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Analysis of biodetoxification mechanism of phenolic aldehyde inhibitors
and the construction of the key gene device library

Abstract

Phenolic aldehydes derived from the pretreatment step of biorefinery processing chain
include 4-hydroxybenzaldehyde, syringaldehyde, and vanillin, representing p-hydroxyphenyl
(H), syringyl (S), and guaiacyl (G) groups, respectively. These compounds are one of the
three major inhibitor groups generated from lignocellulose pretreatment, furans, weak organic
acids, and phenolics. Different from furan aldehydes (furfural and 5-hydroxymethylfurfural)
and weak acids (acetic acid, formic acid, and levulinic acid), phenolic aldehydes contain
numerous sub-groups, behave poor water solubility, and are slowly biodegraded due to the
aromatic rings. As an indispensable procedure, biodetoxification is a novel idea for inhibitor
removal by the unique microorganisms with the strong inhibitor degradation and tolerance.
The biodetoxification mechanism of furan aldehydes and weak acids are well studied in the
previous works. However, biodetoxification of phenolic aldehydes are rarely concerned. In
the thesis, the metabolic pathway and tolerance mechanism of phenolic aldehydes for the
filamentous biodetoxification fungus Amorphotheca resinae ZN1 and the ethanologenic
bacterium Zymomonas mobilis ZM4 were elucidated using RNA-Seq and DNA microarray;
the key genes relating to phenolic aldehydes biodetoxification was screened and expressed in
Z. mobilis ZM4, and it also investigated the phenolic aldehydes conversion and ethanol
fermentability of the consolidated bioprocessing strain; finally, according to transcriptome and
proteome data, the key gene device library relating to bacteria, yeast, and fungus were
contructed for the biodetoxification of phenolics, furans, and weak acids inhibitors.

In the first part, it aimed at elucidating the molecular mechanism of phenolic aldehyde
inhibitors conversion into their acids and alcohols for A. resinae ZN1. Based on RNA-Seq
technique, it developed the transcriptome of phenolic aldehydes conversion of A. resinae ZN1.
534, 1576, and 1261 genes were differentially expressed during the conversion of
4-hydroxybenzaldehyde, syringaldehyde, and vanillin, respectively. Oxidoreduction and
transport were the main biological process during phenolic aldehydes convresion for A.
resinae ZN1 by GO analysis. According to the predicted metabolic pathway of phenolic
aldehyde inhibitors, alcohol dehydrogenase, aryl-alcohol dehydrogenase, and aldehyde
reductase were the key enzymes for the reduction pathway of phenolic aldehydes, and
aldehyde dehydrogenase was in charge of the oxidation of phenolic aldehydes.

In the second part, it carried out the transcriptome using DNA microarray under the

stress of phenolic aldehydes for Z. mobilis ZM4 to make the bioconversion mechanism clear.
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442, 67, and 306 genes differentially expressed under the stress of 4-hydroxybenzaldehyde,
syringaldehyde, and vanillin, respectively. Reduction, transport, and regulation were the main
mechanism of phenolic aldehyde inhibitors conversion for Z. mobilis ZM4. It identified 72
key genes relating to the reduction of phenolic aldehydes for Z. mobilis ZM4, including
ZMO1116 encoding oxidoreductase and ZMO1885 encoding NADH: flavin
oxidoreductase/NADH oxidase significantly differentially expressed under the three phenolic
aldehydes stress. According to genome map location, 272 differentially up-regulated and 560
differentially down-regulated genes involved with 36 and 63 gene clusters under the stress of
at least two phenolic aldehyde inhibitors, respectively.

In the third part, it developed the robustness engineering in chassis Z. mobilis ZM4 to
invesitigate the key genes relating to phenolic aldehyde conversion. It tried to strengthen the
nature reduction pathway and reconstruct the oxidation pathway in Z. mobilis ZM4 in order to
improve phenolic aldehyde inhibitors conversion and cellulosic ethanol productivity. It found
that the NAD'-ALDH (PP_2680) from P. putida KT2440 obviously improved phenolic
aldehyde inhibitors conversion and cellulosic ethanol fermentation. Compared with the
control, ethanol titer, ethanol productivity, and ethanol yield were separately increased by
63.7%, 100.0%, and 106.3% in 15% (w/w) solid content corn stover at 24 h. The purified
protein PP_2680 oxidized furfural, 4-hydroxybenzaldehyde, vanillin, furfural, and
5-hydroxymethylfurfural  into  4-hydroxybenzoate, vanillate, furoic acid, and
2,5-furandicarboxaldehyde in vitro. There was no phenolic acid and furan acid in
fermentation system, although PP_2680 obviously impoved aldehyde inhibitor conversion
and cellulosic ethanol fermentation. The co-expression of NAD*-ALDH (PP_2680) and
NADH-ADH (ZMO1696) improved aldehyde inhibitor conversion and cellulosic ethanol
fermentability, and the indirect proof of cofactor anaplerotic reaction may mainly lead to
fementability improvement for PP_2680. Unexpectedly, heterologous expression of PP_2680
gene in Z. mobilis ZM4 improved the gene expression level of alcohol dehydrogenase of ED
pathway and H™ transport ATPase in oxidative phosphorylation.

