtgtgctggacttactc
tctgcccattgattcttgec
cgatgttgccttcgttgtagttc
gccaggacatgcttggctac
ggggatagtcacaccgtcgt
gacggagattgatgcgttgg
ggagtgggagtccttgtgaatc

Primers used for RNA-Seq validation

ARZ_12961 T1
ARZ_16945 T1
ARZ_1967_T1

ARZ_15318 T1
ARZ_16911_T1
ARZ_18349 T1
ARZ_17920 T1
ARZ_16609_T1
ARZ_12437 T1
ARZ_13395 T1
ARZ_8436 T1

ARZ_11045_T1
ARZ_16710_T1
ARZ_7663_T1

ARZ_ 15233 T1
ARZ_16761_T1
ARZ_18111 T1

ccagcagacaagaagagtcctaag
aaggagggtccaagagaccag
cacgtcgttgaagcgagagtc
acaaccctgatgagggcaag
aacgaaagttgtcctccactgg
cttcccatgecttegtcattac
agtggaccaaggatagcatgac
aactacatcgctggttttggatc

aagctgaagggaagggcaag

gggacattgtgcaatggtgc
tcaacatcacgtctggettgg

tccaccgtttcectgectac
cgggaagtatatccagacatacg
caggccagcacgttgctatac
ccegtetectetccaagtace
cattccagatccgacccteg
cacggtagcagacctgtttgag

cacaacctccatcattcgctc
agtctaaacgcaactctgaacacc
ttctcatccactgecttgtaage
tgacagcgaacttgtgcttage
aacggtaatagcagccttctcaac
gtatcggaccctgtaactttgacc
gactagagcctcgacggtcttc
cgtcaaagagctgttgggaga
atcaagcgccaaccgagtc
agaggcacgaaacccttctgtag
ctctetctcgatccgatcattcte
ggagttggtagaaggagtgctgg
cttcttccacatctggtggate
caagtcgtgtagcttcagcgag
aacatcctcttgccagttgacc
ttccgcatctectecctactgy
tgtggtgaaggaattgatgaacc
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Table 2.2  Genes involved in furfural and HMF degradation in A. resinae ZN1

Functional
Categories

/Annotation Description

Num. Gene Symbols

Alcohol
dehydrogenase
(ADH, totally 80
genes)

Zn-dependent alcohol
dehydrogenase

27

ARZ_10052_T1; ARZ_10290_T1; ARZ_1137 T1;
ARZ_13167_T1; ARZ_13908_T1; ARZ 1429 T1;
ARZ_1478 T1; ARZ_15335 T1; ARZ_1542 T1;
ARZ_15626_T1; ARZ_15717 T1; ARZ 15727 T1;
ARZ_15928 T1; ARZ_16054_T1; ARZ_16075 T1;
ARZ_1653 T1; ARZ_16562_T1; ARZ_17261 T1;
ARZ_17817_T1; ARZ_4514_T1; ARZ_4549 T1;
ARZ 5226 T1;ARZ_6335_T1; ARZ_9116 T1;
ARZ 92 T1;ARZ 9386 T1;ARZ 9803 T1

Short-chain dehydrogenase

ARZ_10032_T1; ARZ_10048_T1; ARZ_10445 T1;
ARZ_10735_T1; ARZ_11749 T1; ARZ_12708_T1;
ARZ_12851_T1; ARZ_13165_T1; ARZ_14225 T1;
ARZ_14914_T1; ARZ_15221_T1; ARZ_ 16631 T1;
ARZ_17974_T1; ARZ_18688_T1; ARZ 2180 T1;
ARZ_3303 T1;ARZ_3412_T1; ARZ_5014 T1;
ARZ_5127 T1;ARZ_5257 T1; ARZ_5925 T1;
ARZ_6148_T1; ARZ_6276_T1; ARZ_6334 _T1;
ARZ_6568_T1; ARZ_6769_T1; ARZ_7751_T1;
ARZ_8436_T1; ARZ_9070_T1; ARZ_9496_T1;
ARZ 9792 T1

/Alcohol dehydrogenase, iron-type

2

ARZ 5124 T1, ARZ 962 T1

Other alcohol dehydrogenase

20

ARZ_11219 T1,ARZ_11558_T1;ARZ_1162_T1;
ARZ_12683_T1; ARZ_12736_T1; ARZ_12928 T1;
ARZ_15224_T1; ARZ_15907_T1; ARZ_15995 T1;
ARZ_17851_T1; ARZ_18719 T1; ARZ 18811 T1;
ARZ_2579 T1; ARZ_3164 T1; ARZ_3236_T1;
ARZ_3617_T1; ARZ_6090_T1; ARZ_6576_T1;
ARZ_6619 T1; ARZ 9528 T1

Aldehyde reductase,
aldo-keto reductase
(AKR/ARI, totally
21 genes)

Aldo-keto reductase

12

ARZ_10923 T1; ARZ_13395_T1; ARZ_14857 T1;
ARZ_14938_T1; ARZ_1621 _T1; ARZ_16490 T1;
ARZ_17182_T1; ARZ_17370_T1; ARZ_ 17920 T1;
ARZ_3860 T1; ARZ 7295 T1; ARZ 8147 T1

Aldehyde reductase

ARZ_13663_T1; ARZ_137 T1; ARZ_15150 T1;
ARZ_18349_T1; ARZ_3141 T1; ARZ_3976_T{;
ARZ_7271 T1; ARZ 7657 T1; ARZ 8367 T1

Aldehyde
dehydrogenase
(ALDH, totally 20
genes)

NAD-dependent aldehyde
dehydrogenase

15

ARZ_10708_T1; ARZ_11689 _T1; ARZ 12503 T1;
ARZ_15082_T1; ARZ_1535 T1; ARZ_15746_T1;
ARZ_18373 T1; ARZ 3957 T1;ARZ 494 TI;
ARZ 5090 T1;ARZ 5413 T1;ARZ_6133_T1;
ARZ 7774 _T1;ARZ 9159 T1; ARZ 9778 T1

IAminoadipate-semialdehyde
dehydrogenase

ARZ 11723 T1

Salicylaldehyde dehydrogenase

ARZ_18463 T1; ARZ 3707 T1

Betaine aldehyde dehydrogenase

ARZ 10838 T1

Semialdehyde dehydrogenase

ARZ 9969 T1

Oxidase
(Totally 16 genes)

IAlcohol oxidase

S II=YI=SI N

ARZ_11534_T1;ARZ_14616 T1;ARZ 17610 _T1;
ARZ 5225 T1;ARZ 6129 T1

Glucose oxidase

ARZ 16765 T1;ARZ 18116 T1

Choline oxidase

ARZ 10839 T1;ARZ 12679 T1

Cholesterol oxidase

ARZ 17625 T1

Glyoxal oxidase

ARZ_15963 T1; ARZ 3499 T1

Ent-kaurene oxidase

AN ININ

ARZ_16317 T1;ARZ_17995_T1; ARZ_18300_T1;
ARZ 6529 T1
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Fig. 2.4 Comparison of transcription levels for selected relevant genes in A. resinae ZN1 in response to (a)
1 g/L of furan aldehydes or (b) furan alcohols
Quantitative expression level for each gene is log, transformed from raw fold changes against that at 0 h.
Red and blue indicates up-regulated and down-regulated expression as indicated by a color bar at the figure
right. Expression data marked with green indicate significantly up-regulated (more than 200-fold) data. The
different relevant genes are listed on the figure left and the color from top to bottom indicates different

categories of genes: purple, ADH genes; blue, AKR/ARI genes; orange, ALDH genes; green, oxidase genes.
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Table 2.3  Genes up-regulated involving in both furfural and HMF degradation in A. resinae ZN1
Genes Genes ID Functional annotation Foldchange
Furfural HMF
ADH ARZ 15626 T1 Zn-dependent alcohol dehydrogenase, NAD-dependent alcohol dehydrogenase 5.8443.95 3.3340.57
ARZ 4549 T1 Zn-dependent alcohol dehydrogenase, NADP-dependent alcohol dehydrogenase 17.7532.94 3.674.16
ARZ 1653 T1 Zn-dependent alcohol dehydrogenase 2.15+.10 3.714).86
ARZ_10735_T1 Short-chain dehydrogenase, levodione reductase 2.4840.41 2.45+1.23
ARZ_11749 T1 Short-chain dehydrogenase 7.3243.48 3.8140.04
ARZ 14225 T1 Short-chain dehydrogenase, 3-oxoacyl-[acyl-carrier-protein] reductase 3.4240.15 2.0240.18
ARZ_2180 T1 Short-chain dehydrogenase, 2-(R)-hydroxypropyl-CoM dehydrogenase 22.8442.24 2.2740.13
ARZ_7751_T1 Short-chain dehydrogenase 6.2342.04 2.6610.26
ARZ 8436 _T1 Short-chain dehydrogenase, gluconate 5-dehydrogenase 5.1940.33 4.054).46
ARZ 11558 T1 (+)-neomenthol dehydrogenase 9.3842.41 2.7340.11
ARZ_15907_T1 Retinol dehydrogenase 5.8742.33 2.7910.44
ARZ 3236 T1 Histidinol dehydrogenase 3.1940.31 2.3040.74
AKR/ARI ARZ_10923 T1 Aldo-keto reductase, putative aryl-alcohol dehydrogenase 5.3140.60 2.0940.08
ARZ_7295 T1 Aldo-keto reductase, putative aryl-alcohol dehydrogenase 2.3240.83 3.84+2.51
ARZ_ 13395 T1 Aldo-keto reductase 3.3640.03 2.2840.62
ARZ 17920 T1 Aldo-keto reductase 4.6042.56 2.8240.23
ARZ 17182 T1 Aldo-keto reductase, norsolorinic acid reductase 6.44+1.59 2.5040.93
ARZ_15150 T1 NADPH-dependent methylglyoxal reductase 2.08#0.40 3.3440.16
ARZ 18349 T1 Aflatoxin B1 aldehyde reductase 5.65+1.13 2.8140.53
ARZ 3976 T1 Pyridoxal reductase 4.64+1.60 2.4240.24
ARZ_8367_T1 Pyridoxal reductase 7.1242.06 4.4740.31
ARZ_7271_T1 NAD/NADP-dependent indole-3-acetaldehyde reductase 4.4840.48 2.1740.43
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FS, SE AT U DA 5 420 A JEC A A POk P e 281 PR PR R P A . 1] 2.4b BT, AR A 2
T, 29 4~ ADH #:[K . 54 AKR/ARI #: K. 5 /4~ ALDH F:RAT 7 ANEAL BRI i #IA
IS WA, [FINAE 3 4~ ADH B[R N RRIA; R IERE LT, 30 4~ ADH 2K, 6 4
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ARZ_17261_T1 A1 ARZ_9803_T1 %5 iM%, HILrh ARZ_17261_T1 7EF%H AL A
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Table 2.4 Genes up-regulated more than sixfold involving in furfuryl alcohol and (or) HMF alcohol degradation in A. resinae ZN1
Genes Genes ID Functional annotation Foldchange
Furfuryl HMF
alcohol alcohol

Furan Alcohols to Furan Aldehydes

ADH ARZ 13908 T1 Zn-dependent alcohol dehydrogenases, propanol-preferring 16.93+£2.23 70.66+£6.23
ARZ 17261 T1" Zn-dependent alcohol dehydrogenases, propanol-preferring 7.93+2.52 718.50+112.23
ARZ 9803 T1 Zn-dependent alcohol dehydrogenases, propanol-preferring 12.15+1.19 33.461+3.60
ARZ 9386 T1 Zn-dependent dehydrogenases, diacetyl reductase - 26.21+3.71
ARZ 6148 T1 Short-chain dehydrogenase, 3-oxoacyl-[acyl-carrier-protein] reductase - 21.55+4.30
ARZ 962 T1 Iron-dependent alcohol dehydrogenase, hydroxyacid-oxoacid transhydrogenase 8.58+0.42 -
ARZ 12928 T1" Butanediol dehydrogenase / diacetyl reductase 12.88+£3.19 208.74+35.63
ARZ_15224 T1 D-arabinitol 2-dehydrogenase - 12.22+0.60
ARZ 3236 _T1 Histidinol dehydrogenase 6.50+1.89 7.274+1.35

Furan Aldehydes to Furan Acids

ALDH ARZ 11689 T1 NAD-dependent aldehyde dehydrogenase, succinate-semialdehyde dehydrogenase - 10.30%0.15
ARZ 15746 T1 NAD-dependent aldehyde dehydrogenase, succinate-semialdehyde dehydrogenase - 14.82+1.67
ARZ 7774 T1 NAD-dependent aldehyde dehydrogenases 24.61+5.15 78.80£0.77
ARZ_18463 T1" Salicylaldehyde dehydrogenase - 508.574-14.95

Oxidase ARZ 14616 _T1" Glucose-methanol-choline oxidoreductase, Alcohol oxidase 15.10+2.07 901.834-192.99
ARZ 16317_T1 Ent-kaurene oxidase - 7.0240.93
ARZ 6529 T1 Ent-kaurene oxidase 8.54+0.13 11.20+0.27

Bold genes are up-regulated (more than six-fold) response to both the two inhibitors, furfuryl alcohol and HMF alcohol.

* Genes are significantly up-regulated (more than 200-fold) involving in HMF alcohol degradation.
- Relative expression means not up-regulated or up-regulated to relative lower level (less than six-fold).
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Fig. 2.5 Global profiling of gene expression changes in A. resinae ZN1 under the stress of furfural (a) or
HMF (b) and the validation using gRT-PCR (c)
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Fig. 2.6  Gene ontology enrichment analysis of differentially expressed genes in response to furfural (a) or
HMF (b). GO terms of the biological process were significantly enriched catalogues (P-value < 0.01)
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Table 2.5 Transcriptional expression of oxidoreductase genes related to inhibitor degradation in response to furfural or HMF and the comparison with qRT-PCR data

Functional o gRT-PCR"
categories and Gene description

gene names Furfural HMF Furfural HMF
Alcohol dehydrogenase

ARZ 9955 T1 Putative aryl-alcohol dehydrogenase 25.91 13.32 - -
ARZ_17182_T1 Putative aryl-alcohol dehydrogenase 15.88 9.65 6.4441.59 2.5040.93
ARZ_14699 T1 Putative aryl-alcohol dehydrogenase 17.40 12.02 - -
ARZ_18349 T1 Putative aryl-alcohol dehydrogenase 14.94 13.46 5.65+1.13 2.8140.53
ARZ 15626 T1  Mitochondrial alcohol dehydrogenase isozyme Il1 20.60 57.96 5.8443.95 3.3340.57
ARZ 1478 T1 Mitochondrial alcohol dehydrogenase isozyme 111 2.37 1.19 1.9240.28 1.2440.07
ARZ 1463 T1 Alcohol dehydrogenase isoenzyme type IV 2.06 1.23 - -
ARZ 5124 T1 Alcohol dehydrogenase isoenzyme type 1V 2.94 1.21 2.3140.11 0.8540.10
ARZ_ 962 _T1 Alcohol dehydrogenase isoenzyme type 1V 2.37 1.48 2.7640.32 0.9840.00
ARZ_14090_T1  Alcohol dehydrogenase isoenzyme type IV 3.61 1.65 - -
ARZ 4549 T1 NADPH-dependent medium chain alcohol dehydrogenase 29.38 14.76 17.7542.94 3.6740.16
ARZ 5207 _T1 NADPH-dependent medium chain alcohol dehydrogenase 2.32 1.03 - -
ARZ 12306 T1 NADPH-dependent medium chain alcohol dehydrogenase 25.70 13.89 - -
ARZ 9133 T1 Bifunctional alcohol dehydrogenase and formaldehyde dehydrogenase 3.24 1.65 - -
ARZ 92 T1 Bifunctional alcohol dehydrogenase and formaldehyde dehydrogenase 2.26 1.45 1.2440.11 1.0140.01
ARZ_6716_T1 Bifunctional alcohol dehydrogenase and formaldehyde dehydrogenase 2.87 1.65 - -
ARZ 13703 T1 Sorbitol dehydrogenase 5.42 1.13 - -
ARZ 16054 T1  Sorbitol dehydrogenase 2.13 0.75 2.4540.08 1.5640.18
ARZ 9265 T1 Sorbitol dehydrogenase 2.39 0.86 - -
ARZ_15928 T1  Sorbitol dehydrogenase 5.61 1.20 2.7840.10 0.6840.00
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ARZ_2372_T1 Putative aryl alcohol dehydrogenase 10.73 4.74 - -
ARZ 15863 T1 Putative aryl alcohol dehydrogenase 3.44 1.16 - -
ARZ_7295 T1 Putative aryl alcohol dehydrogenase 5.65 58.04 2.3240.83 3.8442.51
ARZ_14938 T1 Putative aryl alcohol dehydrogenase 2.65 1.34 2.7940.65 1.3540.12
ARZ_17645 T1 Putative aryl alcohol dehydrogenase 2.60 0.90 - -
ARZ 10923 T1 Putative aryl alcohol dehydrogenase 8.34 5.08 5.3140.60 2.0940.08
ARZ 17370 _T1 Putative aryl alcohol dehydrogenase 2.68 1.19 1.6940.16 0.5640.06
ARZ _10657_T1 Putative aryl alcohol dehydrogenase 2.60 2.72 - -
ARZ 17766 _T1 Putative aryl alcohol dehydrogenase 3.84 43.96 - -
Aldo-keto reductase/aldehyde reductase

ARZ 9073 T1 NADPH-dependent aldehyde reductase 3.05 1.43 - -
ARZ 15150 T1 3-methylbutanal reductase and NADPH-dependent methylglyoxal reductase 3.00 1.72 2.0840.40 3.3440.16
ARZ 1375 T1 3-methylbutanal reductase and NADPH-dependent methylglyoxal reductase 2.59 1.62 - -
ARZ 5033 T1 3-methylbutanal reductase and NADPH-dependent methylglyoxal reductase 3.18 2.15 1.4340.15 1.4340.15
ARZ 18026 T1 Putative xylose and arabinose reductase 2.34 1.27 - -
ARZ 17678 T1 Putative xylose and arabinose reductase 2.07 1.23 - -
ARZ_14857_T1 Putative xylose and arabinose reductase 2.19 1.22 1.0640.21 0.7840.05
ARZ 3328 T1 Putative xylose and arabinose reductase 6.71 4.69 - -
ARZ 13395 T1 Putative xylose and arabinose reductase 3.91 2.50 3.3640.03 2.2840.62
ARZ 7271 T1 NADPH-dependent alpha-keto amide reductase 8.66 1.70 4.4840.48 2.1740.43
ARZ_10682_T1 NADPH-dependent alpha-keto amide reductase 8.71 1.76 - -
ARZ_16592 T1  NADPH-dependent alpha-keto amide reductase 2.77 2.52 - -
ARZ_7657_T1 NADPH-dependent alpha-keto amide reductase 4.57 6.86 2.3140.02 1.2140.04
ARZ 8230 T1 Putative pyridoxine 4-dehydrogenase 29.61 22.90 - -

ARZ 8367 T1 Putative pyridoxine 4-dehydrogenase 16.90 9.41 7.1242.06 4.4740.31
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ARZ_3976_T1 Putative pyridoxine 4-dehydrogenase 16.38 11.47 4.64+1.60 2.4240.24
ARZ_17786_T1 Putative pyridoxine 4-dehydrogenase 10.81 5.59 - -
ARZ_13164 T1 Putative pyridoxine 4-dehydrogenase 8.08 5.16 - -
ARZ_17920_T1 Putative pyridoxine 4-dehydrogenase 7.97 4.34 4.6042.56 2.8240.23
Aldehyde dehydrogenase

ARZ 18373 T1  Mitochondrial aldehyde dehydrogenase 4.52 1.47

ARZ 14546 T1  Mitochondrial aldehyde dehydrogenase 2.44 1.93

ARZ_6133_T1 Mitochondrial aldehyde dehydrogenase 3.40 1.24

ARZ_11062_T1  Mitochondrial aldehyde dehydrogenase 3.17 0.86

ARZ_18463 T1  Mitochondrial aldehyde dehydrogenase 13.49 1.57

Oxidase

ARZ 974 T1 Long-chain-alcohol oxidase 3.51 1.02

ARZ_3221_T1 Glucose-methanol-choline oxidoreductase, cellobiose dehydrogenase 0.29 0.73

ARZ_11870_T1  Aryl-alcohol oxidase 0.41 0.93

ARZ_17610_T1 Long-chain-alcohol oxidase 231 1.06

ARZ_12679_T1  Choline dehydrogenase 2.35 1.57

*RNA-Seq ratio of gene expression for the inhibitor treatment condition over control condition (without inhibitor) at 4 h. The red and green ratio value indicate
significantly up-regulated (Foldchange > 2.0, FDR < 0.05) and significantly down-regulated (Foldchange < 0.5, FDR < 0.05), respectively.