In the fourth part, it focused on the construction of the device library of the key genes
relating to lignocellulos-derived inhibitors biodetoxification in order to provide synthetic
biology tools for the inhibitor robustness engineering. According to transcriptome and
proteome data under inhibitor stress, it constructed the device library of key genes for
phenolics, furans, and weak acids biodetoxification for the bacteria (including B. subtilis, C.
beijerinckii, C. glutamicum, E. coli, L. brevis, P. putida, T. pseudethanolicus, and Z. mobilis),
yeast (including Pichia stipites and S. cerevisiae), and filamentous fungus (A. resinae). It
found that the key genes of phenolics biodetoxification mainly involved with oxidoreduction,
transport, and regulation; the key genes of furans biodetoxification involved in oxidoreduction,
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transport, regulation, and oxidation stress; the key genes of weak acid biodetoxification

involved with central carbon metabolism, transport, and regulation; lignocellulose
hydrolysate-tolerance mainly involved with transport and regulation, except for the versatile
biological process for its complex components. Based on the contructed device library of the
key genes for inhibitor biodetoxification, it predicted the ultimate degradation pathway of
phenolic aldehydes in Z. mobilis ZM4 and found that the oxidation of phenolic aldehydes into
phenolic acids (such as procatechuate and 3-O-methylgallate) was the key metabolic branch
point.

Conclusively, it intensively analyzed the biodetoxification mechanism of phenolic
aldehyde inhibitors of the biodetoxification and fermentation strains at molecular biology
level. It investigated phenolic aldehyde inhibitors detoxification and ethanol fermentation for
the robustness engineering strain Z. mobilis ZM4. It constructed the device library of the key
genes for the biodetoxification of phenolics, furans, and weak acids for bacteria, yeast, and
fungus. This study would provide the synthetic biology gene device library and the
consolidated bioprocess engineering platform for the inihibitor conversion robustness and
fermentability strenthening.

Key words: Lignocellulose biorefinery; Phenolic aldehyde inhibitors; Biodetoxification;

Amorphotheca resinae; Zymomonas mobilis
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hydrolysis and fermentation, SHF) #1 [[ > ¥ 1k 5 % B  (Simultaneous
saccharification and fermentation, SSF). & 4:#7in 1. (Consolidated bioprocess,
CBP) 21545 75 Wh 21 2 25 i 1) i I i 26 o TRl I 7 P 1 A 3o R R o 1 o 7122

13 KR EF4E R SRR A0 1 9 B LAl HL 2

124 R IRRH ) 1R 28 7 1 FE M T A 5 P T R TR £ 1 R I o R R 2 1
T, & EiR A B R 5T A 4 R ALK R A=A T R R IR, R 2T
PRSI — Lo A (E1.3), FEFERRI S Ol Fs-F2 S . 55
R (IR LM CBENIR) AR &) (A-2 R T A& 5
(230 R LE el o T 2% TR B e 2. (RIS TRk B it 2 7 A 5 -1 R
% (5-Hydroxymethylfurfural, HMF). #8FIHMEE— 5 B 2 gl 21, 2,
POk 74 PRt T HMFRR AP R 2 ™ A Ak & Po20), b ok 7 ok Ll
IKAG G B AR ST )t 2 7 ARy A A 290, 98RBT DAL B3R IMHI M4,
AT AR 4 2R A 3 R O A7 A ARSI, 18 Q0 7E 5 BRI B K e v e ) )
TR EE I Y . Rz, R AT SRR SR U R ) e 2 5 AR R G SR U
R A 56, 1 HLAR 5 AR £F 4 R AR OB )5 30 2%, 1 0K R 41 4 2K A
YR 010 1 3 2 {0 A A0 1 R P 18 A 3
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Fig. 1.3 Average composition of lignocellulosic biomass and main derived hydrolysis products.

iy A& W5 T AR TR B R *Dﬁéfr?&%?ﬁléi)?ﬂﬁ%*{JcAfF@ﬁF*?E%, 1%
FE R AV BE AN ], AR AT 4R 2RISR B R R 208 3 26 (1) p-
FRILIRIEZS (p-Hydroxyphenyl, H): & W4-F2 K HIE . 4-52 5 K IR fl4-F2 36K
HlE; (2) T &£ (Syringyl, S): AT &FEE. THKRMNT FE: (3) BEIKRM
HIH (Guaiacyl, G): W INABIARN . HEEE. FHEIR. &R BEE R A AR
T T 1) 70 ) 25 e S B, A0 B PR T 7 R 7 S PR AR A T 2 A B2
MY RAL S PRI R 2, FLE M e B LU A R, R bt AR 4 4% 1A A S
BUb o RE C 2 R AL A A0 A 5 2T 4 2R I B0 AR e i RR Y
AR A KA R RO B K5 R AT AR AT G R B o R
% £ES. cerevisiae NRRL Y-1536 HUAHE & I 1 £E424A (LNH-ST) 15, %L
Avicel ®PHL01 Ay £1 4 2 g O HE AL SIS, By S 2 F A 4710 1) 420 v ko ke o Rk 4
b PR A i R FE SR G ST W R TR R AR SR

R A5 1y AL B DI A0 i) N DDA M) T A 2R B K AR LT AR 3R TR 300 4100 ) B- A
KR P Y R0, FELFYER ZBAE P R R, By A 2 £ 4 R AT R T
ok A A0 i s 0TS o S ) ) T R R T P Y LR T, T TR I AL,
BB T S AR A T R L B . AN AR R, B I REAS HEAN A
R, B I IR i 3 1oL 1 R Rl 1 7 AR S P BB ) e B 1, b &
WX AR T £ 4 3 KRB B R AP AE 5 200 1, K T E B R S 1k A
sl 42 AR, WAL AWML M ANE A, O TR R R B R A A
SE BT E VIR TTE . BT, #2853 E Y s HLER IR 5T R H
T I bR R AR R A2 S R BE T ELOCHB R I e — Ty 24 4> ),
FUEVHIKIEEA R, HE RO T AR AL 7y
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Fig. 1.4. Schematic representation of a presumed inhibition mechanism of

lignocellulose-derived inhibitors in S. cerevisiae!?.