® JRT-PCR ratio of gene expression for 4 h over 0 h inhibitor treatment condition. The red and green ratio value indicate up-regulated (Foldchange > 2.0) and
down-regulated (Foldchange < 0.5), respectively; “-” indicates not detected.
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For I BX P 2R FE R R AR 3 22 R R IEEA, Tl IX S A, resinae ZN1 B ARISCER I (1)
BR IR IAA 9% o AN s AT T 1 IR D AL B 4 h IFEATRE A USCER HG I T 4k 3 2
ITHERE . HMF [R5 FR R ) Ak, TLP AR - 8 F AR (1) AR ORI AR 2

¥ RNA-Seq 45 R 5 2 i E & PCR 45 AT X Lot . W& MZE, £5ih%
Pk A. resinae ATCC 22711 347 [RIE IS PRI S50 EL 2 BT &30, AL resinae ZN1 ZE [ 4H
HAFEAE T IAHALRE iRy I& 90% LA F AN BE P, JRATTFR < 2R, HIXRIER ST 2
A. resinae ZN1 BMIEH (18830 4N) M) 72.2%. 4K €& PCR BARN XKL (lndk
ARZ_4549 T1 5 ARZ_12306_T1, —FEZIRFFHIFLEN 97.6%) #ATH %K€
I, HT R GE R, Tei% 53 08 AEACLRE Gt v (R PR AN PR R AT 430 8 £
ERLE R OH Hh — AN R R AT 51 s b A E &40 0. 58 & PCR BURANE, RNA-Seq
FEAR U AT LUK ff 1b S0 P AHALEE DR () B s /K F e & . T € & PCR $0R 5 RNA-Seq #%
ARIEXMZE R, P RNA-Seq &5 R 2 5 R WL R L0 — 3 0 N E & PCR 45
(3 2.5), XN HEE A B IR L p TR R AL B K S AR M B PCR S &= 41T 1Y)
B SR, T RNA-Seq 45 5 o 78 #0494k B 35 DR xof w9 ARG ZEE DR ) 8 s /K
A, B, R SEULE R PCR 4555 RNA-Seq 45 11 ——Xf B, ABFFAIIR
A DA B AT R LA . Ak, AT AT, B R P AL BRI (R R, ASHIE AT A
o} 5 G e S i) PG o 2 A Rl R 4 116 e it S T AT 28 ) 36 2 T 18 O JRL Bl R 47 8 8 PCR
5 RNA-Seq &5 3 1%f th a7

Wz 2.5 Fi~, RNA-Seq 45 5% ® PCR 45 BBk L 2 TIRIFHIX MK R
RNA-Seq 45 H 5 5 & PCR 45 AR iils 5 S L IARE AR HE 2 T HMF 15 S,
H HMF 755 E R LR L3552 BIRRIE 1K) 15 5 05 - BE il 2B A ] ARZ_17182_T1,
ARZ_18349 T1. ARZ_15626_T1. ARZ 4549 T1. ARZ_7295 T1 1 ARZ 10923 T1,
L Ko I B 3 J B/ O8 JRUE 3E ) ARZ_3328 _T1. ARZ_ 13395 T1. ARZ_ 8230 T1 Al
ARZ_17786_T1 £ RNA-Seq £ R Fl5E & PCR 45 R 15 B /R 2 2IMEES . HMF 115 S i
Tk, EEMARERR ARZ 5124 T1. ARZ 962 _T1. ARZ 16054 T1. ARZ 15928 T1
A ARZ_14938 T1 £ RNA-Seq 45 A1 5E f PCR 45 B 15 R R 2 2R 5 5 LR
ko XFLEAHTEIR, RNA-Seq HiAR 5 & PCR $ AR AT UL S Bl 47 B ff A 0% K B 2
AT B A 4R R T e
2.3.5.2 MRS, HMF [ %R -5 2 AR

IR I P AR S B0 7R, AL resinae ZNL 7E B i R e 58 (140 s 2 PP 1 00 PR Mg TS 2 Ay
P AR I, 12 4% A0 1 R T FEIE 5 71 NAD(P)H 1 e Mk F2 , 17 AE#04&  NAD(P)H
T AR T PR R AT IR IR IR AT . IRIRIEIA SR, UbAh, 4l
V5B I FAALER, A, resinae ZN1 2R JERIF RE IR 36 A I RRIREE, AT 4K %
AR BARKTR, HEEA TG REEFE. Fk, AN 5 T BRREEASHI 5 A
resinae ZN1 9% %) BEAC T IS A2 520

FREEEALPE R A. resinae ZN1 (s 4EH (R 2.6) Tor, PEEREMAZ I EhEMEE
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Table 2.6 Transcriptional expression of genes related to glucose metabolism in response to furfural or

HMF
Functional o Expression®
categories and Gene description
gene names Furfural HMF
Glycolysis and Gluconeogenesis
ARZ 773 T1 Hexokinase 0.40 0.81
ARZ_12961_T1 Fructose-1,6-bisphosphatase 2.21 0.92
ARZ_4407_T1 Fructose-1,6-bisphosphatase 2.44 1.12
Glycerol metabolism
ARZ 9114 T1 NADH-dependent glycerol-3-phosphate dehydrogenase 0.45 0.94
TCAccycle
ARZ_16974 T1 E1 alpha subunit of the pyruvate dehydrogenase (PDH) complex 2.02 1.37
ARZ 11668 _T1  Alpha subunit of succinyl-CoA ligase 5.96 1.47
ARZ 12480 T1 Alpha subunit of succinyl-CoA ligase 5.88 1.57
ARZ_15743 T1 Beta subunit of succinyl-CoA ligase 2.78 0.73
ARZ_1957_T1 Minor succinate dehydrogenase isozyme 2.38 0.99
ARZ _16736_T1 Minor succinate dehydrogenase isozyme 0.96 2.03
ARZ 4232 T1 Minor succinate dehydrogenase isozyme 2.38 1.01
ARZ_3292_T1 Minor succinate dehydrogenase isozyme 1.79 2.08
ARZ 18080 _T1 Iron-sulfur protein subunit of succinate dehydrogenase 2.07 1.21
Respiratory chain
ARZ 4530 T1 Heme A:farnesyltransferase 2.51 1.77
ARZ_4242 T1 Heme A:farnesyltransferase 4.90 1.98
ARZ_1967_T1 Heme A:farnesyltransferase 5.59 2.31
ARZ 17139 T1 Heme A:farnesyltransferase 11.83 2.58
ARZ 14892 T1 Heme A:farnesyltransferase 8.93 2.08
ARZ_12752_T1 Heme A:farnesyltransferase 5.53 0.71
ARZ_12287 T1 Heme A:farnesyltransferase 3.28 1.69
ARZ 15833 T1 Protein required for the hydroxylation of heme O to form heme A 341 1.31
ARZ 14906 _T1 Protein required for the hydroxylation of heme O to form heme A 2.88 1.03
ARZ_13155 T1 Protein required for delivery of copper to Cox1p 2.18 0.89

ARZ_4258 T1 Copper metallochaperone that transfers copper to Scolp and Cox11lp 3.77 1.01
ARZ 1983 T1 Copper metallochaperone that transfers copper to Scolp and Cox11p 3.16 1.03

ARZ 9830 T1 Subunit d of the stator stalk of mitochondrial FLFO ATP synthase 2.01 1.10
Heme biosynthetic process

ARZ_1468 T1 Aminolevulinate dehydratase 2.04 1.01
ARZ 5582 T1 Uroporphyrinogen 11 synthase 2.99 1.39
ARZ 7226 T1 Uroporphyrinogen 11 synthase 2.75 1.13
ARZ_7338_T1 Protoporphyrinogen oxidase 2.06 1.04
ARZ 8484 T1 Mitochondrial matrix iron chaperone 2.42 1.18
ARZ 12397 T1 Mitochondrial matrix iron chaperone 2.10 1.00

 The red and green ratio value indicate significantly up-regulated (Foldchange > 2.0, FDR < 0.05) and
significantly down-regulated (Foldchange < 0.5, FDR < 0.05), respectively.
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S ARZ_773_T1 (0.4 %) R WEFEMEH T IREZL, ZEEF NSRS oS E
R RN, S AR A vh R S B R R SRbE — IR AR ) ARZ_12961_T1 (2.21 fi%)
A ARZ_4407_T1 (2.44 £5) 2R EBFHFT LKA, X 5H0HY S22 311
WGEAFFE, AR IE /e — 2R E L3 A, resinae ZN1 [ £ FERIT . S atds
RRTR, RO R I AT I PR IR A B 6-BE IR N ARG AR ARZ_9744 T1
ARZ_13904_T1 DL % 6- Bk ik ol 2 W I it S Bl ik K] ARZ_11446_T1 F1 ARZ_7395_T1 #452
FFEF LRRE, HEAREEHRA 1542 GEERER), SR ETIFRZ
FUMERE RS S . AL, BREEACE SEBUNIR M EAME A4 EL A o IR
ARZ_16974_T1 &3 FARIE (2.02 f5), R ZRERIGHAHHBEHIBE-CoA & il o T
FEILH ARZ_11668 T1(5.96 f%) 1 ARZ_12480 T1(5.88 £i5).p WIEF K ARZ 15743 T1
(2.78 %) DL BEFAMR I S B IE K] ARZ 1957 T1 (2.38 f%). ARZ 4232 T1 (2.38 %)
A1 ARZ_18080_T1 (2.07 f5) HWERIMEBZEFH T HIARIE (R 2.6). HFMHE Y ik
AP 22 T5F A, resinae ZN1 H =R IRIEIMH LRI R, (HLF A2 LR IE A AH
KEEHHIRIL

P A 2B A P 5 WA U SR AR AR DT R . B 2 A5 R B R A R
Sz C EALBER ATP BEAHCIIZER B3 IRRIE. i ® B Efumax O
(R /E B L R] ARZ_4530 T1 (2.511%). ARZ 4242 T1 (4.90 f%). ARZ_1967 T1 (5.59
f%). ARZ_17139 _T1 (11.83 f%). ARZ 14892 T1 (8.93 f%). ARZ_12752_T1 (553 fi%)
A ARZ_12287 T1(3.28 f5), AL I LT & O AR R A HI1FE B3R ARZ_15833_T1
(3.41 f%) 1 ARZ_14906_T1 (2.88 %), it M4HltER ¢ AMERL2 H1EH
Mg 3L K ARZ_13155 T1(2.18 fi5). ARZ_4258 T1(3.77 i) A1 ARZ_1983_T1(3.16 %),
PLE ATP &HEFER ARZ 9830 T1 (2.01 i) ¥EZ#E LiFRIEED 2 5. tk4h, BT
R RMP R C AMBEN EIEE, HRAS RS RS S5 LA RN LE K
FISEII LR ARZ_1468 T1 (2.04 f%). ARZ 5582 T1 (2.99 f%). ARZ 7226 T1 (2.75
%) ARZ_7338_T1(2.06 fif) S 2 i Ak o vhoAH B 2k A1 A8 4 7 J: [l ARZ_8484_T1(2.42
). ARZ_12397 T1 (2.10 f%) EZFiFES LHFRX.

5 UL BTN, MR A AEAE — R b b R A BT RE, (EL R R T
B RMAN AR IR A G (ZRRBRIEH) BRI fe A ok (RFIREED 1Y
FERR BRI, XU (B B EiAFRIA T DU IS R SR L 2 Ak )5 ),
BT 4ERRIR N RS8R SR AR, (RTINS e 9 B ARk B 22 1) i 5 FH T AR % 5ok 4 i i
JR R 24

XT LR AL B R I A SR A5 IR, HMF B AR & 08 AR 2 R N, B T =88
FRAEFR o i B PR i S G FE ) ARZ_16736_T1 (2.03 %) 1 ARZ 3292 T1 (2.08 %) %
P BRERIR AN, HoAth 5 2 R AU AR OC 1) 5= DR L 32 R R I s /K1 1) i 25 A4k
Hk, MR e R R S5 R C EALBEA BitH SR ARZ_1967_T1 (2.31
f%). ARZ 17139 T1 (2.58 f%) #1 ARZ 14892 T1 (2.08 1) &# FifiRiA#ET 2 1.
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PLE 8 1 g/l f) HMF R BEXT A. resinae ZN1 7724 B B AIMHI RO, 24 BT
AKCPAESE T AR E T HMF 85 I SR TR .
2.35.3 HiE. HMF 5¥)iiskiz

R A IR, DRI A2 A, resinae ZN1 (P BUARHHEFE,
2 (a1 R, U AR R ia B A A B D] () e S /KT o R AL R T 3L
156 M ERER KA R E ERRIL, REHIEEQFEAFERZEABEE MFS
(Major Facilitator Superfamily). ABC (ATP-binding cassette) ¥4z . P A ATP Hgk%
BEA. BRI ED. AEARBERED . FKEEEA%, %D MFS f1 ABC
HelEANERrREERNRE . £ 2.7 JEoR [ AEREREALHE T B35 2 7R RIKEW 4 51
HIZE O MR N 27 MR EAARERKRISHEDT 4 5, HPadE 16
MFS #1258 HZEF A 2 4 ABC #ia S AR K . HMF 438 R R 7 ANgis s A 2R 2=
RRIEHIT 475, HPEFR 34 MFS iz [ 2 > ABC #izEAHER,

R S R BRI R, MFS #iz s H 2K ARZ_12615 T1 W3 LiffERiA
11.92 %, ZHF D MFS #38 2451 DHIA KRB E, SHEEAMU S B THIEH
X, BRZE5HEHEEILEMNIE. A resinae ZN1 F14 FL T R 0 1 5 19 R A
ARZ_3553 _T1 Al ARZ_10974_T1 4y B2 FiZRIE 3.68 A 2.22 f5. FEfRLs iR
A. resinae ZN1 7F [ ff R ok FE A ey S B p s VSl A AE B BRI, TR g AR B iR sk
FKIEEH e SREE M %12 H X, MFS #izft %K ARZ_13813 T1 (4.00 f%)
ARZ_16402_T1 (7.62 {4) ARZ_8247 T1 (4.12 f%). ARZ 8766 _T1 (16.72 %) &#*
RIS 4 1%, X 4 ADNIERI gAY AR RRIEE N . R A EUSR R T A R A
FAL A RIIRER CRIRIR), FE AR LR R 1S JE K v] R SRR I 4% 18 A0 O . LAk,
ek 5 RIE R MFS H518 t H JE N o 5 40 ) Bl s AH OC I R R i A W 3 22 S ks, G
FR A SE A & B B A B ) ARZ_7753_T1 (4.92 %) A1 ARZ_9797_T1 (5.90 f%), LA
N 0] B s R R I FUPE B R AL [ ARZ_ 12681_T1(5.05 ff5)8 2% FiARIAHIT 4 %,
[FJ IS /5 JIBE b R 0 2 ik e 3 ) v 7 0 BB R 2 A A 1 2R F) ARZ_10823_T1 (0.40 fi5) W&
NIRRT I R O 1 R DR ) 3 22 S AR AR AR S 2 R AT R ORE A
PRAT) SZANHIAH B o HoAth % 1a T 1 DRAH SC I AR Wi Rt (0 4 i BE B il 2 R30S
BTHis. RERZEES. SBEBEML, HMF 4T EEERRENLKEEAR
Rl D, adE %%%F«ﬁﬁa@m 2 /™ ABC HiaE A ARZ 198 T1 (7.20 %) fn
ARZ_16455_T1 (6.26 ff1); SEF#1aH KM 2 4> MFS ¥z H K ARZ_12937_T1
(9.17 ff) 1 ARZ_18182_T1 (7.11 f%); S ZM&HIZH XM y-& 5 T RIEE MR K
ARZ_12379_T1 (4.40 1) MZxiiaE AR K ARZ_11385_T1 (0.19 f%); HZEiEE
FHIEH) MFS i B [ K ARZ_412_T1 (4.92 %),

B UL Lo i3 2], Yftiaid FEMEL 2 B A 7E A. resinae ZN1 FEFEBEIE . HMF 1)t
R RIFEHEEAEA
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Table 2.7 Transcriptional expression of transporter encoding genes in response to furfural or HMF