A B I R A A RS RS-0 PR R S 2 1 T A 1 B A K R T 491 gty
R ATPA VO 7w A e S VR 2 e L A e g R 1O R e R
(Saccharomyces cerevisiae) X542 HI S0 1 () 26 LRG0, X AR PTRE 2 AN
5-¥% RS (IR VR R 22, T S BOE MR A K BURCK i ZE I, i L,
S. cerevisiae F§5-F2 H BRI IE [N 5-F0 AR RERE, IX BEHAS. cerevisiae LR
AN5-F2 F B AL BE 25 A8, Franden AR I, MRS . 5-38 FBLMEE M 2R TR
G Ia AP A Y R, 2 2R IR AL B (1) R ORFEFT /K MR+ ()R /8 A - 2 HY
FREREH SR T Z. mobilis 194K, Rk, 5 2K AR AR R AP Al
PR T BEIR T BRI S 4t BE e . H AT, A ORI AN -2 F SRR 0 40 ) L
T . WHFRIL, Z. mobilis 8b7E A e 1] 5% 5 L0 b e A= F AR o f pe e 1490
BT DNAZISFT DNA & B RAL S, Skerker 55 N3 # 7 Z. mobilis
ZM4 i 52 R SRAM A (AR DG L R P, 1.0 o/l HEEE RN Z. mobilis ff) ED
FERRIBAR, (HR I S AN MR A0 MR AR ) A A AR AN A SRR 5% 433 2 R 7
S ER e S S S vNe

KRIRA % ZFZRIFE IR R EZAFERIR . LI OBERR, A0 & ik
(AR RN T o VAT T (0 A i 20 95 TR 1550 2 ol st T 4 ) B AR AR G, TN PRI 1Y
RS S ER AR B B R KPS R b pH AR R S R, AR TR
MR pH B FAREY, WnELAFR,  H AT AR IR M A B B R B AR R S IR
MEIHLEED, (1) RIS, RN FERAK pH HFFE, ATP
(RO RER B T2 H B4k, TR ATPase AT LLHMIFEARHT pHI®, 76 i R IR
AT, 4EMER T R TIEES), RAERATPRIS . 73 /) AR HU i
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FRRR AL, SR, DU, BRARTER 28R PIRR A R IR T A
AL BPT, (2 WIEHE R, ROHEFERERNBER,
fRESERN Y BE Mgt , EEAN pH FUCARIFEST. BAT, 4 ZERpT L
FIEFE LL RN, 40 Z. mobilis 582k ACR 1E LRI IE T3 R 8 A A S
VEBEMRAD ATP SRS 2 TR, R E 2B & (i 00 o,

14 sEIYIRRE B E TR SR g

JUE IR RN B T BR S5 A 2 J D I B P A ABR N T 1R B e A AF 2 (]
RPEIRE,  SEBR Tl I FRATI IR 75 2 ZU 0 i = i 2% A A B S5 2 4 25 T R
DAL, 1) A2 i) R0 A 2 A A ) 0 i 5 g o (RO ) R E T, mT DU B 2
WS AE DI 7 IR BRI, kP R R, E R R B A R
B A R ORI A e b BN 02 831 (R DL T i A 4 i RE KR (1 P UK
FHEBOR R AIT5 7K, TR 8 £ 3 A 57 21 4 2505 40 S0RE AN 7T 2 B i fry 453 2 1041
PR R B R A 00 A A A A A A ) — o 0 B 2 RO O, e, A
Boe it A AR T AE W 52 A LA e A o 5 4 17 B0 B Ak G P Bl e 4 2 B LA o
RO AR AR W) R 40 A A5 ML) B L CORTHL0, IR 22y 28 4 [ fiRt
(Ultimate degradation). S4YIIEM@EARE, A2l A AR 21 &
VI oy 1458, R A SO &9, 5 HARNRE I A LU, AR 25 a1 S
SRR, AN BRI . AT A B B S R I K HE TS b 10 00 PO
FERSHAEYINEE . BRENLEE . Y BERRBORE . TR SOl T AR I SR AR AR )
FoAR S s S R A0 H AR,