R 27 RE. HMF B TRz EAmEER REFRE

Functional Expression®
categories and Gene description

gene names Furfural HMF
ABC transporter

ARZ 198 T1 Plasma membrane ATP-binding cassette (ABC) transporter 8.38 7.20
ARZ_16455 T1  Plasma membrane ATP-binding cassette (ABC) transporter 7.96 6.26
Amino acid permease

ARZ_6665_T1 Plasma membrane transporter for choline, ethanolamine, and carnitine  0.25 0.92
ARZ_18137_T1  Low affinity methionine permease 5.56 0.78
ARZ_12379 T1  GABA (gamma-aminobutyrate) permease 5.37 4.40
Major Facilitator Superfamily

ARZ_12452_T1  Plasma membrane transporter of the major facilitator superfamily 4.80 1.86
ARZ_12937_T1  Plasma membrane transporter of the major facilitator superfamily 1.89 9.17
ARZ_18182_T1  Plasma membrane transporter of the major facilitator superfamily 1.52 7.11
ARZ_15752_T1  Plasma membrane protein of the major facilitator superfamily 5.43 1.06
ARZ_12615 T1  Putative transporter in the major facilitator superfamily 11.92 0.96
ARZ_14277_T1  Putative paralog of ATR1, drug resistance protein 4.87 1.06
ARZ_13813 T1  Protein with similarity to monocarboxylate permeases 4.00 1.95
ARZ_16402_T1  Protein with similarity to mammalian monocarboxylate permeases 7.62 3.65
ARZ 8247 T1 Protein with similarity to mammalian monocarboxylate permeases 4,12 1.75
ARZ 8766 _T1 Protein with similarity to mammalian monocarboxylate permeases 16.72 1.66
ARZ_17260_T1  Putative dityrosine transporter of the major facilitator superfamily 16.86 1.81
ARZ_ 412 T1 Multidrug transporter of the major facilitator superfamily 5.52 4.92
ARZ 8414 T1 Multidrug transporter of the major facilitator superfamily 10.90 1.78
ARZ 4588 T1 Polyamine transporter of the major facilitator superfamily 5.95 1.13
ARZ 8259 T1 Permease of basic amino acids in the vacuolar membrane 5.05 1.76
ARZ_12681 T1  Galactose permease 5.05 2.30
ARZ_7753_T1 Low affinity glucose transporter of the major facilitator superfamily 4,92 1.58
ARZ 9797 T1 Low affinity glucose transporter of the major facilitator superfamily 5.90 1.36
Glycosyltransferase sugar-binding region containing

ARZ_ 952 T1 Protein of unknown function 0.22 0.69
Major intrinsic protein

ARZ 9798 T1 Putative protein of unknown function 4.07 2.31
Mitochondrial carrier protein

ARZ_12969 T1  Mitochondrial inner membrane transporter 4.27 1.27
Permease for cytosine/purines, uracil, thiamine, allantoin

ARZ_18430_T1  High affinity uridine permease, localizes to the plasma membrane 10.73 2.83
P-type ATPase

ARZ_9440 T1 High affinity Ca2+/Mn2+ P-type ATPase 0.22 0.59
ARZ_12202_T1  High affinity Ca2+/Mn2+ P-type ATPase 0.09 0.95
Sodium:solute symporter family

ARZ_11385 T1  Plasma membrane transporter for both urea and polyamines 1.15 0.19

* The red and green ratio value indicate significantly up-regulated (Foldchange > 2.0, FDR < 0.05) and
significantly down-regulated (Foldchange < 0.5, FDR < 0.05), respectively.
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PR TP e RS AR R T 45 BB, BRES . HMF m 51k A P 6 14 420 5 B2 (reactive

oxygen species, ROS) AR, X k=B R A E e . ROS BIETHAMEA
(H,0.). AT (0D, FHMEE (OH) 25, WG NE DNA. EAK. Ji§
J3R R AR AR, P N £ SR MR BB TSRS 92, AL resinae ZN1 )G L 45 R R,
WK I T 15 5 T PN 5 SR RO DG R R B 3 2 R (3R 2.8). HREEAREE R, A
resinae ZN1 H 5 ROS [ fifAH ¢ 1 A ) B AL B (R (ARZ_6047_T1 A1 ARZ_2979_T1)
N AR R (ARZ_9920 T1 F1 ARZ 18016 T1). 4tz C AL HE A
(ARZ_5135 T1 1 ARZ_14361_T1). #HiFEidE BRI (ARZ_6121 T1). Hi%EiL
A EAEGIE (ARZ_7464_T1D) . REAEEHZERF (ARZ_7080_T1). At H KK
H A IA R E LK (ARZ_5744 T1 A1 ARZ_323 T1). %A% 4 FEE 3L K (ARZ_18586 T1
A ARZ_12369_T1) VL JHHARAM %KMK ABC fria i H & F (ARZ_198 T1 1
ARZ_16455_T1) % FiRA@E 2 5. HALSE AN EACHIERE, 4 NADPH
WO AL L SR R R . ATP AR Lon SR LI RRJEIA. 4& BB, AEER C A
ARG AEAR B DR SR AE MR A0 B T Bl I W15 3Rk . HMF Ab3T, Bk 55 i ik
FHSRI LA, bR 5 FR LR A AT 52 A0 R 1 ABC #4128 1 2E K (ARZ_2780_T1.ARZ_198_T1
A ARZ_16455 T1) 3 BifsRiEAh, FAhIERI AR RIEE Z 5 RIETH.

BIEH IR AEMEN FERPUE RS, AR HUE RIS iE . fERERE
T ik 5B H Ik Bk < i JE IR GSHA A 18 5 B A4 Rl R it 52 4, 4R v 2
028 68] e A R (R 2.8), MEMETT SEA. resinae ZN1 1 54 H kA A
R FE R IR F AR B 2 B R R A R K (ARZ_4583_T1 F1 ARZ_12338_T1)
B IEH KA G s T B SRR JE R, s H 45 R 7R IR BR300 2. 2 1A
ik 2.26 5H01 2.05 fi5; D MEHBOEEEEIER ARZ_5067_T1 &% LRI 2.01 %5 #&
PR AS EH BEK Al 2L 8] ARZ_4492 T1 Ml ARZ_13212_T1 4358 % iR 2.42 f5H0
2.28 1% CRMAMEH POK MR E L KB S-ALBES M E KT AR —20 FARE K. A
resinae ZN1 54 B H TG Bt G 2R R 1 S 25 B R3RIE B T SR A el xof v 4 7= 2F
MR E ). SHEARF, HMF A3 FR 54 BH TG Bk 5% 0 2L R 35 R R 30
BEESRIEAN, T 1 g/l HMF X AR AR 0 5 (08 A0 R 7 .

WITHT AT, 18 5 77 NADPH R A Ay Wk g I 3 S5 S 87 (1) 56 DR - 2 5 Wk Ml T ) e A e A
Ak, NADPH & R] DAE 4 Dk H L J5E iy 55 it 4008 B 8 TR B 1 ER 5, 6 48 B XS
ROS S ALt A o 4% B EAE F o i AE YDA P NADPH =5 R T SO Rl 192 145 12 F 6] 25
6- Tt 22 Mt S A G- 1 7 26 W T ot g T (i L P S B2, DA R — SRR 34 1 NADP™ ik i 4
ST IR M S RT3 SR R TG T (A 1 s B o MRS 3 2% A S %o T R 35 R i 2 S 2 AT
fHE R, PPP BRARMIAHCIER (ZWFL1. GND1. TKL1 B¢ RPE1) SERSTH 5214 >,
H 243t 2R3k ZWFL G %5 56 BRI 08 ) I, bk 7T 78 v ok R e Jp i T A (125 2680
SHTINN, ZWFL D aeF AR B2 SRR R Ak, T2 AR S L 2 0% 1k )5 /)
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Table 2.8 transcriptional expression of genes related to oxidative stress response in response to furfural or
HMF
Functional Expression®
categories and Gene description
gene names Furfural HMF
Response to oxidative stress
ARZ 6047 T1 Cytosolic copper-zinc superoxide dismutase 2.36 1.92
ARZ 2979 T1 Cytosolic copper-zinc superoxide dismutase 2.87 1.64
ARZ 9920 T1 Copper chaperone for superoxide dismutase Sod1p 2.98 1.07
ARZ 18016 T1  Copper chaperone for superoxide dismutase Sod1p 2.99 1.28
ARZ 5135 T1 Mitochondrial cytochrome-c peroxidase 3.07 1.44
ARZ 14361 T1  Mitochondrial cytochrome-c peroxidase 2.79 1.51
ARZ 6121 T1 Thiol peroxidase 2.42 111
ARZ 7464 T1 Mitochondrial peroxiredoxin with thioredoxin peroxidase activity 2.23 1.69
ARZ 11629 T1  Thiol-specific peroxiredoxin 0.38 0.82
ARZ_7080_T1 Cytoplasmic glutaredoxin 2.13 0.94
ARZ 5744 T1 Glutathione-dependent oxidoreductase 3.00 1.25
ARZ 323 T1 Glutathione-dependent oxidoreductase 2.87 1.22
ARZ 18586 T1 Nitric oxide oxidoreductase 3.00 0.95
ARZ 12369 T1 Nitric oxide oxidoreductase 2.93 0.99
ARZ 9510 T1 NADPH-dependent quinone reductase 3.94 1.07
ARZ 5043 T1 NADPH-dependent quinone reductase 2.24 1.23
ARZ 1501 T1 NADPH-dependent quinone reductase 3.48 1.33
ARZ 1137 T1 NADPH-dependent quinone reductase 3.51 1.52
ARZ 10654 T1 NADPH-dependent quinone reductase 5.26 1.57
ARZ 10336 T1 NADPH-dependent quinone reductase 3.20 1.56
ARZ 4763 T1 ATP-dependent Lon protease 2.13 1.52
ARZ 13491 T1  ATP-dependent Lon protease 2.57 1.43
ARZ 9159 T1 Catalytic subunit of the Hat1p-Hat2p histone acetyltransferase 6.90 1.36
ARZ 672 T1 Catalytic subunit of the Hat1p-Hat2p histone acetyltransferase 6.15 1.16
ARZ 5251 T1 Catalytic subunit of the Hat1p-Hat2p histone acetyltransferase 3.65 1.10
ARZ_10708 T1 Catalytic subunit of the Hatlp-Hat2p histone acetyltransferase 4.81 1.17
ARZ_17771_T1  Cytosolic copper metallochaperone 2.29 0.96
ARZ_7227_T1 Flavin-linked sulfhydryl oxidase of the mitochondrial IMS 3.76 1.03
ARZ 5581 T1 Flavin-linked sulfhydryl oxidase of the mitochondrial IMS 3.95 1.13
ARZ 8287 T1 Protein that may act as a chaperone for cytochrome ¢ oxidase subunits  2.35 1.06
ARZ 10374 T1 Protein that may act as a chaperone for cytochrome c¢ oxidase subunits ~ 2.55 1.14
ARZ 16124 T1 Plasma membrane ATP-binding cassette (ABC) transporter 0.29 0.68
ARZ 2780 T1 Plasma membrane ATP-binding cassette (ABC) transporter 1.71 291
ARZ 16455 T1 Plasma membrane ATP-binding cassette (ABC) transporter 7.96 6.26
ARZ 198 T1 Plasma membrane ATP-binding cassette (ABC) transporter 8.38 7.20

Glutathione biosynthetic process
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ARZ 4583 T1 Gamma glutamylcysteine synthetase 2.26 1.45
ARZ 12338 T1  Gamma glutamylcysteine synthetase 2.05 1.55
ARZ_5067_T1 Cytosolic and mitochondrial glutathione oxidoreductase 2.01 1.21
ARZ_4492 T1 Cytoplasmic glyoxalase Il 2.42 1.00
ARZ 13212 T1 Cytoplasmic glyoxalase Il 2.28 1.05
NADPH generation

ARZ 5863 T1 Isocitrate dehydrogenase (NADP™) 2.33 1.13
ARZ_9592 T1 Malic enzyme 3.64 1.62
ARZ 18809 T1 Malic enzyme 4.93 2.02
ARZ 1224 T1 Malic enzyme 3.49 1.56

®The red and green ratio value indicate significantly up-regulated (Foldchange > 2.0, FDR < 0.05) and
significantly down-regulated (Foldchange < 0.5, FDR < 0.05), respectively.

NADPH,  FH T B 1) B g e A A0 SO 0] Fope I 5| AR i e ol . B s 1S5 IR o, i
AEEE R, ORE R 42 2R e NADPH [ /R 2 DR AR 6- ol IR M Ll A A
ARZ_9744 T1 (1.42 f&%) 1 ARZ_13904 T1 (1.97) LLJ 6-Tf &% %0kl g i S g 5 K]
ARZ_11446_T1 (1.66 f%) f1 ARZ_7395 T1 (1.52 f%) #%#iFE S LEEE, HIN =%
FRIEI R ) AT R A BE (NADP™) A ARZ 5863 T1 FISEREZEGHEKN (NADPY)
ARZ_ 9592 T1.ARZ_18809 T1 Ml ARZ_1224 T1 4r3)iE2# LiRIAE 2 5 (% 2.8);
HMF 43 K, SERIREGILK ARZ 18809 T1 &% FilFiAH T 2 4.

ZEA DL EHTINN, BRIEES ITEE ST A. resinae ZN1 =4 AH N A8 BB T /7,
HURREE B 258 T HMF. A, resinae ZNZ1 R b 145 a4 -5 58000 1R 0 SO 96 () 36 TR o
S TE UL i B ok 78 1 e e 5o LA 3 s PRI 4545
2.35.5 M. HMF 5% 3811%

IV A7 2% o S B Y T BT ) 2 B SR R D TR AR R AR G, YRR [ i S A I R A
FHREK . SSRGS, R RE RGNS DNA 5. EE#EE A%
WA G A e FEAR DG ) 22 e R IR FE D L P 2R A B2 TSR, WISk 2.9 .

PR FE T, 5 DNA SRR K 2 R RIBFE R I 20 4y, BRI skl AL A
ARZ_13198_T1 (3.75 ) w3 Bk, HARERYEZETHER, SEAfMEY
FEAH R 2 R RIBFE R IL 1T 79 S, BRERIAR R A ZBE-tRNA & iR K ARZ_556_T1

(2.40 £5) A1 ARZ_16795_T1 (2.26 fi%) LA K RNA il L K] ARZ_8131 T1 (2.72 %)
1 ARZ_2590_T1 (2.09 ) W& BifRAA, HRIEEBEZE NHERE; SEEEKEG
AR R A OC ) 22 e RIB FE R IL 1T 31 A, BRI MER /NI FEZH B A0 OC (1 i 2 1 2k
I ARZ_18080_T1 (2.07 i) W3 BiMRIES, HRFEREZE T RHEIL, HELHET

IR LR 1 2B N ERIASEM A resinae ZNT A IR A K

AR, HMF 2B~ 5 DNA Eiil & E# e ARG A 2 e R A O ) i
KL PR R 72 7 RIEA, X5 R OIESE,  [R)R R TORE 1) 25 1z = T
HMF.
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Table 2.9 Differentially expressed genes related to cell growth in response to furfural

Biological process ~ Gene name®

DNA replication  ARZ_119_T1, ARZ_2420_T1, ARZ_16379_T1, ARZ 3198 T1, ARZ 16943 T1,
ARZ_14478 T1, ARZ_15980_T1, ARZ_12860_T1, ARZ_4526_T1, ARZ 10871 T1,
ARZ_9579 T1, ARZ_12690_T1, ARZ 15392 T1, ARZ_5041 T1, ARZ 13198 T1,
ARZ_1214 T1, ARZ_6743 T1, ARZ_14788_T1, ARZ 5887 T1, ARZ 12739 T1

Translation ARZ_703_T1, ARZ_15318 T1, ARZ_16966_T1, ARZ 17083 T1, ARZ 14553 T1,
ARZ_15258 T1, ARZ_556_T1, ARZ_10740_T1, ARZ 16482 T1, ARZ_8131 T,
ARZ_7003_T1, ARZ_5786_T1, ARZ 7034 _T1, ARZ 4055 T1, ARZ 2590 T1,
ARZ_253 T1, ARZ_16856_T1, ARZ 9692 T1, ARZ_15030 T1, ARZ 15681 T1,
ARZ_10159 T1, ARZ_4628 T1, ARZ 8907 T1, ARZ_ 9609 T1, ARZ_5418 T1,
ARZ_2128 T1, ARZ 1995 T1, ARZ 5820 T1, ARZ 9743 T1, ARZ 7078 _T1,
ARZ_13851 T1, ARZ_365_T1, ARZ_251 T1, ARZ_2670 T1, ARZ 1941 T1,
ARZ_3596_T1, ARZ_10382_T1, ARZ 8049 T1, ARZ 2256_T1, ARZ_16795 T1,
ARZ_4217_T1, ARZ_16681_T1, ARZ 5573 T1, ARZ 5137 T1, ARZ_15029 T1,
ARZ_6246_T1, ARZ_7235 T1, ARZ 1541 T1, ARZ 13184 T1, ARZ_15772_T1,
ARZ_12568_T1, ARZ_2668_T1, ARZ 8629 T1, ARZ 17531 T1, ARZ_8348 T1,
ARZ_14363 T1, ARZ_13180 T1, ARZ 8294 T1, ARZ 9829 T1, ARZ 15557 T1,
ARZ_18442_T1, ARZ_9009_T1, ARZ 9914 T1, ARZ_13903_T1, ARZ 5057 T1,
ARZ_71_T1, ARZ_2793 T1, ARZ_15650_T1, ARZ 9796_T1, ARZ_12132 T1,
ARZ_7999 T1, ARZ_1878 T1, ARZ_13026_T1, ARZ_9319 T1, ARZ_3715 T1,
ARZ_8637_T1, ARZ_2089 _T1, ARZ 402_T1, ARZ_1996_T1

Ribosome ARZ_7215 T1, ARZ_17083_T1, ARZ 5718 T1, ARZ_7003_T1, ARZ_4744 T1,
biosynthesis/assem  ARZ_7034_T1, ARZ 4055 T1, ARZ 253 T1, ARZ_18080_T1, ARZ 16856 T1,
bly ARZ_9692_T1, ARZ_15361_T1, ARZ_ 5595 T1, ARZ 2065 T1, ARZ_4740 T1,