141 HEYIN

TACEE 0 50 5 2 P B % 400 ) A2 o At B3 XL R 0T PR A A DR A IO 4 4 25 SR U 1)
AT B EE, DA i AR YRR R B R e o F T AR M 25 I B AR T LAy
N2, —RRLRIEMMBMEEMEY, 7B YRR IR
RE IR A . (1) L RIAYIRE R S AR RS,
T B R FH B AR ok TIOAL B A S5 41 44 2 AT L 2, DA BR TIIAL B 3 2 77 A 1
IS J5 SR AR R B RR 0] . B RTREL TR 2 BB e, 1 dnA R EE
JRIERE (Pichia stipites)™d. Btk %} (Trichosporon cutaneum CX1)%1, 7575
R 5% % BF  (Issatchenkia occidentalis CCTCC M 206097)% . & g & i1 55 15
(Amorphotheca resinae ZN1)%%! 72 (Trametes versicolor)™ F1 7 %% 5% 2 [
(Coniochaeta ligniaria NRRL30616)1™ %, 541, H Bl & LA A 25 40 - 20 %
% Bl B J& (Cupriavidus basilensis HMF14)7®, Jii FH 52 #F 3 (Methylobacterium
extorquens) . 1B ¥ g 5§ (Pseudomonas sp.). 7= M5 Wk 35 AF B (Flavobacterium
indologenes) « /A~ 3 #F B (Acinetobacter sp.) £l 4 #& 15 #F & (Arthrobacter
aurescens)' 1% (2) He L AEWIE AL BERE S0 R BERAEYD: XS E B
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B & S A RN 52 R 00 48 4 25 R IR I B Be 70, W e SR IR R B (S.
cerevisiae CBS8066)!"®.,

I SIS F 1 0 2 A e R A T b o) . TR 0 A B R B T A
T 1 D I A ) 20 A A B B A G 25 £ 2 i B0 B, A )k s 1 3
WIhS IR BRI AE ) B A R = R 3R () B o (LR, BRSP4 ) 1) Ty ez AT
SR 16132 B M T (10 % ek R (82, [ ) B R A R A5 F T 5 1) B 183 84,
48R, I S AR T TS P A2 757 7 VR i 2 R P 2 0 4 P, 0 A7 AR AR 3 3 1., L
W I R R T T2 i 0% 300 N R Do A QT 12, i 4 SIZ I I SR 1) 420 1) A B At - LT
¥ Z. mobilis ZM4 Al S.cerevisiae DQ1 Z54:Wigk 1l () Jx BT AN RE I8 TR Ik
W P28 B30 P T 1 1) 470 A S AT PR TEE , T 6 e 2AS 41 1) 20 S A 7 TR %) R TR AR A P />
AT T2 SIS Joit 21 44 2 SR8 P SIS 400 1) 0 Py 25 A0 % i
1.4.2 Bk fiEs

PRV Tt B A FH R IV i A ) A 2 el ) 791 L Tt 7 TR B R R o 21 4R 3R )
Elo 5 HABAEYIM T IEA LB, BREBEA LN RS (1D RNV EAEA (pH
5.0), MEEEMAEAK: (2) W] LLLE BRAR AR Sl A K IR B2 13 Al FE 25 1R T STl
RiEE: (3) MR, B R TR . 298, BRI e 1 s
PRI A o T, P A B ) RS 458 i

EHIT, BB RV PRI R G R S8 A 7 Tl 2 Tl 02 T B I FH A 22 PRI Bl o 591 o IR Bl A
i SR A T DA SRR AR R AT 4 R IE IR T T B BUR Rtk &Y, i
nz2 (T. versicolor)™ 8 8(5 22 %1} (Candida shehatae)®®#Rm] DL Jy i
BN Y[R Y 7 S S
143 YL R

Yk =2 B A Tl b2 A8 4 = A 2 R B AR A 2 O A R« AR
VIR R I B AR YA, — RO AE N I — Fh B2 Fh— s IR FE SR P & s 77 4
B SER R4 4k KR AR ROESAL AR, BRI R 3 —fE e R EEPERE (U
BRI E . A ETREEFE . PR RS TR . YIS IR AR
B, DA JE S0 R T R R S 7 SR T S 9 O T A PR B S I AR A M i AR A
RN EE, DAt BB SICEAM I Mot B AN = ) R B R B G AR 1

HAT, P TB Oz 2 N H ARSI Bk B #7872 5 SRR 77 5
EJiIt 2. mobilis ZM4 153 ZFEHilk Rk Z. mobilis ZM6014, % W PRAEA N
1.0 % (W/v) ZF&R. 5.0% (w/v) HEFER 5.0% (wiv) KBS RS 7% (pH 5.0)
M Z AN 93.4%%, @it st LS B YIHL 5Bk Z. mobilis ZMF3-3
7£3.0 g/l FEEEMNE A AR 94.8%, ME AL Z. mobilis ZM4 ) Z.E43
AL 9.9%%0, Wit YIfhiE A S. cerevisiae TN SZAENE . Z B2 A KHNHIY)
fr) 25 B 5 g 19199
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1.4.4 TRENGE PRI 5