ARZ_ 2128 T1, ARZ_1995 T1, ARZ 5132 _T1, ARZ_6860_T1, ARZ_14467 T1,
ARZ 13851 T1, ARZ 10382 T1, ARZ 8049 T1, ARZ_ 15029 T1,
ARZ_15772_T1, ARZ_12568 T1, ARZ_2668_T1, ARZ_17340 T1, ARZ 8294 T1,
ARZ_9914 T1, ARZ 3715 T1

# Genes in bold indicate their encoding proteins or enzymes are involved in more than one biological
process, genes in italic and roman indicate significantly up-regulated (Foldchange > 2.0, FDR < 0.05) and
significantly down-regulated (Foldchange < 0.5, FDR < 0.05) genes, respectively.
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WREF 1% A. resinae ZN1 /A SLEG % H E Ik A 2N — DB FEE . X

A. resinae ZN1 AT kR B A | P B2 AR S8 0 BT B, BRI PR AT RERRIE . HMIF 2 S Bt
M D JFONAH R PORREE . B2 MRS, 7R A S T S — DR A B R . R R
BRIR, H RN TCA EH 58 UM AAM . FLr, K IR I 2 L DA P L PR 1 g
R I R A2 FU0 o 20 B R P AL PRI REC A6 D B AR S A BT B A F A U ok 1 D ) e D D 3R
BT, AEF TSRO E B PCR HARA RNA-Seq 5 A MR g il 70 A 2 F 1 A.
resinae ZN1 FEATHESE AT 70 bT,  Tiide 4 € T B A F T30 AL i G R ] (),
St 5 PRI A2 25 1 SR 5% P AR 4 2 S R AT S 3 R B A T S B b, R B AU 45 e R
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(1) fEERIEFREFURIN 1 o/L MREEEEL HMF X A, resinae ZN1 AT 82
BAAFSZEG, A resinae ZN1 o LALUHERE . HMF JyME—BRIEAIREIR AR K, 24 5 2 bt )
FEAERT, SRS RS 7R 2 A R R e s ) PR A AN e Y s [ R P8 T e e 110 55 P ) S 5t
T HMF. 7EREMEVIEEE P fEr, PRI AR IS an D, RITIR MR 1B i Wk s e B R M R
(10 2 Ao R A 0 A 3 o R el i A= A Akl F 1) B o D R

(2) SRF7E & PCR H AN ML K 20 A 7 645 21 (1) 137 /N5 40| Py B4 g A O 1) S AL
I R I DR AT 3 S KT T, WRIRE A AR EE N, 12 ANt S B 22 (R A 10 A8 B SR g/
W A0 S L DR 22 S BRERIE, WP AN 5 T g I (] kG g I ) i e A A O s R R I Ak 2
N, 9 MNERAEER . 4 NI JEEEE R 3 NMEALEERE N 2 7 BiRRE, YR
5 R R [ PR TR (14038 S5 S A A D% o R I (14 3 — A S8 A 72 mT BAAE LA NAD(P) R il Al
TR RN R B RIVE R T A TERG, taT IEEA CAMBERI 2 5 LRSI 5
Pl o PR MR S 100 1 P Ach B 222 S SRR PRI (R T A S A 2 R A TPl 1tk TR B AR TR 22

(3) K RNA-Seq $i AR TERRIR % AL T Xt A. resinae ZN1 31T 43 R #% 5K P-4
Br, BEEE. HMF ALBET 205 1826 ASHERIAN 427 SRR B35 22 kil iXue 72 R aRik
DR B K N E AR JEE R L A R AN T S A s i R

(4) #5H (RNA-Seq) 255 R 7 22 A et it S T R e Il i g 2 s i g 2 A E PR
MR AR FE N B 2 S BIRRIA, XU R aRIA SR KT R I A0 HE R () E & PCR 45 R
FIFERIL SR, R RNA-Seq HiAR 5 € & PCR BRI ] LLSEEL 01 9 B4 A AH G 5%
BRI R FNIRIE . A, resinae ZNL 3 o 145 b 3 S0 A i Ji 326 [R] 1 58 i AL POk P e
)R I I ()30 SR 64k . [RIR, A, resinae ZN1 &A% SN 58 AIE R /1A (=ZR%
TEHD FRERARR (WPIREE) MHOCHIRER B35 HiSRIE, MR s (L PR L5 2 (116 )5
FIFIRE &

(5) A.resinae ZN1 nl i@ AN Z 52, WA AV REEERE. 5%
T 5 A B RO 5GP R DR ), R R g I X R A I F PRI 4, 9 v T 2 0o T g
B 2 (O 52 1

(6) MREEMIAEAEAE — B FE R b A B A B A A DG B R 3R IE 52 10 7] 267 B
FARIT s BRI AR L 2 S80S DNA Bl & AR AL HE IR A Rl g 285 o FE AR 5 1) 3
RIE 2 T HERIE; HMF BN FIRAH G FR P A2 . i sl 45 RAESE IR T
BRI B PEI = T HMF (a2 2 38 P sl A i IR AR K
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FLI3E SRIEREINFEITZE Zymomonas mobilis ZM4 E#kRIHE

31 3lF

PRI . 5-F2 MRS (HMP) J2 R 5T 21 4 22 IR} P 4 Bk A2 A = A2 (1) 9 b 32 2 ik
AN, 2 R0 o L (K BHR AN  AE k Bt A > 100, Ze R R R B . Akl
LR T I AT Bk Ak T DA S IR A A ) S B> MY (B 2 S S AT G
HRAERFE R 2k, MNP 4E R ZBEMAE T RiAS . Rk, SEFRARMILT YR /A 12
FEAE B A AT 2 0 R B T RE AR, SEEUBE S R T AR

S. cerevisiae. E. coli &5 HAR T ACH R I ) Tl AE i TR 45 SR B, W s EE e e
IRg S U 1) P e A R R B PR R . R 58 P SR PRI TR ORETRR 2 W B MR
SEE VIR AN B I e R E B 5, iR R AR R R KT NAD(P)

(H) MENIEERES 5 52 i M0 M 170 78 S cerevisiae et 26 1k 48044 320 J5 g ik A
ADH11"0 1281 ADHB!M ok ARILMOVAT i 7 1 A 6 BEE A HMIF ARG AL R, $2 s 272 36
7E E. coli 411t NADPH 4 #6158 AL 32 R 3 52 R yghD Al dkgA fr9 2 4 MY el 5 % 75 NADH
AT 55l 5 PR fuicO22 Y230y ey i B o 4108 400 PR T 3212

183 K I H R Zymomonas mobilis /& 274 2 Z I R B A 7= (1 - AR 2 — o 1% TR
PR 2L IR et DR AR A B, v LASE I 6] A& B (R DO YH #E, 75 21 5 BB AEAH 4 1Y &1
PR, IEATTR 2B IR (16%, volivol) ) Z.fle8 1090 g e A 2 2, W2 4, Z. mobilis
W OE A TA LA . EAINERR . RN, 23-T 2R, » T ESEHMMASEN. Z
mobilis T4 I\ A& A SR A5 41 4 22 A6 0 ) AUk b AR 8 LA Tl Ak R A SR A KR
W B RO AR DU 27 4 200 SR BT 0 K e 2 i, R Z. mobilis Xt B 2T
RPN 52V, (B2 2R BA R HIHIY), EEZHEEE. HMF 406, 2m OREk
[3VESEL

H AT C AR R R, mils Z. mobilis FFAGIEIE 3£ A hfq (ZMO0347) A 55
AR 208 BEEE . WA HMF [ 240 TR % Z. mobilis #11) RNA B4
T o BT (6" ibIED rpoD EAT 18 24 (1 9 AR 15 1 T 484 06 B8] A P B (a0 i 52 1720,
Yang 5 NEBhFE B FHEANRB R G A, HARBEEmIGFER (ZM01162) it RIE
8l o™ T A 4R L EE R (ZMO0038) 4 N\ 25 35 AT 1451 Z. mobilis 33C X Hls (i 52 4 ;
1- it 42 -D- K B B -5- 1 R 45 il 55 (K1 ( ZMIO 1598 1/, ZMO1234) i 13 [l ZM 00282,
ZMO00282 1 ZMO0285 i NKiE, Bif#E K ZM00281 H)id Rk w5 Z.
mobilis 8b XHAgEmE (M 2, HeAh, Shui 2 NTEB R IR RS E (1-3 g/l HIZAE
T, XFZ. mobilis #HATIEREYI, FAF MR mIR AR (3 g/ BAREFIN 52 1% 1
T R LAOCY | et Filh i T P A 5 LS Z. mobiliis oI A7 FRY TR 2 1k 27 B A A
IR EE. DNA EHl 588, EAREWE K. YR s M S A vl i 3L R
TER Mg 5™, R FRBFFE O 4 Z. mobilis Bk 1k G IS i) 52 1k 5 e ik 7 T
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YRR H 8RR RS20 g, (R g v i it 52 24 1) 2. mobilis KB RATISRIE A IR 2
TAEE e T — 298 A 52

ZHTHIRT AR, Z. mobilis AIEHHERS . HMF I8 J5 AR 7 B RERS . 5 PP R 501,
M Z. mobilis H & A7 EAR R A S5 B 0] SEHUBRE . HMF BIE R4k, H HRTX
AR T il R I R AT B AH DG S5 8 AR A o AW F0 R H BRI 50 568, 7F Z. mobilis
ZM4 Hh Ik 3K 55 R R P ) 4 2 A R R R SR A SR B R IR, s A TR PR B S 0T S A ik
JRGET, LA$ERE Z. mobilis ZM4 S I 42) (I 52 14 Be AAH M. 1) £ 2 R Bt g BT 2 1l
XAEY) I EE B TR A. resinae ZN1 [ sk7KF 708, M A. resinae ZN1 H i 1% 55 R I % 38 5
FACA GV FHEE R (AN H EERD s ik, XF Z. mobilis ZM4 B &4 2L K445 B i
AT BG4, o B 2k (R A R o 5 T A ol 4 A 5 1100 SH A P A T e R e D 3 D it
(PVREERD, DL ERTHEsS 2 AL N B 1R, SRR E ik pHW20a 142
FARL IS IR A E IR, IERFLT4ER (CERFEFT) 7K AR A X 2% 55 40 P Rk R4 T $0 1)
VG AL PERE RN £ B R B B 0 A o b Ah,  Fl T TR R I ) 340 Ji I A D A4 T A TR 1
NADPP)H AV NS, BRI 228 IR o 202k 31 40 Bk v 3 0 5 3 TR 1 2E G
FHOCIIZEE, DL I8 Gk 4 PR 7 A AR 5 10— 2D 32w B R 40 A i e A e

32 ME5HE

321 SEEGHPRL
3211 SRS FEER LA

AHIE 7 A 21 B B vk SR LR 3.1, A resinae ZN1 (CGMCC7452) J2& St s
T BRI AV EE R .. Z. mobilis ZM4 (ATCC31821) 1 H 3 EAR R B 7 Y 15
jE A0y (American Type Culture Collection, USA). E. coli S17-1 An f-T- Z. mobilis ZM4
WA A FACEME . E. coli BL21 (DE3)AT H IR R 4tis 5 [ 115 SRk Maifb #1E
FHBRL pHW20a HA i =™, FF H R Z. mobilis ZM4 it %Kik
JFkL pET-28a (+) T H FIFERIAE E. coli BL21 (DE3)H i Sl RiA .

FORFEFFT 2012 FREEWGR T BT R4 ¥R, e DU I FRAEFF & i ik
Brax. 105 °C #:TJ5, FIF SF-300 MU BN LSRR R ~F, M 00 JRR 25 (R AT
K. TRFEFEAAYER 38.72% P4 20.55% A 26.51%. K5} 2.76%.
YR Youtelle C[EARE) 18 EWIR LR /RAEVAIRAF], 4 R B IEARERE N
145 FPU/g, 214 —¥EBEE N 344 IUlg, EE &N 90 mglg L4 51

Y FE K 2H DNA $2Ht 7 & TIANamp Bacterial DNA Kit 18 [ K AL RHSE (650
ARRAT . RNA FEHUHRF M e 3R & 2.2.0.1 365y Tk fil 2R 77 & B
feEbEEER: DNA [FUSGRFI & . PCR P4tk ikl &ty B s £ TRA R AR
4T HR1EH TAKARA Primer STAR HS DNA B& B H A T CRE) HIRAR.
a3 T AR oA PR 4 ) DDA T4 24286 0% H 35 [E Thermo Fisher Scientific A & . 28
alifk 8RR IERL Ni Aogarose 6FF 14 [ _E¥ I /1 AEI RS A IR AR . B, HMF W L
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Table 3.1 Microbial strains, plasmids and primers used in this study

Strains Genotype Sources/references
A. resinae ZN1 Wild-type strain (71l
Z. mobilis ZM4 Wild-type strain, ATCC31821 ATCC
E. coli K-12 substr. MG1655 Wild-type strain, F', A", ATCC 47076 ATCC
E. coli BL21 (DE3) F ompT hsdSB (rB" mB") gal dcm (DE3) Novagen
E.coliS17-1hn Pro, res’, mod*; chromosomal integrated RP4, 2-Tc::Mu-Km::Tn7; Tp, sm [

Plasmids Phenotype Sources/references
pET-28a (+) Km', ori pMB1, T7 promoter/terminator Novagen
pET-28a-ZMO1771 Butanol dehydrogenase gene ZMO1771 from ZM4 in pET-28a (+) This study
pHW20a Tc', mob (RP4), mob (RSF1010), lacZa, MCS, and oriV [7el
pHW20a-Peno Enolase (eno) promoter from ZM4 in pHW20a This study
pHW20a-ARZ_4549 T1 Zn-dependent alcohol dehydrogenase gene ARZ_4549 T1 from ZN1 in pHW20a-Peno This study
pHW20a-ARZ_15626_T1 Zn-dependent alcohol dehydrogenase gene ARZ_15626_T1 from ZN1 in pHW20a-Peno This study
pHW20a-ARZ_17182_T1 Aldo-keto reductase gene ARZ_17182_T1 from ZN1 in pHW20a-Peno This study
pHW20a-ARZ_5033 T1 NADPH-dependent methylglyoxal reductase gene ARZ_5033_T1 from ZN1 in pHW20a-Peno This study
pHW20a-ARZ_8367_T1 Pyridoxal reductase gene ARZ_8367_T1 from ZN1 in pHW20a-Peno This study
pHW20a-ARZ_13395_T1 Aldo-keto reductase gene ARZ_4549_T1 from ZN1 in pHW20a-Peno This study
pHW20a-gfp Reporter gene gfp in pHW20a-Peno This stud
pHW20a-gfp-ZM0O0062 Putative aryl-alcohol dehydrogenase gene ZMO0062 from ZM4 fused to gfp in pHW20a-Peno This study
pHW20a-gfp-ZM01696 Zn-binding alcohol dehydrogenase gene ZMO1696 from ZM4 fused to gfp in pHW20a-Peno This study
pHW20a-gfp-ZM01722 Zn-binding alcohol dehydrogenase gene ZMO1722 from ZM4 fused to gfp in pHW20a-Peno This study
pHW20a-gfp-ZM01771 Butanol dehydrogenase gene ZMO1771 from ZM4 fused to gfp in pHW20a-Peno This study
pHW20a-gfp-ZM01993 Zn-binding alcohol dehydrogenase gene ZM01993 from ZM4 fused to gfp in pHW20a-Peno This study
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pHW20a-gfp-ZMO0976 Aldo-keto reductase gene ZMO0976 from ZM4 fused to gfp in pHW20a-Peno This study

pHW20a-gfp-ZMO1344 Aldo-keto reductase gene ZM0O1344 from ZM4 fused to gfp in pHW20a-Peno This study

pHW20a-gfp-ZMO1673 Aldo-keto reductase gene ZM0O1673 from ZM4 fused to gfp in pHW20a-Peno This study

pHW20a-gfp-ZMO1773 Aldo-keto reductase gene ZMO1773 from ZM4 fused to gfp in pHW20a-Peno This study

pHW20a-gfp-ZM01984 Aldo-keto reductase gene ZM01984 from ZM4 fused to gfp in pHW20a-Peno This study

pHW20a-ZMO1771-Pgap Glyceraldehyde-3-phosphate dehydrogenase (gap) promoter from ZM4 in pHW20a-gfp-ZMO1771 This study

pHW20a-ZMO1771-pntAB Proton-translocating transhydrogenase gene pntAB from K-12 in pHW20a-ZMO1771-Pgap This study

pHW20a-ZM0O1771-udhA Soluble pyridine nucleotide transhydrogenase gene udhA from K-12 in pHW20a-ZMO1771-Pgap This study

pHW20a-ZM0O1771-ZMO0367 Glucose-6-phosphate dehydrogenase gene ZMO0367 from ZM4 in pHW20a-ZMO1771-Pgap This study

pHW20a-pntAB PntAB from K-12 with gap promoter from ZM4 in pHW20a This study

pHW20a-udhA UdhA from from K-12 with gap promoter from ZM4 in pHW20a This study
Primers Forward and reverse sequences, respectively (5°-3”)