HHT, A RGP ot i s, FEERIE G . RN AN i S
SEEAREE . BB, R I i SO ke R I Ak A W A ) B AR
i o Hor, IS Mt AU B | 4 R IS T I R A R SRR R (R 1909
Xof P By S AT 1] P ) 0 T AT 5 e 22 1 o T i I = (ADHG6 A1 ADH7), %35 s
T AR I S R 0 SR SRR, T DK s 7 1 7 B R BAI  F)  Bp 00 10U,
7. DR ORI BRIy S S P e A e A 32 B0 R T e ot Sl T i e ot Sy T i
SAALEE A A R E LS . PR BV 55 (Phanerochaete chrysosporium) SRy )
T e o S A P DR e o S X 4P RO R L 4R B ORI A B R A B i
YA T RS 108 S SRR R IR R SR S A, LSRR T H0, ]
LA P. chrysosporium AI4H-T- (- (Pleurotus ostreatus) FftIEmz A LEEIR 4L .
WL P A AL SR B St FAD 456 AL S, B 2 Fh 05 B BERY a-fio st
FALIREFN AR HoO, BIRL, A 4-F2 525 F B AN B R AR RROFE . 1) R
[103, 1041 s 480 Ao i 2 A, 25 103 105, 2081 st sfil M) HE (Pleurotus eryngii) i ¥
Tk 5 P A K Bl A 0% AEAK, 532 R s 107) 121355 (Penicillium simplicissimum) 3k
TR B R R A A R 7 R AN 4-F2 RO W R B (A TS, AN BT A LI
B B () S A A SR AT 4 R PR SR ) H0,M 0,

S T ) R R SR O I AT, B R AL IR R EE FucO. YghD. ucpA
A1 pntABEL 84 93 1] - w0 H, MK yghD A1 dkgA )3 3 /K P Bl 1% 55
PNtAB {13 ik /KT $ 7T LA E. coli Fukgmem 32 184 1, i H., 4% T YghC
e E. coli =2 MM (08 ZAEIN, R MmN 52 i ok JL [ yghD Al
dkgAMSl, [, AR L TR A EE . SDR AT AKRIME ML e
i SRR 5- 2 F R b s SR AT R R O R v i A% TR A
iU 23145 fi o B v 4 R G R S PO T 224« (RIS i i g 183 124 1290 | s ) 1200,
O T AR B 1 LysRU® 128 12903 | ETUSI) O ) R R 2 v 17 40 B 5o A 1)
M52 7. Glebes 45 N\ i 56 K1 2H i 1% LU B 5kmg , RILT E. coli MG1655 i 32 Hi
BETRET HE R ahpC. yhjH. rna 1 dicAl®0, B2 RERPBE RS I TR COERT , F 5
W R B T R A 3 AR 6 - R A A ) i A S O,
ABEE SR, e H 3-F 3L IE T I SR B AT NADPH i 714 F 35 H- vk B8 54 Ji7 il
WER GRE2MY YA NADPH 4 5 8 1) 30 Ji i T%1 45 B v 12 s T 5 110 e 5 i
ZHeT. MH, FFRRBL, ABEH S B, S R R, B
T Msn2WOTREE S A7 SFPAMMTI (i g A 35k [R] ok 266 305 14 . 355 2 v T 0 1% o) o P
(i Sz o B 1 AL IE SR B AN A s i 45 14, BEREXTRRIE I BT it 7L ik . E3
SUMO & (i B2 S gkt A o 2 (5 1M,

WE I ZRYOE R R B, LIRS 2B CoA A T30, 5 2 ARt
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Ko WAL, ZERARHRI 52 A0 OG0 & IR B FENaH R R #4128 1 R
(ZMOO0119)% | SrtN 2 Z BE3EEF Ms-SrtN FIl PatA Z Bt 51 Ms-PatAl,
YN RIS SIS T EAE AR T csrAP, RamAfIRamBI*®
BT rpoBAirpoSY. TonBk izl 5z A%, Horh, ttRamAMIRamB %+ K
IR Z . BRI TR, Beidem it L IRPrisitE Y Thae i H 3 208 SO 1R
B0 R ERAA S 2R AR T WHI2 FIRERREE PSRIUCO. A st/@ L ast™. 4
B EKCEALE BT COX20MMAM s 2 et 32 4% 7 HAALDE,

B F AT A IR, T2 R T — 20 B A 58 ) A R £ 24 3 K AR I AR ey e
W N-2 3 ok e W ik JR S NemA FIiE4% 1 YafCl®, Skerker &5 A —1
ARFIDIREE A R mILAE R (ZMO1875) i B3R IAFE Z. mobilis ZM4, T2 E KR
) 20 Pl R B R T 2.4 () BRI B RE (S, cerevisiae BY4741) ) mRNA
B ORE H (Bud3l). THO/TREX E &R AL (Hprl). 4/ 318 B i
(Pho85). IlEh 5 H (Vrpl). RE1DIEEER H (Ygl024w). [ B 5+ (Erg2). RAVE
HART A (Ravl). RNA B4 1 W87 (Rpbd). FEMERR & lE (Prs3) A
SRR SR B IC R (1 (Vma8) ¥ BBk 22 K A o<1, PRS3 & T S.
cerevisiae CCUG53310 M1 PE-2 ) Z ¥ K ¥ERET], RPB4 Al ZWF1 &1 § LR .
BERE AN 5-52 B SLRE RS B8 R 1 20 R e i f 1),

FH T WL, 5T a8 A% TR A o 2 4 2 RIS ) 0P 0 B Ak SO i 48 A L
15 T EON AR SR

15 HERZERE

LT BB R B = A WA TR — o 4 SRR N S I A
IOAEVR I, B N E AW 5V MIR A TR A RN Z BV« LBV R A1
B LA RGE TR ETERE, BN FIK T CO MiREM EWER I .
WE, Tk BiEd RS AA " R, B AMAEY B ihdE) siA gL
MR (HEMSRE) NMaYEER & ER&IED, 5B K T H
TEMEAL R R A& b AP L. AR R B E R R R TR A2 ur
YEVD, Dot R 5 AN @ AVAE 77 BSOAS i e 55 [ o 3 I R A B e i 422, B
N GURE BRI A1 4 22 AL BB ClnARE AR R AT ) A1 OB (el &0 . e 7LbE
AH E&HED o T 0 0l MRS SR 2T 4E 3 AN 27 4R 3 KK M W R I A 7 LT
TR R HIHT R, RN AR SRR o B2 TR 4E R A — AR
R AR, ST T ARSI R RN, 58 AR A AR, AR
2 i A ik A R RERE T AT R BRI RIR 2, Btk
21 S. cerevisiae F1 Z. mobilis, A 4 Escherichia coli g # A 4E 42 16
(Clostridium thermocellum) Z5. DL L BEARAEF=LF4E R LB & HA5 8, BAER S
cerevisiae FIEFAEM Z. mobilis BEWE A A 5T £ 4k 22 /K Al J IR SR8 Can 38 & 0%
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RRERBENE D, (HENREFHKE (WA, HFHKER WKL, C
thermocellum JFA R i AR £ 4E 2R B RE /0, (H 2 il R B9 ok AF S BORE R i i
1 HAZ BRI O BEm 32 fe e 2. BPAER B coli — A= o, FREIINLE
BB AL R, BRI 73 A P R AR B iy o 2T DL b Ol R %
R SRR L, s Sl P R T IR AT 4E R Sl A - AR AR IR 1.

IEZ) KRB (Z. mobilis ZM4) Al RIF M= Z B4R, &6 21 ) 7= Ak
B AT 4525 B R R Tk vk — D91 bk G, HMEIRE, HAK
TV BRI — e it , UKD E. SR RHZF O, m OB B2,
o O 2 S . For, O E 2 PR Z. mobilis ZM4 B R £ R EELEE
IR KA 2 — . EELERGFM S TR E T, Z. mobilis ZM4 T kI £ BT 52
P4y EiE 85 g/l (11%, viv) A1 127 g/L (16%, viv)™, BF5T & B, Z. mobilis
ZMA [ BT LR I B B PR RAZ W A 26 40 o 26 5 22 T T A A 4 2 3o R 0
YA H, WA RBAEY R A SRYE, Z. mobilis ZMA4 9 B &S R AR A R A N
AR AR, W W AR K BT R B TR AR R BON T BRI ORES 7 &
B, oo R RE S R ACRE, BRI AT DA s BRI R B 41 42 ALV PR IR B s %8
e AR R R SR m 7 R ORAIE s K B R o] 5, DRI T fal e . B
AR AN AR 77 IS+ S5 vy A ] 260 W R v TR B2 LI PR 52 18 5 B4R HR AR AR E
S FAL B 3 R R AR A AT s T A2 DR

Z. mobilis ZM4 = EMP (Embden-Meyerhof-Parnas pathway) & 1% 1 54 4 6-
WG, hEk= TCA fE¥F (Tricarboxylic acid cycle) 4% ) a-Hd [ — 2 it S
AR i Sl , 38 Bk = ORETRAE PR 1) AT R IR A5 g A SR IR S g, (RIS IR
IR At B = R R I DT> V0L BTRL, Z0 mobilis 7E R it ED
(Entner-Doudoroff) &4 fR U &8 et~ ol (K 1.5). £ ED @42, 1
TR AR 2 2 TR, FAER 1 7 ATP R 2 73 NADH. Hilt
E>K, Z mobilis BRI REATFRAR. MWEEZAE A ERE, TR IR D2 B AN
LEEM ARG Z. mobilis ZM4 =307 LBRE DGR . b, SN SCHE IR A
T P Y, 2% A1 35 e P R 2 B B e o v T IR, SR T
FEFEL K Z mobilis 178 B B2 M 42 B RN 2, T it S5 114 20 i 285 DR 3R TR 7 HoAth g
PASEIR = AR, W W AT % (Enterobacter cloacae JV). #f = A8 JEAT B
(Proteus mirabilis JV) H1%jFk 3 K 5 (Erwinia chrysanthemi)l!™® | %% % &
(Streptomyces lividans TK24)M° . Kz AT & (E. coli TC4)MVRIW &K g i
(Pseudomonas putida KT2440)Y, 5 E.coli AN[F, #E Z. mobilis f] ED @42,
PR B R (PDC) Ak PN R R A B LI i A 2 AR SR A o

FIHA ML, Z. mobilis MAFYER ABERIEAR R CZES . Z. mobilis 7£
31 °C Ml pH 5.13 RMEEHENE 2 (0I5 k Z W15 53k 59.50%%. #41 E. coli 2
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H I B (manA) gL A Z. mobilis ATCC29192 ZRAxk, HLREAH FE
BEAE &R 36 h (2 EE BB 15 ik 91%1%), 7, mobilis 8b 1 5 ¥ 2 4 ffd % % s
BRI, AR LU Y AR 5 A Y AR R s DA 5P 7, mobilis 8b & 8% 17.5%
(wiw) F120.0% (w/w) [E5 5 TR TiALBE T KRS FF KRR, 484 2 FIAR BE il i 4L
A R 80.1%F1 77.9%, ZEEHCE 43 il A2 63.0 g/L A1 69.0 g/LI®). Z. mobilis 8b
2 T AFEAT K MRYIML ) Z. mobilis SS3 F848 kK KB 25% (wiw) [ & & F K HE
FEK AR I 2 BE A5 %% 75.5%, % Z. mobilis 8b #27 18.0%°Y . R 37 535 ¥k Z.
mobilis ZMA7-2 K& MIEFY) 44 h [ LR R BT830 Jl2 99.78 g/L
H1 0.50 glglteel,