Peno-F ATAAGAATGCGGCCGCCTCGGCCATTGTCTATACTC

Peno-R CCGCTCGAGATCGAAACCTTTCTTAAAATC

ARZ_4549 T1-F CCGCTCGAGATGCAGAGGGTATTTAGTCTCACA

ARZ_4549 T1-R CGGGGTACCTTACACGCCAAGCTCATCC

ARZ_15626_T1-F AAAACTGCAGATGTCTGATATCAAATCCGAGCC

ARZ 15626 _T1-R CGGGGTACCCTATAGAGTAAAGATGACTGACTTCCCA

ARZ 17182 _T1-F AAAACTGCAGATGCCTTTCCCACCCCC

ARZ 17182 _T1-R CGGGGTACCTCAGTTGGGTCTTGGAGCG

ARZ_5033_T1-F CCGCTCGAGATGTCGGGAAAAGGAAAGACTG

ARZ_5033_T1-R AAAACTGCAGTTAATGCTTAATTCCCAGCTGC

ARZ_8367_T1-F CCGCTCGAGATGTCTGGCTTGACCCCC

ARZ 8367 _T1-R AAAACTGCAGTTACTGGTTCAGTTGGGCCT

ARZ_13395_T1-F CCGCTCGAGATGGCCAGCCTCACTATCAAT
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ARZ_13395 T1-R
gfp-Xho I-F

gfp- PstI-R

gfp-R for ZMO0062
ZMO0062-F for gfp
ZMO0062-R

gfp-R for ZM0O1696
ZMO1696-F for gfp
ZMO1696-R

gfp-R for ZMO1722
ZMO1722-F for gfp
ZMO1722-R

gfp-R for ZMO1771
ZMO1771-F for gfp
ZMO1711-R

gfp-R for ZM0O1993
ZMO1993-F for gfp
ZMO1993-R

gfp-R for ZMO0976
ZMO0976-F for gfp
ZMO0976-R

gfp-R for ZMO1344
ZMO1344-F for gfp
ZMO1344-R

gfp-R for ZMO1673

AAAACTGCAGTTAATCAAATTCCACCGTAGGG
CCGCTCGAGATGAGTAAAGGAGAAGAACTTTTCACTG
AAAACTGCAGTTATTTGTATAGTTCATCCATGCCAT
ACGGGCGCTGTTTACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
GCATGGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTAAACAGCGCCCGTTAGGA
AAAACTGCAGTTAATCCGTTGGTAAAACGGC
AACCTATGGCGCGACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
TGGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTCGCGCCATAGGTTATCAAAAG
AAAACTGCAGTTAGAAGCCTTCTAAGACGATTTTACC
CAGCACGCGTTTTACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
CATGGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTAAAACGCGTGCTGCTGTTG
AAAACTGCAGTCAGAAAAGAACAACCGAACGA
AATCAAAATTGAGACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
AACTATACAAAGGTGGTGGTGGTGGTGGTGGTCTCAATTTTGATTATTATAATCCGACC
AAAACTGCAGTTACAAGCTTGCAAGCAGAATAGC
CATAGGCTTCACTACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
GGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTAGTGAAGCCTATGCGATTATCG
AAAACTGCAGTTAAGGAATAAGTACCGTAGATCCG
GCGTAGAAGTGTTACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
GGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTAACACTTCTACGCAAAAACCCG
AAAACTGCAGTTATTTATCGCGTGGCGGG
TCGAAATAGGGGAACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
TGGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTTCCCCTATTTCGATACCCTCT
CGGGGTACCTTAAAATTCTTCATAGCGGGC
TTTTAACCGGCACACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
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ZMO1673-F for gfp
ZMO1673-R

gfp-R for ZMO1773
ZMO1773-F for gfp
ZMO1773-R

gfp-R for ZMO1984
ZMO01984-F for gfp
ZMO1984-R

Pgap-F

Pgap-R

pntAB-F

pntAB-R

udhA-F

udhA-R

ZMO0367-F

ZMO0367-R

ZMO1771-F for pET-28a(+)
ZMO1711-R for pET-28a(+)

GGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTGTGCCGGTTAAAAATGTAGTGC
AAAACTGCAGTTAAAAATCGAAAACAGCCGG
GCTTCACATATTTACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
TGGATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTAAATATGTGAAGCTGCCGGAT
AAAACTGCAGTTATAAGATAGCGAGATGCTGTTTTC
AATACGTATAATCACCACCACCACCACCACCACCTTTGTATAGTTCATCCATGCCATGT
ATGAACTATACAAAGGTGGTGGTGGTGGTGGTGGTGATTATACGTATTTGGGTCGTACC
AAAACTGCAGCTACCATGCATAGGCTTCAGG
CGAGCTCTTGGACTTTGTTCGATCAACAAC
TCCCCCCGGGATGTTTATTCTCCTAACTTATTAAGTAGCTAC
TCCCCCCGGGGTACCATGCGAATTGGCATACCAAG
CTAGTCTAGACATCCCGAATATTGGTTCAGTC
TCCCCCCGGGGTACCATGCCACATTCCTACGATTACG
CTAGTCTAGACTGCTGATGCTGGAAGATGG
TCCCCCCGGGGTACCATGACAAATACCGTTTCGACG
CTAGTCTAGAGCTAAACAGGGATTCTTCCATG
CCGGAATTCATGCTCAATTTTGATTATTATAATCCG
CCGCTCGAGTTACAAGCTTGCAAGCAGAATAGC

The underlined letters indicated the restriction sites.
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BRI 2R A IR AR, Bk, RIBEZR. VU ER. RAER-B-D--FMEE . 40
BEEEA (BSA). #iZifE-6 Bifk. NADH . NADPH. NADP* )l H b5 E ik A= 4
FHEARTEAT], 3-LFEAE NAD' W H 2R MR AR AR . HeAdihik
A Cotra) 6 E E 254 B2l A PR A J 88 B A il A PR A F .
3212 RiFpESEFRFAM
A. resinae ZN1 5577 WL 2.2.1.2 #47
Z. mobilis ZM4 Ji7 46 TR PR AN EL 2H B AR 3 55 77 T RM 85 7= B Cii ) B% 20 g/L KH,PO, 2 g/L .
FERRR Ry 10 g/L), 30 °C sREE:F. X AR FRBSMNNINZHKREE N 20 pg/mL )P4
E. coli #ERE IR T Luria-Bertani (LB) ¥57%3E (A 10 g/L. BERRE N 5 g/L A
NaCl 10 g/L), 37 °C, 200 rpm 353%, HR¥EFH EIRIMLIKE N 20 pg/mL (P £ B 50
ug/mL I RAAE %
3.2.2  SEEGAN AT Tk
3221 HWEER Y 5 5 H Bk A

e ep.
Mob(RP4) Mob(RP4) Rep.A Mob(RP4)
Rep.A
Peno
0

pHW20a-gene I pHW20a-gfp-gene II

pHW20a
9913bp

Te(R)
Te(R)

Mob(RP4)

Rep.C
— Mob(RP4)
Rep.A

Te(R)

pHW20a-gene III

gene

3.1 pHW20a (a) RHEMBHFR (b-f) K
Fig. 3.1 Detailed maps of pHW20a (2) and other newly constructed plasmids (b-f) used in this study
(b) pHW20a-gene |, harboring the adh or akr/ari gene cloned from A. resinae ZN1; (c) pHW20a-gfp-gene
11, harboring the adh or akr gene cloned from Z. mobilis ZM4 and the gfp gene; (d) pHW?20a-gfp, harboring
the gfp gene only; (e) pHW20a-ZMO1771-gene Ill, harboring ZMO1771 and another gene involved in
NADPH generation; (f) pHW20a-gene IlI, harboring the gene involved in NADPH generation only.

A. resinae ZN1 1] cDNA #il| £ W, 2.2.2.3 #1493 E. coli K12 5 Z. mobilis ZM4 3£ [A]
2H. DNA 18 Ff] R 4 HR B 74 & TIANamp Bacterial DNA Kit $280. F T3 18 & H ()5 H
HI5I LR 2.1, BEAH BRI E LK 3.1, JafEHE A. resinae ZN1 FI4MNEM: B 13K 5
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PRI 38 5 31T Peno #E4% /546 A\ pHW20a ' (& 3.1b). TLf% H Z. mobilis ZM4 1 A&
PEH B DB H @R %1 A8k 741 (inker) Je 54 ud i Ak & 2L A gfp ik
ITRLEY G I 5 IR 8RS 31 Peno 3L 5 FHE N B 288 Uk pHW20a H (] 3.1¢).
BEET DL — i Rk M 2L R ofp (BRL (181 3.1d) XTSRSl itk b HE 3R 0A 5 IR (] 1)
LRI, (ERAT RIS WA @RS, 55 R 7 A 2 A 5 5 — > I o
Ja 8T Pgap #E# 5 LS ZMO1771 FKIEM K77 FHE AR piri (B 3.1e. ). MEELT
[ 4% 2 R 1 S48 CaCly yR5E4k 2 E. coli S17-1 A, A HAAR T gL E Z.
mobilis ZM4M"l,

AT BE I B K] ZMOL771 BRSNS DN €, #4 veFE H Z. mobilis ZM4 B it
SEER R ZMO1771 £ R v A VI EcoR | A1 Xho | 4 N 333 ki pET-28a(+), FF4
CaCl, %554t % E. coli BL21. B 4H FURLAE B A2 R MG %05+ B I OR B N-3ii (His)e- AR 2% o
3.2.2.2 B AFEFT KA ) 2%

IKBERR AN JE I B KREFT B e AT T AR AL B, S5 il F & 2.5 % (wiw,
SETFTRD, B 2:1 (wiw, ZEFT908D, % 50 rpm, 175 °C {154 5 /34htt" 178,
AL PR S B FKRFEFT (15% » wiw, FEETFWED £E 5 L gy Ui #k3 SW 8% AT 7K
fEkELL , 2T 4E 2 FH & 15 FPU/g T4k, 50 °C, pH 4.8 /Kfi# 48 h. /K fREBTRAE 10,000 rpm
2 T B0 10 438 DABR EAE BMATTIE, EiE T 115 °C 'KE 20 4r8h, 184G 38 5 IR AT
T 4°C &M ERFERAER BICT R K s AT S F- 4 5
3.2.2.3  Z. mobilis ZM4 21 & ik 1) R B RE 40 AT

PREL RM “FHUHT RS 40 10 TV T35 5 mL RM 557751 10 mL iR, #5720 h
J& LA 10% M 2 BA T ) 50 mL RM 35382k, RS FRAE WM TR IR0 LA 10%
Fhp B IR IR N2 50 mL RM 85 7% 38 8 R KRS FF/K AR ) 250 mL $23
BEAT KIS - RM 53R B idv N 2 o/L HOBRIEEER 4 o/L 1) HMF(50%3 3% Nk ) o
30 °C THEFEREFE, MAIA[AIRE — & N R4 A 42 Ot 6 T DU 800 (Beckman Coulter,
Fullerton, CA, USA) fE# K 600 nm F AT ICEN E, 1o mEMEK . FRH 1 mL
FiE, RAFT-20°C H TS E w4t CRE. PHIED K. FiRKEESLE
ST R 2 IREYIFEE .

HIERE . O SOKIRR R IR SR AT AE Y& Bk A LC-20AD A 50 AH HPLC (i
X (Shimadzu, Kyoto, Japan) Jll €, HPLC At & RID-10A A/ 2 #1640 28 (Shimadzu,
Kyoto, Japan) f1 HPX-87H ZU a4t (Bio-rad, Hercules, CA, USA). Jitd4HN 5 mM
H2SO4, ¥iiE 0.6 mL/min, i 65 °C. & I 7k HH R RATAE M & 8K ] LC-20AT
A )2 M B0 HPLC f53%4% (Shimadzu, Kyoto, Japan) illl &, HPLC At & SPD-20A UV
SLAME I ES (Shimadzu, Kyoto, Japan) Al YMC-Pack ODS-A f4ifi#: (YMC, Tokyo,
Japan), EARMIEJTVEN, 2.2.2.2 #5r FrAFEMAESTITZ 0.22 pm JEE IS JEAL 2
3224 BEIEIE

WEETE RM A e 77 2 0 30h A B 40 Z. mobilis ZM4 B i 2E A 7 RH i £ B
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(179, 50 mM BERRZErHVR (pH 7.0) VLS ERIE UG 100 mM BERRZEr R (pH 7.0)
o] B R AR AT R R R . B S 25 N TR 300W, TAE 3s, [AIBE 6's, #EFS 20 ¥R
FERRECT 4 °C, 12,000 rpm 544 T 2500 20 min, YR B IS R BB -

ICEELE LB 5575344 0.1 mM IPTG, 30°C %5 545 5% 8 h [ E 41 E. coli BL21 F1A,
Bl His-tag FR25 31T BE U8 ZMO1771 H i AL 4R B8, 50 mM BEBRZ% i (pH 7.0)
VR ARG T 10 mM BEIRYE 7 (pH 7.8) 100 mL [l & A - 3H AT A pime . 8
P2k N ThE 300W, TAE5s, [AIRE 15s, ##A 100 K. a1 4 °C, 12,000 rpm
FAF T B0 20 mine FiEZE 0.44 pm JERE IR G AR HTE 10 mM BRI (pH 7.8)
10 mL P iF i Ni SR, friE B 456 58 a H 20 mM RIS Rk (pH 7.8)5-10 mL
TERGEGWER, &/5H 500 mM BKEEBERR (pH 7.8) P AIEE ZMO1771 Hix
HH.

IR P 0 Jo T 1 2% 2 o 2 1A Sk M), s 34 P 23 /6 P A& 30 °C T 340 nm
Kb NADP)H IO A k. & X 1 U B 8hEEHe 1 uM NAD(P)H Fir 5 Bl R . B
& ) MVAE 100 MM BERRZZ M (pH 7.00 HEAT, ¥RIN 100 uM NAD(P)H. 10 mM i
B HMF RUE 5 CHLBR K Zi B RERD . 5 ofp Rl G 30 (1 R IR 8% [ VR T RS DR 1R 3R 08
B 7 ERE RIS, BB RN, FERUROGIE 488nm R IE T SO R SR
OLYMPUS BX51 (Tokyo, Japan) W52 i 1A [ 5 5 5 e M8, 614 -6 B2 i 208 G6PDH
Bl % AL 2 UdhA R PntAB Bl 150 H 2360t B2 43 Al 30 °C K 340nm A1 375nm
it NADPH HIWROGE AR AL . GEPDH B S M.AE 100 mM Tris-HCI (pH 7.5) 2z ik
17, ¥ 200 mM KCIl. 1 mM NADP*. 10 mM MgCl,. 5 mM % % FE-6 1l fR A1 & kH
W1, UdhA F1 PntAB {2 /2 N 7E 50 mM Tris-HCI (pH 7.6) ZEmi -H 47, ¥Rl 2 mM
MgCl,« 0.5 mM NADPH. 1 mM 3-Z.MtttnE-NAD FlE B R, & A& &l LA
BSA Jytriftdt, KM Bradford i&illE .

33 #R5®

331 WRBHEMAEKMIE

BT Z. mobilis ZM4 [ & Al RS - HMF 38 J5 R AH B R 75 1 R RS L 6 SR,
(EASREHE— 35 80 M 7 AR B P R B OY, DA ok 224 5K P LV 40 S5 W 56F Z. mobilis
ZM4 AT IE LA S Z. mobilis ZM4 S BRI EE DI MR 52 1, 7 Se T R R Z.
mobilis ZM4 % A I i 2E AR ¥ B8 77, BIATZE Z. mobilis ZM4 A idh 358 55 3 5 R IR
Ti2E M S G g P O ) 2P i Tl R A

EZ TR, f58h5E B PCR £ A M RNA-Seq $52 A LE BRI EE AL I T X6 A5 4 i 5
FLEA A. resinae ZN1 FHAT 5 Ao b, R I 45 BIERRIE . HMF L0335 8] 18 7%
S RIRRIERIER, XL TRy B 03 R T 0 i 52 5 A IR TR R R A R
AHIFFE TR I 58 % 6 AN 22 SR ik FERIFE Z. mobilis ZM4 i B ki ik, MIE@AR 3
it Lk EAE M. Hh ARZ 4549 T1 4wk NADPH 4 i B o 4 B i & 6
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ARZ_15626_T1 gt 28k 44 B i S . ARZ_17182_T1 it 75 L 1% fid &0 , ARZ_5033_T1
%t NADPH K#iA 2, — BB 086 . ARZ_13395 T1 % figh A B/ Bi] For 4K 4 i Ji7 i
ARZ_8367_T1 Zifidit e it il . U2, Lhrim B v fE H A. resinae ZN1 (1)
FEDREE I 6 A, AR I 300 A0 BB AT 42 B AL I oK R B D e AK 22 Z. mobilis ZM4
U 55 FE W i A B g AL 3L K] ARZ_18349 T1. ARZ_10923 T1 il ARZ_7295 T1, WML
JR B AL FE ) ARZ_3976 T1 %5,

R 3.2 FOCAIAHEEEEE N E A S B MERERARE TE P RRE
Table 3.2 Gene expression detection by fluorescence and enzyme asssy of cell free extract in
recombinant strains.

Activity (mU/mg crude protein)

Fluorescent

Detection @  Furfural + HMF + Furfural + HMF +
NADPH NADPH NADH NADH
ZM4(pHW?20a) (Control) - 24.48+1.65 11.1740.69 118.0140.66 114.4142.22
ZM4(pHW20a-ARZ_4549 T1) - 26.3241.62 11.1640.40 96.354.70  101.33%2.35
ZM4(pHW20a-ARZ_15626_T1) - 23.6442.23 11.4540.15 49.73459.12  86.79+1.92
ZM4(pHW20a-ARZ_ 17182 T1) - 25.184).76 10.6940.34  76.2242.20 86.7710.49
ZM4(pHW20a-ARZ 5033 T1) - 28.29+1.14 11.9240.29 184.8244.15 134.86+1.05
ZM4(pHW20a-ARZ_8367_T1) - 22.954).21 11.04#40.14 120.1443.47 116.05%2.31
ZM4(pHW20a-ARZ_13395_T1) - 48.9846.52 45.9844.09 102.72H.44 104.2543.60
ZM4(pHW20a-gfp) (Control) + 21.1540.81 11.1240.45 110.8743.82 100.83#2.73
ZM4(pHW20a-gfp-ZMO0062) + 24.5340.99 14.8240.05 175.2249.91 135.5146.61
ZM4(pHW20a-gfp-ZMO1696) + 29.4040.85 13.6240.25 134.00#2.83  105.14#1.62
ZM4(pHW20a-gfp-ZM01722) + 23.874).87 12.2440.00 10451269  99.4046.91
ZM4(pHW20a-gfp-ZMO1771) + 32.31+1.46 18.2240.45 102.9742.65 100.8543.89
ZM4(pHW20a-gfp-ZM01993) + 22.164.00 11.62#0.00 115.4640.00 101.6444.96
ZM4(pHW20a-gfp-ZMO0976) + 62.2447.65 15.9740.38 133.2746.70 110.5043.19
ZM4(pHW20a-gfp-ZMO1344) + 21.6440.00 12.3440.45 108.8312.80  94.1914.76
ZM4(pHW20a-gfp-ZM0O1673) + 22.3140.50 13.2540.30 116.8845.01 106.9342.39
ZM4(pHW20a-gfp-ZMO1773) + 21.6640.49 11.8940.29 134.0644.86 107.7143.24
ZM4(pHW20a-gfp-ZM01984) + 20.4640.83 11.3740.46  99.3140.00 86.3942.84

%+, fluorescence can be detected under fluorescence microscope; -, no fluorescence detected.