M H., Z. mobilis Bkt 7] DAHEAT AR 41 4 R 44k &2 1) SSF. Z. mobilis CP4 &
B 30% (wiw) [ & B H R, &Kk R E ARk 60.0 g/, Z
mobilis ZM4 7E BT+ R T 19 SSF, 753 1.21 g/l 28R, 2 2B
HEPEYIMLE) Z. mobilis ZM4 (T E k), BEWFIF 20% (wiw) [ & R KRS —
R IAREDO, Gu 25 N KB, 76 5 L AW B2 1, Z. mobilis ZM4 & % 30% (w/w)
B B 1 B oK R 15 51 54.42 g/ L7 48K 2,

IE By TP BRL M B 2B P £ 4 3R T e B AR R A I R, B AR AR i) RO ]
Wit 52 1)

Z. mobilis ZM4 Ft 1% i 20K T 71 2 A SRR 25 OB, (B IR REAR FH A B e
PA RS OB, AR T AR 2 A 4 o SR 1 2 AR 2 o DRI, SRR F 1) R
Z. mobilis ZM4 B ARAF=4F 43R AW L s 2 — . Zhang S5 A\ KGR Bk
PACYC184 5 Z. mobilis ATCC10988 [J—A~ 2.7 kb ¥ P4 Y A itk G i e i) 4
T RIEH A pZB186, FKf Peno-tal/tktA (3.0 kb) JE¢All Pgap-xylA/xylB (4.1 kb)
JrEes pzB186 EH{G%E| pzB5 EAHFUKL, HASCHL T Z. mobilis CP4 FIHAK
BB A e 21, Deanda 25 A FIFEM 735, ¥ E. coli Bir SRR
Pgap-araBAD JiEk (4.4 kb) A1 Peno-tal/tktA (3.0 kb) Bt 5#ifk pzB186 41,
RSP T Z. mobilis ATCC39676 ) FH ACHE MR H A1 b 7 2085 (AR g 400,
N T AT BB IR AR B B ACHE AN BTz AR A BE R AR, Mohagheghi 45 A\ K AHE Al
BT AFTBE R () 7 AL R4 2 7, mobilis BERI4H, 7531 Z. mobilis AX101 %
AR TR R AE 5 1 VR A A . ARBE ANl 124~ 2.1, Dunn A1 Rao 3 2 K]
TREFBSLBL T Z. mobilis ZM4 FI FAKENS 91, i HL, @it gk gz thr] A
B = 2500 FACKE = B2 1K) Z. mobilis 7 #k . Mohagheghi %5 A 2-fi %0 % 4 91k
Z. mobilis ZM4, FEIEE I 7% BkkxT AKE BRI R IIML AT H2 R 100%%, [,
BT R TR AR AM0E © 4N Z. mobilis (I4F4E R L RE R I
T ARHEF FH (10 7 VA5
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Glycerate 1,3-bisphosphate
ADP

]
. Eda (-1.38,-1.06,-1.57) &
gk (1.07,1.14,1.12) o'
Glycerate 3-phosphate
Gpm (-1.04,1.10,-1.08)

Glycerate 2-phosphate
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co,
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B 1.5 Z.mobilis ZM4 K] ED &%
B8 0 by AR IR R 04 = [ 1F (Adenosine triphosphate, ATP) A1 1% I 14 = I ¥  (Guanosine
triphosphate, GTP), Zt{akrilif)i /) NADPH, W ahril ED #4%. MM S W R ErE
(SacAor SacB). HAEEAEE (Frk). CFHEEE (GIK). iz FERIR ARG (Poi). 4 6-H%
il (Zwf). 6-BERRE EIHERR ABEEE (Pol). HEIMERR 6-WERRIIL/KEE (Edd). 2-BiK-3-/ii
A - WE IR A0 G (Eda) TN ER IR (Pdc). B 20 (Adh). BEER S0 B (PFk).
RBE 1.6-—WERRREiN (Foa). Huhle 3-BEIRLENE (Gap). BERRH HIRIEE (Pok). WER
MR (Gpm). BERRIGEY N NEIRR /K &8 (Eno). B B TR RRFR (LA (Ppc).
SERMIGLERE (Mdh). FTERIRGHE (Cs). & kIRME (Aco). FATEIRIEAM (1dh). o-Ff%
“ERMAEE (Ogdh). BEIIME-CoA & ke (Scs)BEHIMR M E M (Sdh) FEHI R IR /K & (Fum).
IEHOR RIS Z. mobilis ZM4 1E 4- BRI IE T A WA A B I 38 R 1) b AN R R ik
R RIE KT 4t RELEE IR Z. mobilis ZM4 5 [RI2H 2K [ .