Standard deviations were derived from at least two independent determinations.
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X, HT Z. mobilis ZM4 H £ HA A IE IR I A J5 Ay R IR I 114) 12 5t 2 Il Bl I 36 I
WAL 5, [KIHIE%t Z. mobilis ZM4 J: M40 (GenBank: AE008692) 1 firfg F) i

Sty

Jiiik oA, MR R 12 AMeAE R, RSB EE

S WgHH (ZMO0062. ZMO1236. ZMO1596. ZMO1696. ZMO1722 . ZMO1771 f1
ZMO1993) Fil L ANEE R A R B 3R (ZMO0976. ZMO1344. ZMO1673. ZMO1773 Fi
ZMO01984), Hrf, K ZM01236 4w ADHI, H:[K ZMO01596 %@t ADHII, —# N7,
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BERE B2 5, KRB R R R0 TREMRERE, Bk i 10
ANFER N TR pHW20a, FHH1E % Z. mobilis ZM4 HriE47 TR ik .

X AE) A B & L ZH TR PR AE 488 nm T HEAT 9 G e A1 WK g e 3 o g g v O o, DA
BN H R RS R P IR RIE . WK 3.2 fr, 1 3Ra% ofp 2 R 1 4% 5520 B
BIRe IEE AR 2O, RZMITG. FO TR RGBS I E , i 238 HMJE 5= DN () =5 40 B ik
HERId RIA LR ARZ_15626_T1 [ BRI PREGVE AR T X A1, oA TR I 00 HEAE A [F R FE
[ s, oAt RIA IR ARZ_13395_T1 (191 Pk LL NADPH Sy PR 7 B v 12 v i I
DU N IR g 51 100%, LA HMF A2 5 312%; 1 R IAHE K ARZ_5033_T1
[ PR L NADH Ayl DR 7 B B B2 v A 52, DUREIEE NI #2551 57%, DL HMF NJEY)
42 15 18%. i e P YRR DR 11 B 2 T vk v ed ik R K] ZMO1984 11 T Ak BRI 11T 5%
HAN, HAR BRI BN A A RIREEE )3 &, Horhid RIAFE R ZMO0976 (1) 1 #4 LA
NADPH Sy 5] I B v £ i P i, UK NI 32 51 194%, LA HMF A ERA 42
T 44%; 1 ik F R ZMO0062 11 Pk LL NADH i R 1 i BTG 3 a2, DU N
VI3 58%, UL HMF JyiE it #2 5 34%.

3.3.2  EEZH B A IR R e U0 ) () A 1 R 2 A
3321 BRI AT T B EI A RE

N1 RIS B BN BRI AR R R AR RE K S B R R B NS D
2 g/L #EEEL 4 g/L HMF (1) RM 35k, HUEFR B0 Eeh il Ol 261 ~859% 12 h,
HMF 08 FR: 7% 16 h) WOREBERHT A BIE PR FE. LB BRI Pk
M (£ 3.3,

S E b (S8R pHW20a) AHEL, ERIDERE S HMF (&4, TRk
A5 2 DR P B AH TR PR 38 AR RE R I SE AR ) R I e e, B SRk R] ARZ_17182_T1 Bl JE[A]
ARZ_5033_T1 1) 2H 1 Pk 19 R A M e 5 00 BB R IS SiAE 2 A1, o Ath I R0 TR PR S
TR T X R AR . 7E A, resinae ZN1 A 52 WIS il I 1 2R 08 B S 25 O T i S B
ARZ_4549_T1 Hyid FRIkAES BEA R K KRR R MR 2, EREmET, mHik
AR TRV R SIS R R A T AR R AL 22 0 Tl FRAIK 47.22% . 38.46% 35.71%
31.06%71 26.97%: 1£ HMF JiE T, FiR 2405 mil B 1% 37.93%. 37.78%. 41.18%. 33.03%
A1 29.45%. SrHril Nl REA LA R LT EE S EUX—P 4 A resinae ZN1 N E T,
Z. mobilis ZM4 4, 1R 4 M 2540 O PR At i A B N ST 4, 7E T ELET RM
BRI FAE T, Z. mobilis ZM4 B N PR EAF] T3l H A resinae ZN1 [ R #5 TR &
PR 0 A BB R 4% 1E 1 AN T BE A SE IR AE Z. mobilis ZM4 A %648 il oy — R AR 71,
SR 20 T B AR IR A KA AEE A . FLIR, A, resinae ZN1 5 Z. mobilis ZM4 A [F] 1)
AR AATRELL pH PR AT BE sz a1 Jo Rk Jik PR X Pk W 1 410061 420 ) e A

xR (R —dRIAHRERR ofp) ML, dRAEMEARERE ZMO01696 .
ZMO1722, ZMO1771 () E H Bk NSV A REAS BRI AR T, Horpad RIAHE
ZMOL1771 W EE A BRI 3R e i o FERGEIE JUAE T — PR B 20 B (A I e A T 2R 43 i) i 1
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K 33 EMAWEMKRTE 2 g/L IREESR 4 g/L HMF BE T IR BEERE 2T
Table 3.3 Fermentation performance of recombinant Z. mobilis ZM4 strains in response to 2 g/L of furfural or 4 g/L of HMF
N _ _ Glucose _ Ethanol_ _ Inhibito_r Inhibitor
Inhibitors Recombinant strains Growth rate (/h) consumption rate productivity conversion degradation (%)
(g/L/h) (g/L/h) rate (mg/L/h)

Furfural ZM4(pHW20a)(control) 0.03640.002 0.3940.01 0.1440.00 9.98+1.19 55.3643.37
ZM4(pHW20a-ARZ_4549 T1) 0.01940.001 0.2440.02 0.0940.00 6.8840.65 40.4343.32
ZM4(pHW20a-ARZ_15626_T1) 0.017490.001 0.2640.04 0.0849.00 5.98+1.56 40.9446.56
ZM4(pHW20a-ARZ_17182_T1) 0.03249.002 0.3640.00 0.1440.00 9.9040.62 53.65+1.58
ZM4(pHW20a-ARZ_5033_T1) 0.03549.000 0.4640.00 0.1440.00 9.7640.21 57.7640.11
ZM4(pHW20a-ARZ_8367_T1) 0.02640.000 0.2940.01 0.1040.01 8.3510.17 49.0440.61
ZM4(pHW20a-ARZ_13395 T1) 0.03049.001 0.3740.02 0.1140.00 9.7240.49 53.61+1.38
ZM4(pHW20a-gfp)(control) 0.03049.000 0.4040.05 0.1140.00 9.4240.76 54.3242.98
ZM4(pHW20a-gfp-ZM0O0062) 0.03240.000 0.3440.02 0.1140.00 8.6840.28 56.74+1.68
ZM4(pHW20a-gfp-ZM0O1696) 0.03449.000 0.3640.02 0.1240.00 9.8240.27 63.9741.37
ZM4(pHW20a-gfp-ZM0O1722) 0.03349.000 0.4049.02 0.134).01 11.1340.48 63.9741.04
ZMA4(pHW?20a-gfp-ZMO1771) 0.03240.002 0.3840.02 0.1240.00 12.6240.16 66.89+1.99
ZM4(pHW20a-gfp-ZM01993) 0.03049.001 0.4140.00 0.1240.00 9.3140.18 49.90+.08
ZM4(pHW20a-gfp-ZMO0976) 0.030490.001 0.3440.00 0.1140.01 8.2610.41 55.6740.11
ZM4(pHW20a-gfp-ZM01344) 0.03240.000 0.3840.00 0.1340.00 8.4440.21 49.7910.65
ZM4(pHW20a-gfp-ZMO1673) 0.02649.001 0.3140.00 0.0940.02 7.774.21 50.3641.33
ZM4(pHW20a-gfp-ZMO1773) 0.02449.000 0.2740.02 0.1040.01 7.72+1.37 50.0948.76
ZM4(pHW20a-gfp-ZM01984) 0.02949.001 0.4040.01 0.1240.01 8.3540).17 49.0440.61

HMF ZM4(pHW20a)(control) 0.02949.000 0.4540.00 0.1740.00 9.8140.00 38.9840.05
ZM4(pHW20a-ARZ_4549 T1) 0.01849.000 0.2840.01 0.1040.01 6.5710.02 27.5040.26
ZM4(pHW20a-ARZ_15626_T1) 0.021490.000 0.3540.00 0.1240.00 6.9710.14 28.2840.15
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ZM4(pHW20a-ARZ_17182_T1) 0.02849.000 0.4240.01 0.1749.00 9.224).34 36.54+1.18
ZM4(pHW20a-ARZ_5033_T1) 0.03240.001 0.4240.02 0.1640.00 8.80#0.14 36.8740.93
ZM4(pHW20a-ARZ_8367_T1) 0.018+0.000 0.3340.01 0.1020.01 6.4240.17 25.96+0.89
ZM4(pHW20a-ARZ_13395 T1) 0.02440.002 0.3740.02 0.1520.02 9.6320.14 38.5540.47
ZM4(pHW20a-gfp)(control) 0.026+0.000 0.4020.00 0.1420.01 8.7440.54 36.29+1.74
ZM4(pHW20a-gfp-ZM0O0062) 0.02749.001 0.3540.02 0.1340.01 8.95#0.13 37.4540.93
ZM4(pHW20a-gfp-ZM0O1696) 0.03149.001 0.4040.00 0.1340.01 10.4240.50 43.43+1.00
ZM4(pHW20a-gfp-ZM0O1722) 0.02749.001 0.3840.00 0.1240.00 11.5840.17 45.8440.74
ZM4(pHW?20a-gfp-ZMO1771) 0.02940.000 0.3740.01 0.1540.00 11.8240.22 49.564).65
ZM4(pHW20a-gfp-ZM01993) 0.02620.000 0.3740.03 0.1320.01 7.4320.48 30.94+1.71
ZM4(pHW20a-gfp-ZMO0976) 0.02940.000 0.430.00 0.1540.00 8.8240.34 33.96+1.21
ZM4(pHW20a-gfp-ZM01344) 0.02540.001 0.3740.06 0.1449.00 10.30+1.33 41.76+2.97
ZM4(pHW20a-gfp-ZM0O1673) 0.02249.001 0.3440.01 0.1349.00 7.2340.06 27.6940.41
ZM4(pHW20a-gfp-ZMO1773) 0.01940.001 0.3340.03 0.1149.00 6.4340.02 24.58+0.06
ZMA4(pHW20a-gfp-ZM01984) 0.025+0.000 0.3320.00 0.1420.00 9.6740.43 39.9741.52

In RM medium containing 2 g/L of furfural or 4 g/L of HMF at 30 °C. ZM4(pHW20a), containing the blank plasmid only, is the control strain for recombinants
expressing exogenous genes; ZM4(pHW20a-gfp), expressing the reporter gene gfp only, is the control strain for recombinants expressing endogenous genes. The
fermentation performace was detected at the mid-log phase, where 12 h for furfural and 16 h for HMF. Standard deviations were derived from at least two independent
determinations.
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4.25%. 18.15%7H1 33.97%, AR palEE 17.77%. 17.77%H 23.14%; HMF JiE T
HMF 3035 7 A R 19.22%. 32.49%F1 35.24%, #4405 A3 19.67%. 26.32%
F1 36.57%. HiAth 7 PRich Rz H4H AR U 3 PR I B B A R A A AR A . AR TR
IR =R E AR A AR T RS, HHTREEEAR, SEHR
PRI AE K AR IS A Ry A, 7588 460 BT FE AT A R %6 5 T XA I B AR AL

E Z T AR BGRB8 AR A B i 5 Jir g 3 K] ZMO0976 w4k T NADPH 474
B, HMF [0 50, @i, e ASHT 70 (KR BB T I s SE 56 (% 3.2) HioRid &k
LK ZMO0976 1 EE 2H B R 71 LA NADPH Syl R 5 ) 4 30 Ji7 g vt A HMIF 348 5 g v 4>
A IR B PRI 194% 1 44% ., {HTE RM B3R R IEK R R, 1R IA ZMO0976 [ HE
H BRI e A RO = T AON TR A A PE RE X — I R R AR A B I E BRI
AN 58 4 IR WL A L S PR B A A S N A B
3.3.2.2  15% [ {5 & T KAEF A M Hh B0 i 2 AL e

34 EABRIEFORFEAT KRR P HOREE. HMF B R R

Table 3.4 Furfural and HMF conversion rate of recombinant Z. mobilis strains in corn stover hydrolysate.

Furfural conversion rate HMF conversion rate
Recombinant strains (mg/L/h) (mg/L/h)
12 24 h 12h 24 h

ZM4(pHW20a)(control) 14.3743.94 18.6240.72 1.2840.69 2.9040.13
ZM4(pHW20a-ARZ_4549 T1) 14.024.14 15.96+2.67 1.49+40.90 1.29+40.58
ZM4(pHW?20a-ARZ_15626_T1) 13.0240.88 15.96+1.09 1.9140.06 2.0540.12
ZM4(pHW20a-ARZ_17182_T1) 15.7140.75 14.4640.65 1.7240.45 1.9240.10
ZM4(pHW20a-ARZ_5033_T1) 19.98+40.23 21.3940.14 2.380.60 2.850.35
ZMA(pHW20a-ARZ_8367_T1) 12.68+1.08 15.2740.18 1.87+.27 1.8540.16
ZM4(pHW20a-ARZ 13395 T1) 13.96+.17 21.28+1.21 3.03+1.26 4.6340.24
ZM4(pHW?20a-gfp) (Control) 12.5140.79 13.7340.67 1.6440.90 1.9340.22
ZM4(pHW20a-gfp-ZMO0062) 12.86+1.11 11.850.74 0.9740.04 0.56+0.01
ZM4(pHW20a-gfp-ZMO1696) 14.5940.23 13.60+40.69 1.6440.06 2.17+1.09
ZM4(pHW20a-gfp-ZMO1722) 14.9043.52 13.5242.08 1.8140.76 2.1240.24
ZM4(pHW20a-gfp-ZMO1771) 21.89+.41 16.7440.53 2.7840.48 2.7640.01
ZM4(pHW20a-gfp-ZM01993) 13.4040.19 13.7640.61 1.1440.47 1.1940.08
ZM4(pHW20a-gfp-ZMO0976) 14.164.74 12.7240.06 0.5140.03 1.16+1.00
ZM4(pHW20a-gfp-ZMO1344) 11.7320.45 11.2140.28 0.6240.08 1.3040.32
ZM4(pHW?20a-gfp-ZMO1673) 15.3840.25 11.93+.07 0.5240.20 2.4840.03
ZM4(pHW20a-gfp-ZMO1773) 10.8440.17 9.6840.54 1.3240.51 1.0240.31
ZM4(pHW20a-gfp-ZM01984) 16.91+.27 12.71+.55 1.4440.36 1.7940.73

The corn stover hydrolysate contained 56.74 g/L of glucose, 24.80 g/L of xylose, 2.85¢/L of acetic acid,
0.34 g/L of HMF and 0.62 g/L of furfural at 30 °C. Standard deviations were derived from at least two
independent determinations.
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Fig. 3.2 Fermentation performance of the recombinants Z. mobilis ZM4(pHW20a-ARZ_ 13395 T1) and
ZM4(pHW?20a) in corn stover hydrolysate.
ZM4(pHW20a-ARZ 13395 T1), expressing gene ARZ 13395 T1; ZM4(pHW20a), containing the blank

plasmid only. (a) Cell growth indicated by the OD value at 600 nm. (b) Conversion of furan inhibitors. (c)
Glucose consumption and ethanol production.
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Fig. 3.3 Fermentation performance of the recombinants Z. mobilis ZM4(pHW20a-gfp-ZM0O1771) and
ZM4(pHW20a-gfp) in corn stover hydrolysate.
ZM4(pHW20a-gfp-ZMO1771), expressing gene ZMO1771 fused with the reporter gene gfp;
ZM4(pHW20a-gfp), expressing the reporter gene gfp only. (a) Cell growth indicated by the OD value at

600 nm. (b) Conversion of furan inhibitors. (c) Glucose consumption and ethanol production.



5566 71 BRE T KPS

FE TRFEFF AR AR A ) R B e, HLid 3Rk IR ZMOL771 B 2H B MR SR B4 B4t
H T P R % P B fiA 55 18 9 NADH B NADPH 2 5 8L IE J5 S B, B 44 i NADH
8¢ NADPH [ 4H45 Bl n] gk — 20 14 5 B A4 Rt IR I S 0 e A e g . 8 T i R0k
ZMO1771 B sEH AR L R K BEMERE, EH ZMOL771 34T J5 22 3% 4 T HuE it 7t
3.3.3  ZMOL771 i Al -1 411 - A R S 3 58 T R ) )
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Table 3.5 Fermentation performance of co-expression recombinant Z. mobilis ZM4 strains in response to 2 g/L of furfural or 4 g/L of HMF

Glucose Ethanol Inhibitor

Inhibitors ~ Recombinant strains E/;hr)o wth rate consumption rate  productivity conversion rate (Izgmlt::s(,)i:)n (%)
(g/L/h) (g/L/h) (mg/L/h)

Furfural ZM4(pHW20a-gfp-ZMO1771) 0.02240.000 0.3240.01 0.1040.00 10.92+2.08 72.1549.26
ZM4(pHW20a-ZMO1771-pntAB) 0.02140.001 0.2940.01 0.0940.00 12.4440.29 78.8840.79

[ ZM4(pHW20a-ZMO1771-udhA) 0.02049.000 0.3340.05 0.08+0.00 13.08+2.28 83.1646.62 ]
ZM4(pHW20a-ZMO1771-ZM0O0367) 0.01940.000 0.2940.03 0.1040.01 11.8540.92 71.4642.36
HMF ZM4(pHW20a-gfp-ZMO1771) 0.02240.000 0.4040.05 0.1240.01 12.314.12 50.094.10
ZM4(pHW?20a-ZMO1771-pntAB) 0.02640.002 0.4140.01 0.1440.01 13.9240.87 58.4242.73

[ ZM4(pHW?20a-ZMO1771-udhA) 0.02940.002 0.4940.04 0.1740.01 17.0240.31 70.19+.49 ]
ZM4(pHW20a-ZMO1771-ZMO0367) 0.02440.001 0.3540.02 0.1440.01 12.6140.06 52.6940.08

In RM medium containing 2 g/L of furfural or 4 g/L of HMF at 30 °C. The fermentation performace was detected at the mid-log phase, where 12 h for furfural and 16 h
for HMF. Standard deviations were derived from at least two independent determinations.
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Fig. 3.4 Fermentation performance of the recombinants Z. mobilis ZM4(pHW20a-ZM0O1771-udhA) and
ZMA4(pHW20a-gfp-ZMO1771) in corn stover hydrolysate.
ZM4(pHW20a -ZMO1771-udhA), co-expressing gene udhA with ZMO1771; ZM4(pHW20a-gfp-
ZMOL1771), expressing gene ZMO1771 only. (a) Cell growth indicated by the OD value at 600 nm. (b)
Conversion of furan inhibitors. (c) Glucose consumption and ethanol production.
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A1 80.55%.
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C. glutamicum S9114 &8 [H A 2R Tk A4 7= i F Btk 2 —, H AR AN T TAE
£ 2011 458 MO8, S S 2 R IIRE 78 A, Sl I AE 1590 & B R R RS AT KM (&
BERE 0.38 g/L. HMF 0.21 g/L) % C. glutamicum S9114 BHATELE LR E (128 K),
19 2 — PR ELA = R I B P 52 1 A R AR, 44 C. glutamicum S9114-128. 4
T AR YNA R AN S P 52 PRI 5 00 7 T AR, AT 5 By snid s e B AR AT
FEDRI 2 E I, X A WU 15 1 P S AR A A DG TREA T A LD RS, 230 55 4]



72T BRE T KPS

WSS 5 118 AT O (R R S TR o AT 8 A m] DA SR 7 Al S 28 ) 4 T PR A R Ay s
A 300 ) WA i 52 2R T Gl A ) LR DR AR (1 B B I S8 K HE

42 REHB

421 SZEOMEL
4211 SEE RS 3 ORI

ASHIF T A A FH 20 0 TR Rk SRR L EE 4.1, C. glutamicum S9114 1 B _F i TR RlEL
AR aw] (g B T 5D wF ORsE 0 (Shanghai Industrial Microbiology
Institute Tech., China). C. glutamicum S9114-128 JyiiF C. glutamicum S9114 [ 7K fift ¥k
Yk FeAT Rk, FAG B (R IR R S0 0T 5214« E. coli TOP10 FH 2 [K] v e K2 Joi s )
SGHEERME. FURL pTRCmob T H BIEEIAE C. glutamicum H )it Rk, H AR
pK18mobsacB H - C. glutamicum H H [ R LA ) s SR el B 46, 9 SR 35 e o EEIR 2B R
MV AP AR T T ) PN 5 22 T AR ABE 153

FRFEFT 2015 AERKFEUGER T E NS AR IXIEFX, R DG I KR 2
JEBERRAY . 105 °C M5, HIH SF-300 MLk BENL BRI ST, Ry i i ) S 255
TRAF & ERFEFT S 47 4E & 35.38% P4F4E & 24.62%. A JFi & 16.05%. 7K 5) 3.47%.
Y RBEFE LLC-4 GRIKES WHEH 5 BB AR, 448 X BFIE4NRFE N 199.4
FPU/mL, 214 —¥ilig% 4 5,500 CBU/ML, HH &4 75.85 mg/mL.

FE DR B4 P Bl 661 551 S AH DGR & D0 3.2.1.1 #6540, RNA 2. [efé 5t Ko e & PCR HI
AR B 2.2.1.1 5y BRI B (LA EMRHE R AR AR, RIFERY
IS A RHA R EA R, BRI E RiEREEE R ARAR . Hedt
WA Corafral) 0y E E 255 A0 220 BR A B 8L i m A 22 E R A F .

4212 EFFEGEEFRFKAMT

C. glutamicum T Fk [E 1455 7848 F Luria-Bertani (LB) £555% (A 10 g/L. B E
JZH 59/L. NaCl 10 g/L FlEfig 15 g/L), 30 °C K557 Ak E: 3748 H & it 9% 3, 30 °C,
200 rpm 557 85771 RIS HH AR 7 ZAR LR E Y 50 pg/mL -RAVE R IEE
G TR A LR = Fe

Wik Rkt W &PE 25 /L. EK3 25 /L. KH,PO, 1.5 g/L. MgSO, 0.6 g/L.
JRZ 2.50g/L. FeSOs2mg/L. MnSO,2 mg/L. #4h pH F AN % pH 7.0,

Fh P 9R3E. AmME 25 g/L. £k 59/L. KHPO415¢9/L. MgS0O, 0.6 g/L. JR&
25g/L. FeSO42 mg/L. MnSO,2 mg/L. jteih pH FIEE LSS pH 7.0,

KRR 53, #ERE60g/lL. FKH 059/L. KH,PO,1g/L. MgSO,40.6 g/L. JRE
3g/L. FeSO;2mg/L. MnSO;2 mg/L. #24f pH FESAMENIETT S pH 7.0,

FIRFEFRFEF FeSOs MNSO, 1 5 Ak, FEECHI R, BN 400 mg/L, 4 0.22
wm J6 B YA 8 S IUEC I s MgSO4 B v 120 /L BEA, FoKIRELHI 2y 300 g/L BFK .

E. coli W#kREF= T Luria-Bertani (LB) 35773k (ZEEIR 10.0 g/L. E#ERE K 5.0 g/L
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Table 4.1 Microbial strains, plasmids and primers used in this study

Strains Genotype ri?eurg%ecsgs
C. glutamicum S9114 Wild-type strain SIMI
C. glutamicum $9114-128 Adapted strain from C. glutamicum S9114, high tolerance to furan aldehyde inhibitors [199]
E coli TOP10 garCJCE;AaI?((Tprsth(ssdtlrQr)Mesn (rj\X;lrErsﬁz) é)80IacZAM15 AlacX74 recAl araD139 A(ara leu)7697 Invitrogen
C. glutamicum S9114-ARS14945 In-frame deletion of CGS9114 RS14945 in C. glutamicum S9114 This study
C. glutamicum S9114-RS14945*""  Replacement of CGS9114 RS14945 with CGS9114 RS14945°** in C. glutamicum S9114 This study

Plasmids Phenotype rgfoeur;%ecsés
pTRCmob E. coli-C. glutamicum shuttle cloning vector, Km", Ptrc, RP4-mob region instead of lacl® [200]
pK18mobsacB Km'; suicide vector containing the sacB gene from Bacillus subtilis [201]
pTRCmob-RS08730 CGS9114 RS08730 from C. glutamicum S9114 in pTRCmob This study
pTRCmob-RS08730%28PELe CGS9114_RS08730%%%PFe from C. glutamicum $S9114-128 in pTRCmob This study
pTRCmob-RS03450 CGS9114 _RS03450 from C. glutamicum S9114-128 in pTRCmob This study
pTRCmob-RS11050 CGS9114 RS11050 from C. glutamicum S9114 in pTRCmob This study
pK18mobsacB-ARS14945 Flanking regions of CGS9114 RS14945 from C. glutamicum S9114 in pK18mobsacB, for gene knockout This study
pK18mobsacB-RS14945°4"A Flanking regions and CGS9114_RS14945*" from C. glutamicum S9114-128 in pK18mobsacB, for gene insert  This study

Primers

Forward and reverse sequences

CGS9114 RS14945-F
CGS9114 RS14945-R”
CGS9114 RS11055-F
CGS9114 _RS08730-F
CGS9114 _RS08730-R”

GTGGCTGCTAGCGCTTC
CTAAATTGAGTAGTCCGCAGG
ATGGAAATGCTCGGCTAAATC
CGCGGATCCATGGCACGTATGCAGGAA
ACGCGTCGACCTACGCGGTCTTTTCTTCTG




AT

BAERT KPS0

CGS9114_RS03450-F
CGS9114_RS03450-R”
CgS9114_03533-F
CGS9114_RS11050-F
CGS9114_RS11050-R”
CGS9114_RS14945-Up-F
CGS9114_RS14945-Up-R
CGS9114_RS14945-Down-F
CGS9114_RS14945-Down-R
CGS9114_RS00955
CGS9114_RS07940
CGS9114_RS02860
CGS9114_RS09335
CGS9114_RS06410
CGS9114_RS12105
CGS9114_RS07465

CGCGGATCCGTGAGCAGCGCTAGTACTTTC
ACGCGTCGACTTAAGCCTTGAAAGCCTCG
CGCGGATCCGTGCCACAGCAACCTAAGC
CCGGAATTCGTGGCTACTGTGGCTGATGTG
ACGCGTCGACTTAGACTGCTGCGTCGATCAC
AAAACTGCAGCATGCAGGTACAGGCATCAC
TCCAGCAAGTCCACCATCAAGGAACACCAACAGCTTCAAGATACGACGAACTGTCTAAC
TTGTCTATATTGGTGTTAGACAGTTCGTCGTATCTTGAAGCTGTTGGTGTTCCTTGATG
CCCAAGCTTCCTTGGTCTTTACTGGGCAC

(F) CGCAACTCAACTTGACCTTCC

(F) GAAGACCCACTTGCTCTCGC

(F) AGATTGCTGATGAAATCCATGC

(F) AGCAAATCGACTGGATCCG

(F) ACTTCGCGTTCCAGTTATCAC

(F) ACATCGCAGCCATCTCCTTC

(F) AAGCGTGGCGTTATTTCCTAC

(R) CTACTGTGGAAAGGTCCAGCAC
(R) TCGGCAGCATTGGACAGTC

(R) CCGAACACCATAACGAGTGG
(R) GTTGTCGTACCACACGTAAAGC

(R) AGTGGCTCTTCGGAGTAAGC
(R) ATGGTCTCGATTTTGAGGACG
(R) AGCGAACTGCCTCATTTGG

CGS9114_RS10055
CGS9114_RS06460
CGS9114_RS07055
CGS9114_RS06470
CGS9114_RS06465
CGS9114_RS12100
CGS9114_RS12060
CGS9114_RS02700
CGS9114_RS07420
CGS9114_RS12025

(F) AAGACGCTCCTGAAATCAAGTAC
(F) AGATGGCTTCAACCCTGAGTC

(F) GCGTGATTGTCACTGCCAC

(F) TCCAACAACACCGTGATCAAG
(F) CAAACACCGTCAACACCATG

(F) AACTGTCCTGGACTCCGCTAG

(F) CACAGGTACGCAAGGAAGTTG
(F) CATGGGCGATTACCAGTGAG

(F) GCGTTTACTTCGTGAGTGAAATG
(F) CTAAGTAACCGTGGCATCACTG

(R) CGGACAGAGCGAAGCTTATC

(R) CCACGGCAATCTCAGTAACAC
(R) TCGATGCGCTTGTAAGTGTG

(R) GTTGAGGATGGATCCCATAGC
(R) CTGGAAGACATCTGCCAAGTC

(R) GACAGGACTGGAAGTTCAGTGTC
(R) GTAGGCACGACCGATGAGAG
(R) ACTCCAGAAAGCACGTCCATC
(R) TGGAATCGGAGAAACCAATAAC
(R) GGCATTGGATCGGAGTTTG




AT KFH LS00

HI5 T

CGS9114_RS02730
CGS9114_RS03450
CGS9114_RS04935
CGS9114_RS04940
CGS9114_RS08765
CGS9114 RS03745
CGS9114 RS11385
CGS9114_RS09005
CGS9114 RS09010
CGS9114_RS14945
CGS9114 RS08325
CGS9114_RS06335
CGS9114_RS03400
CGS9114 RS03195
CGS9114_RS02665
CGS9114 RS02660
CGS9114_RS11050
CGS9114 RS11055
CGS9114 RS11060
CGS9114_RS11065
CGS9114 RS11070
CGS9114 RS14440
16S rRNA

(F) GGACAAAGCAACTGAGAAGCTC
(F) AGCGACCGCTGAAGAGTTC

(F) GTGTTGGACCTCTGAACAACG
(F) GCAAAGCTTGTTCACCTCTCC
(F) TGTTGGAAACCCAGCGAAC

(F) CGATATTGTGGTTCTCGATTCC
(F) TGACACCCGTGTTATCGAGG

(F) GGCTTCCACTCCCTCAACTAC
(F) GCAAGGGCTCCATCTACATC

(F) TGTTGCAGCAGTGTTAGAGCAC
(F) CTCTACCCAGGTCTGAAGAACC
(F) GAAACCTTTGACACCAACAAGG
(F) TCGATAAGCCTGCCTACCTG

(F) GCTGATTTCGGTGAGACCAC

(F) GTCACTCCAGATGCTGCTTACC
(F) TGGACTACCAAGCAGACAAGTTAG
(F) AAGTGGTTTGCTGACATGTGC
(F) GGCAGTAGACATGATTTCGCAG
(F) TTAACCGTGGCATCGAACAG

(F) GGCAGCCTACCTCTTTGGTAC
(F) TGAGTACGACGACGAAATCTTG
(F) CCTTCGTATTCACCTCCTTGC
(F) ACATTGGGACTGAGACACGG

(R) TCGTCAGCCCAGAACTTGG

(R) TGCTTCCCATGCAACGAC

(R) GCATTGGGCTGGAGTATGG

(R) CACAGCGGTCAGTGGAATG

(R) GAGATCGCACGGTTGTGATC
(R) GGACACGCCAATGAATAGGTC
(R) GAATGTTGTCTGGGCGAATG
(R) GGTGCTTAACAGCGGTGAAG
(R) ATCCAGGTTGACGGAGGTG
(R) CCAGCAAGTCCACCATCAAG
(R) TCGGCCAGACAGATTAGTTTG
(R) AATCAGTGCGACCAAAGTGG
(R) GGAGATCACTTCGTTGAACTCG
(R) CTCTTCCTGTCGGATTGTACG
(R) ATGCGTTGAATGCGGAGAG
(R) CTGGAACTTTGATGGATTCGAG
(R) CCGATGGAAACAAAGTCCAG
(R) GCTGAGAACAGCAACTGTGAAAG
(R) ACCTGCAAGAGCACAGTCTCC
(R) GCAGGGTAGCAATGGACAAC
(R) GTCGGAGGTGACGGTAACTTC
(R) CTGCATTGGAACGGTAGTCG
(R) CTCCAGGTACCGTCACCATAG

Asterisk indicate the primers used for mutation validation by Sanger sequencing. Bold indicate the primers used for gqRT-PCR analysis. The underlined letters indicate

the restriction sites.
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F1 NaCl 10.0 g/L), 37 °C, 200 rpm 557 . #R¥E 75 E R ML LN 50 png/mL I RANE .

C. glutamicum FEAZ R R AL OFRIRZ AR IR 4L (LB 8532 580 3% H 2 A1 0.1%
Tween 80). SOC #5773 (FEH Mk 20 g/L. BEERHEZ A 59/L. NaCl 0.5 g/lL. KCI 2.5 mM,
MgCl, 10 mM. & #E 20 mM) A1 LB JEAER 7RI (LB F5 72350 10% 858D .

422 SEERA AT TTE
4221  FRFEFIK MU ) 2

FRFEFF K AR I 1) 2% I AR L 3.2.2.2 353, 18 R B S IR #A'E BT 75 ) /K ARV Rk I A
NEFEEL, SRR 059/l KHPOs 1 g/L. MgS040.6 /L. JRE 3g/L. FeSO, 2
mg/L. MnSO,2 mg/L. #24f pH [FIFEFHE AT 2 pH 7.0,
4.2.2.2 FERFHAHENT

C. glutamicum Z£ [X] 2 DNA $Hu A F 3 DR 41 2 Bk 771 &5 TIANamp Bacterial DNA Kit.
AR ZHE N T - 1lunima HiSeq 2500 M/FF & 58/, M7 IRAG45 R4 Trimmomatic

(v0.32) 15 BY it € Ji5 1 ] SPAdes (v.3.5.0) 4T I K 4L 20 B Hf 42, FEE5 B QUAST (v2.3)
St A5 AT A . A E A A Y C .glutamicum S9114 3 K] 2H ( GenBank: AFYA00000000)
RNZHEIEFM, FH BWAMEM (v0.7.12) #HAT/FFILLXT, Snippy (v2.9) il SNP &
/N INDEL (i ANBRER), Breseq (v0.27.1) %58 KRR CRIGFFIELR) . ST
DR F FEARAL p5 50 3 EAT A5 ST PCR 9 34 R Sanger I /7 56 11F , PCR 438 B 519 IL3& 4.1.
4.2.2.3 C. glutamicum HLF% 352 45 il 25 15 FL A% 2% A

TP LB [ $5 72 0 B i5 A0 J5 I R B V& T3¢ H 5 mil LB IR 7R 2R 1)l
i1, 30°C, 200 rpm }%3% 12-16 h. 4% PR FRIFAUE 1 mL £ 50 mL JEAZ Ak 553
t, 30°C, 200 rpm 1537 3-4 h ERUMIZEM, ODgo 2 0.3 247 . B FE3-AG 1 B AL
% 50 mL .08 ki 15 min, 4 °C, 5,000 rpm B0 10 min, 3 FiEREMR. 55
O 30 mL T4 15% H il 24000, 4 °C, 5,000 rpm &0 10 min, F _LiEUSEL
Mo, BEEHMERSEMNK. 15%H M 100 pl mEM, 234 1.5 mL EoEd, &
% 50-60 plL.

HUE & TR 5 B2 A4 CRUFILHRIILAD BI0RS), VKAE 30 min. HEDEE
THEET K ZEET R EER (HA 1mm) BET#EET, JFEERN. L4 KHE 15
min. fFHRFEMPIOEER TG, MR SMBERE SRR, B TUK EiKig 15
BN G R . S HUON 2,000V, 25 F, 200 Q. HLEESE RS SEET I 800 ul SOC 1
Frk, [FII RPN 46 °C 7Kt 6 min. ¥4 HEEWT 30°C, 100 rpm £57% 1.5-2 h (JiT
bt i) 80 3-4 h (EEREFREIEAN ). FEFRE WG B OIRA IR, I T 5 ISR

(50 pg/mD) HIEAK LB A, 30°C 1537 24 /LA BT K HU 1L 7.
4224 HWEER B 15 54 Bk IR

N T LN P FE R CGS9114 RS03450 5 CGS9114 RS11050 )42 U1 Uk i 4 4
U L B R it 32 R 2, DAL ER P& C. glutamicum S9114-128 JE K ZH AR,
PL CGS9114 RS03450-F 5 CGS9114 RS03450-R. CGS9114 RS11050-F 5 CGS9114



AT KFHA 8T 7T

RS11050-R N5 W53 ml G453 2IAH RN H LK . F2[F CGS9114_RS03450 1 Wi 1) i s
BamH I 1 Sal I. Z£[X CGS9114_RS11050 fE BNz i EcoR | A1 Sal | 73 746 N\ 742 5
¥i pTRCmob. FJE T % 40 Ji R 1 S48 CaCly iE:#54K % E. coli Topl0, F& LA,
% (W 4.223 39 #4k % C. glutamicum S9114 .

N G SE CGS9114_RS087307°PF1 (#yxhfE, 737 LAEFA: kK C. glutamicum
S9114 A [ ZH A1 I AL B Rk S9114-128 LK 4H ABIAR, L CGS9114_RS08730-F L
CGS9114_RS08730-R 7y 51443 7 4 15 43 £ B Al CGS9114_RS08730 ( Hf 4= A1) H
CGS9114_RS08730%%P (geas i), {EBhEg A7 45 BamH | A1 Sal 1, K FE K 43 36 A
ZERTURL pTRCmob. 4% i ¥ & B 4 Uk B /a4 CaCly 4% 6% E. coli Topl0, H&H
AR (W 4.2.2.3 854y 4K Z C. glutamicum S9114 5 S9114-RS14945P4A

N T EEAE R C. glutamicum S9114 5| N SAFRIIL K] CGS9114_RS14945°4A, &
B JEAE C. glutamicum S9114 ARy AE R K CGS9114_RS14945, 44 J5 F7EAH [FIAL
FURCAHE NS E R CGS9114 RS14945P47A (] 4.1). FUARIRAEE RN . DA AE
Pk C. glutamicum S9114 %t [ 20 4 Bt , LI CGS9114_RS14945-Up-F 5
CGS9114 RS14945-Up-R. CGS9114 RS14945-Down-F 5 CGS9114 RS14945-Down-R
B B AR 4% R L R CGS9114 RS14945 (1) by A R e [RISE , K i R Ay
By 1 J5 2B V)AL 5 Pst | A1 Hind 1148\ B 2R 50k pK18mobsacB 1, #4845 2]
i TR pK18mobsacB-4RS14945. H bk i ki i e 4K 2 C. glutamicum S9114 1, F|H]
[P 5 B A 15 AR T AE 10% R A 07 128 e ) 2% A1 F i 453 21 CGS9114_RS14945 HL PRk 2K i #k
C. glutamicum S9114-4RS14945 (& 4.1a). Hik, LAYIMLEE#k C. glutamicum S9114-128
FERH NI, L CGS9114 _RS14945-Up-F 5 CGS9114 RS14945-Down-R A 5| #d 1
13 BB FARFE R S H i A0 Ui [RIVRE 2R DR B, 2B DIAE A5 Pst | AT Hind 11146
[ AP Bk pK18mobsacB H, FAE1E 24 A\ B kL pK18mobsacB-RS14945°A, K i iy
RO N J5 R H 2 28 L R B 2 TR B C. glutamicum S9114-414945 o, -7k FH [R] Y 25 41 4%
ARIFAE 100 B 575 3% K /7 2% 1 T %06 45 8 CGS9114_RS14945P4™ H A ¥ ¥ i 1k C.
glutamicum S9114-RS14945°4™* (& 4.1b).
4.2.2.5 C.glutamicum =5 21 Bk 1) & B BE 43 BT

HUH B ORAE B M RR 42 LB [P i35 57 45, 30 °C #5357 36 he TR HRECHT 7%
105 PR T T35 30 mL TG 75 7R 519 250 mL #2, 30°C, 200 rpm Fiiks 77 12
h: DL 5%3 Fh ol T JR U N3G 30 mL Fh 5 3R JE 1) 250 mL $EIm T, HIERE %
AT IR 8 hy DL 5B B S R NSRS 30 mL KRG IR EL 159 7
B T KRS FT KA 250 mL FEiHr, 30°C, 200 rpm 47 KR IR . RIS AHIE
— B A] (4h B 8h) IiEsE 20% M JRE, 4EFFpH 7.0 47, FIBFHL 1 mL B3, &
17 F-20°C T e M S A Gaile . PR R iTE/b 2 AEYMS¥EL.

WA, BAR. FLR S EXH AR SBA-40D AWAE B4 BT G E . IR
RATAEYD & B IE W, 3.2.2.3 #4r. FTAFEMAENHTRTZ 0.22 pm JEME S JEAL 2
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BAERT KPS0

Hindm

€) RS14945D

RS14945U pK18mobsacB
-ARS14945

SacB

pBR322 ori

RP4 oriT

RS14945

iz

RS14945U RS14945D

Genome of C. glutamicum S9114

l Homologous Recombination

RS14945 Km SacB oriT pBR322 ori

RS14945U RS14945D RS14945U RS14945D

l Excision (10% sucrose)
RS14945U RS14945D

Genome of C. glutamicum S9114-ARS14945

HindIll

(b) RS14945D Km

Rs14945‘”7‘f

RS14945U

pK18mobsacB
DA7A
-RS14945

pBR322 ori RP4 oriT

RS14945U0 RS14945D

Genome of C. glutamicum S9114-ARS14945

i Homologous Recombination

Km  SacB oriT pBR322 ori RS14945

RS14345U RS14945D RS14845U RS514945D

l Excision (10% sucrose)
RS14945

—— -

RS14945U RS$14945D

D47A
Genome of C. glutamicum S9114- RS14945

B 4.1 EFA:EE#E C. glutamicum S9114 B PABE CGS9114 RS14945°7A B K CGS9114 RS14945 fM RS 72
Fig. 4.1 The process for replacement of CGS9114 RS14945 with CGS9114 RS14945°** in the wild C. glutamicum S9114.
(@) Map of plasmid pK18mobsacB-4RS14945 and the construction of C. glutamicum S9114-4RS14945 by deleting gene CGS9114 RS14945 from the wild C.
glutamicum S9114. (b) Map of plasmid pK18mobsacB-RS14945°" and the construction of C. glutamicum $9114-RS14945°** by inserting gene

CGS9114 RS14945°* in the newly constructed C. glutamicum S9114-41RS14945.
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4226 QRT-PCR 5256

SR KB RE e R 5 5% 8 h ) C. glutamicum BE4&. BEAAUSEE . RNA $2HL. SO
J% qRT-PCR #1E I 2.2.2.3 #143. qRT-PCR H 511 L3 4.1, PCR [ . LA 16s rRNA & [H]
HNNSHRA .
43 ZR5HR
431 FFAERERS IR R A 2 S S R DR 2H

(@) S9114 S9114-128
—©-Cell growth —8—Cell growth
10 -=-Glucose —8-Glucose 70
—~ 60
) 50 &
) 2
- 40 o
z 30 §
o =
o) 20 O
(@]
10
O T T T T T T T T T T T T 0
0O 8 16 24 32 40 48 56 64 72 80 88
Time/h
(b) S9114 S9114-128
—A—Glutamic acid —A— Glutamic acid
d@ 30 —o—Lactic acid —&—Lactic acid
5 25
(8]
@
g 20
(&)
©
- 15
o
8 10
Q
E s
8 0 7 5 V4 O—
0O 8 16 24 32 40 48 56 64 72 80 88

Time/h
& 4.2 B4 C. glutamicum S9114 Y4k C. glutamicum S9114-128 ¥ & FERE 373 A ) & B 1 RE HL 3¢

Fig. 4.2 Fermentation performance comparison of the wild C. glutamicum S9114 and the adapted
$9114-128 in fermentation medium.
(a) Cell growth indicated by the OD value at 600 nm and glucose consumption. (b) Glutamic acid and lactic
acid production.

Z R R o, SEFEE M C. glutamicum S9114 AEL, /KA YIMLE kR C.
glutamicum S9114-128 5 M e {4111 1| 47 () TS 52 1P A 81 W S 1 0, P nval ¥ 2 hoisp, C.
glutamicum S9114-128 %} 1 g/L HIREEE A HMF %546 253 51 4 90.4%F1 63.8%, 45 B4
IR AR 81.8%A1 76.1% M, T HE—b TIRMEMRIOR B E R, AELIHI )
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T R B R RO R B AR AT R RS 3R . 0 4.2.2.5 I FTIR, KR TR IR R
REEREFRHE, BRI TSI, KBS R K 4.2 s
ARKAGIEE R EIR, YIMLE R C. glutamicum S9114-128 5 HFA- £k C. glutamicum

S9114 HJWIAE 12 h AfAERAKIEER, H C. glutamicum S9114-128 [ KAYI=

(0OD600 #) 7.0) #HEMKT C. glutamicum S9114 (OD600 £ 8.5). R4 C. glutamicum
S9114-128 WA RIS, (HAE G FHAEE R B & T AR, KR (81h) I,
C. glutamicum S9114-128 % %i i 4 5.45 g/L, BFAEFENIF 4> 16.95 g/L (& 4.2a). PE
FHHIEFER PN RS, SRR R RER R YIMLE R C. glutamicum S9114-128 7£4E %,
BRI FIN 2R A R EFLR, S Pl 10 o/L, 10 35 A B R AE 4 2R AF
FEHARMRERD KT 49/L), HEERZARRRENIM, LMRAW T, 24h )5
YERFTE 25 g/L LA . SERRARF R 2, C. glutamicum S9114-128 AR IR B IR
KT EF AR (K 4.2b) ST R B IR TP L 3 13X — RAMILS, WK C. glutamicum
S9114-128 L /KA IAYNL 5 AU rT BE AR A= W%, Tt 1Al FLER A BT o) BRI & 39
T A R AR B R AR AR K Al A D

N IR R S EEF AR kR C. glutamicum S9114 S5YIMLE FE S9114-128 F£ % 7

AR 7 Hh R A L 21 1 T R AU i A% I G R 2 i XA 7 mh W5 38 1 400 ) P i 52
PEIREILG) Mo FHLE, AR S EENTHAR, WYHLE K C. glutamicum
S9114-128 HHATAFEF A EN 7, [FBT LT AE A S9114 . H 745 R Bon R g
fEEARFBEH KBRS 7 RKE=ADHBENEIME, YL E# C. glutamicum
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Bk, R PSR RAR AL 73 A fe o B I IR IR B R CGS9114_RS03450 7%
EEKMEE (Clp) ) ATP 45415 Clpx 3[4 CGS9114_RS08730, L[] 3L SNP 5748
AL T35 4% 7 McbR K CGS9114 RS14945, FE[A[A][X SNP FARA 5 A T 8
W 2 DI RS B A R I M R JER) CGS9114 RS11050 F1 DeoR 5 i si i % 13k Al
CGS9114 RS11055 2 Jf].
432 FEBERRE MAEHE C. glutamicum S9114-128 f 22 7Y i Ax

SNP
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M — a4
CGS9114 RS11060 CGS9114 RS11070

B 4.3 C.glutamicum S9114-128 ZEFE 4 H CGS9114 RS11050 5 CGS9114 RS11055 [&] [X 582%
AL FAHRAE B R
Fig. 4.3 Information of the intergenic mutation between CGS9114 RS11050 and CGS9114 RS11055 in
the gemome of C. glutamicum S9114-128



AT KFH L2000 81T

# 4.2 YHLERE C. glutamicum S9114-128 HfRIZEAR AL S IC
Table 4.2 Mutations present in the adapted strain C. glutamicum S9114-128

. . Protein
Contigs Position Type Reference Allele Change® Locus_tagb Description
Contig05 156797 Deletion AGGGGGGGA AGGGGGGA T42fs CGS9114 RS03450  alpha-ketoglutarate decarboxylase
Contig07 154636 SNP C T L32L CGS9114 RS05445  hypothetical protein
. . ATCCCACCGC . ATP-dependent Clp protease
Contig11 138150  Deletion AAGGCGGACG AG 1228 R234delinsS CGS9114 RS08730 ATP-binding subunit CIpX
Contig12 10298  SNP A G P477P CGS9114_RS0g3zs  Jlyceraldenyde-3-phosphate
dehydrogenase
Contig16 15443 SNP T C P335P CGS9114 RS10900  RNA methyltransferase
intergenic,phosphoenolpyruvate-protein
Contig16 51170 SNP T C Intergenic %%859911114 [Fésslllfos,\_.?\,_.) phosphotransferase/DeoR family
- transcriptional regulator
Contig32 15983 SNP T G D47A CGS9114 RS14945  transcriptional regulator MCbR

?fs, short for frameshift; delins, short for deletion and insertion
bBold genes indicate the genes selected for further analysis.
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AT KFHA 8T 383 T

£ 4.3 YHULE# C. glutamicum S9114-128 H 51z K& LB AI R B E R R E
Table. 4.3 Transcriptional expression of relevant genes involved in sugar transport and central carbon
metabolism in the adapted C. glutamicum S9114-128

Locus_tag Product Foldchange®
Sugar transport

CGS9114_RS11050 Phosphoenolpyruvate-protein phosphotransferase 2.2440.28
CGS9114_RS11055 Deor family transcriptional regulator 0.0140.00
CGS9114_RS11060 1-phosphofructokinase 0.0140.00
CGS9114_RS11065 Fructose/mannitol-specific enzyme 11 ABC component of PTS 0.0140.00
CGS9114 RS11070 Phosphocarrier protein hpr kinase 1.0540.15
CGS9114 RS14440 Glucose-specific enzyme 11 ABC component of PTS 1.0040.12
Central carbon metbolism

CGS9114_RS00955 Hexokinase 1.3440.18
CGS9114_RS07940 Hexokinase 0.6140.08
CGS9114_RS02860 6-phosphofructokinase 1.3040.19
CGS9114 RS06410 Glyceraldehyde-3-phosphate dehydrogenase 1.0540.08
CGS9114 RS09335 Glyceraldehyde-3-phosphate dehydrogenase 2.2340.31
CGS9114 RS07465 Pyruvate kinase 0.99140.05
CGS9114 RS12105 Pyruvate kinase 1.0140.19
CGS9114 RS10055 Pyruvate dehydrogenase E1 component 1.2340.15
CGS9114 _RS06460 Glucose-6-phosphate 1-dehydrogenase 2.0240.37
CGS9114 RS07055 6-phosphogluconate dehydrogenase 1.5040.05
CGS9114 RS06470 Transketolase 1.4840.08
CGS9114 _RS06465 Transaldolase 1.7940.23
CGS9114 _RS02700 Lactate dehydrogenase 2.2140.10
CGS9114_RS12060 Lactate dehydrogenase 0.4410.06
CGS9114 RS12100 Lactate dehydrogenase 0.9740.09
CGS9114 RS02730 Isocitrate dehydrogenase 1.5440.23
CGS9114 RS03450 Alpha-ketoglutarate dehydrogenase 2.0540.40
CGS9114 RS04935 Succinate dehydrogenase 1.4940.29
CGS9114 RS04940 Succinate dehydrogenase 1.6640.33
CGS9114 RS08765 Malate dehydrogenase 0.8840.05
CGS9114 RS11385 Malate dehydrogenase (quinone) 1.1040.15
CGS9114 RS09005 Isocitrate lyase 0.7240.19
CGS9114 RS09010 Malate synthase 0.4340.16
CGS9114 RS07420 Glutamate dehydrogenase 0.6340.04
CGS9114 RS12025 Glutamate dehydrogenase 0.2540.10

® The red and green ratio value indicate up-regulated (more than 1.5-fold) and down-regulated (less than

0.75-fold), respectively.
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Fig. 4.4 Fermentation performance of the recombinant C. glutamicum S9114(pTRCmob) and
$9114(pTRCmMob-RS11050) in fermentation medium
C. glutamicum S9114(pTRCmob), containing the blank plasmid only; S9114(pTRCmob-RS11050),
expressing gene CGS9114 RS11050. (a) Cell growth indicated by the OD value at 600 nm. (b) Glucose
consumption and glutamic acid and lactic acid production.
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EINRFEEFEARHE, ERBLER (81h) I, TRIEFERIIMEFER 4 2.2 9/L, &
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Fig. 4.5 Fermentation performance of the recombinant C. glutamicum S9114(pTRCmob) and
S9114(pTRCmMob-RS11050) in corn stover hydrolysate
C. glutamicum S9114(pTRCmob), containing the blank plasmid only; S9114(pTRCmob-RS11050),
expressing gene CGS9114 RS11050. (a) Cell growth indicated by the OD value at 600 nm. (b) Glucose
consumption and lactic acid production. (c) Conversion of furan inhibitors.

4.3.3 odhA FKFIAHERAE 5 C. glutamicum S9114-128 i) 3& i i 4%

SNP(156798, 1 bp) CGS9114 RS03450(156682-160348, 3667 bp) New Locus_tag

CgS9114 03533(156959-160348, 3390 bp Old Locus_tag
&l 4.6 C.glutamicum S9114 ZEFE 4 H odhA ZEF KRR S EE

Fig. 4.6 Information of the mutation related to the odhA gene in the gemome of C. glutamicum S9114
CGS9114 RS03450 is annotated as the odhA gene (pseudo) in the second genome annotaion (New
Locus_tag); CgS9114 03533 is annotated as the odhA gene in the first genome annotaion (Old Locus_tag);
SNP represents the deletion mutation in C. glutamicum S9114-128.

I P R R IR CGS9114_RS03450 754 140 7 R AEFRIE G RAE (HhI—A
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) EL 5y, ol IRBREE (OdhA), {HEARE AL (3667 bp). 5 Z4FHITE
H )52, 1E C. glutamicum S9114 JE[RIZH 55 — IR DhEEIF A5 B (R 90 2 AR 28 — IR )
RETERAEE) B, 4wfd OdhA [I3EEy CgS9114 03533, %3k KA Al 4wfid IE H ThAL A
AR (3390 bp). X LU IRFEFADIREERAEE (B 4.6) KIL, HIKIESE — KRG
B (OdhA HZ%:[F CgS9114_03533 4ifid), ik HfilIEfh 2k 58447 fif2 T odhA ZE R L
WX 4, (<160 [X); FKHEEE B EE (OdhA HZER CGS9114 RS03450 Zwid),
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Fig. 4.7 Fermentation performance of the recombinant C. glutamicum S9114(pTRCmob) and
S9114(pTRCmoh-RS03450) in corn stover hydrolysate
C. glutamicum S9114(pTRCmob), containing the blank plasmid only; S9114(pTRCmob-RS03450),
expressing gene CGS9114 RS03450. (a) Cell growth indicated by the OD value at 600 nm. (b) Glucose
consumption and lactic acid production. (c) Conversion of furan inhibitors.
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Fig. 4.8 Fermentation performance of the recombinant C. glutamicum S9114(pTRCmob-RS08730) and
S9114(pTRCmMob-RS08730 #2PEL%) in corn stover hydrolysate
S9114(pTRCmob-RS08730), expressing gene CGS9114 RS08730; S9114(pTRCmob-RS08730 #22PELe),
expressing gene CGS9114 RS08730%2%PF-. (a) Cell growth indicated by the OD value at 600 nm. (b)
Glucose consumption and lactic acid production. (c) Conversion of furan inhibitors.
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