Fig. 1.5 ED pathway of Z. mobilis ZM4.
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Colored orange are adenosine triphosphate (ATP) and guanosine triphosphate (GTP), and colored
green and colored blue are reducing power and ED pathway, respectively. The abbreviated
enzymes indicate the following: SacA and SacB (Sucrase), Frk (Fructokinase), Glk (Glucokinase),
Pgi  (Phosphoglucose isomerase), Zwf (Glucose 6-phosphate dehydrogenase), Pgl
(6-Phosphogluconolactonase), Edd (Phosphogluconate dehydratase), Eda
(2-Keto-3-deoxy-phosphogluconate aldolase), Pdc (Pyruvate decarboxylase), Adh (Alcohol
dehydrogenase), Pfk (Phosphofructokinase), Fba (Fructose 1,6-bisphosphate aldolase), Gap
(Glyceraldehyde 3-phosphate  dehydrogenase), Pgk (Phosphoglycerate kinase), Gpm
(Phosphoglycerate mutase), Eno (Enolase), Ppc (Phosphoenolpyruvate carboxylase), Mdh (Malate
dehydrogenase), Cs (Citrate synthase), Aco (Aconitate hydratase), Idh (Isocitrate dehydrogenase),
Ogdh (a-Oxoglutarate dehydrogenase), Scs (Succinyl-CoA ligase), Sdh (Succinate
dehydrogenase), Fum (Fumarate hydratase). The positive and the negative numbers indicate the
gene expression level of Z. mobilis ZM4 under the stress of 4-hydroxybenzaldehyde,
syringaldehyde, and vanillin, respectively. Red dashed lines mean the missing enzymes from Z.
mobilis ZM4.

AV i) L 2T A 2R 2 A R ) USSR A5 R R )L ) 2 — o AR £ 4
FORUEM GRS . RIS AN B A B 1B 1k 5 HgK AR ¢ . T8, Bk VEB
R, FEMEMGR. A-REORFIEE, HEEE. T AN, BREEAN 5-32 AR K
PRSI SN DA 2 BN A ) e B4, (B B M0 ol 4R ) AR AT
Mo R, ESRAMIY) AL R AN A 1 5 A 2 s WA 8 2 38 RS SR AT 1) 0 o 4
3R BT, AR RERHR . PR . FEM. W, TEFR. JKR. ZHR
PR PR (R /K PR AR VR Ui 5 55 R A ) T2 B M b AR B 2R G, (AN S i
PR B R R R 2R Y BRI . LAY . FAMEE. R ERURERE A B K
PEAR VIS, B 200 1P 2 U T A 0 68 ) 58 A, DR b A R o AR P A
[82]

XF T Z. mobilis ZMA4 1] & , BESAM G AL RN 2T AL 38 Ll A7 1 2 A1) o
1M H., W R I RN 550 LB 2 152 . Z. mobilis ZM4 X AL B i
Tt v 7 A 110 2R VPR Ty R TSV A5 4 i 0 1 it 52 8 0 i FE RIS L -3 PR S
MR A-FRFEIR M T AREMERREME N, 4-F2F KR Z. mobilis
ATCC10988 KE#Hi& M, 0.5 g/l 4-F2FE 4% YR S 240 ff A= B M 2 77 220 531 Uk
b 169%F1 2196, AR IR, BUEIR SRS 28, AW Z
mobilis ZM4 FJAK . (HE— FURPIRIE Sl Rt iR &, MBI R Ah -4 73
PSS FU AT L, P R A A S ) A R e R B R B, R
oy I AU ) 2 () A7 AL BN T B B ARG /K AR IR R SRS A1 20 110 2 12

1.6 SLIURIEFIRRE TR XL
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AR5 4T 24 25 SRR F A 4 7] /B — B2 Z. mobilis ZM4 & 3UE P 4R 2 2R 2 Y
FEHIN B — ., RPN . OBR. BURREE A LR IR A YA & 5
Z. mobilis ZM4 (¥ 5 /R K A0 2, A R 10 01 F i b b 1 A0 95 1R 1) 038 HUER AT 72
AR N, 1M H Z. mobilis ZM4 it By BT S dr (e 32 £ 099, (H2,  H AT iy
IR B

MG MR Z, R ZERKEE S E0E M E & oA, KR HAR
R AR B B T2 o Horp, BRURAC B2 1) Iy J T o) 42 7™ B4 i) Z. mobilis ZM4
BEAL IR 1 A1 4 2R I g 3% A0 O Bl FE I TR AR AR KA GREAR 2. R, 38 s 4
Hil VD5 Ak 2 SEI Z. mobilis ZM4 Ak Iy 4 1 A0 R IR AT 4 R QR 85 AR
T BORTE, & AR T4k 3 AR P AR AN S AT 4 3 2 BERBEAL A 7= 1 S s
Z

1.7 ERXHWEERRAAR

A S VAR Joit £ 24 2 SR U oy e 0 P ) e A AR R i &, LA Z. mobilis
ZM4 AL TR BE SN V)R K B A 4 R B2 RS A TAE A 9 B bs, T 3%
SR F AR RN 5 T AEY IR TR 2R E A resinae ZN1 F17~= Z 240 1% Z. mobilis
ZM4 FEALEYBE SNSRI > A IR, SR I R S P A A ) B R, AR
My B 40 WD AL AR R4S, D 2. mobilis ZM4 i 52 Py 41711 47 F B0 A i adt 4
A Y T R, T EE TR, Eidsaik Z mobilis ZM4 B & [ EE 149
i JEr AT 38 4 AR B A Py AT 1) P S A ARG IR A8, ik v Mo B AT 1 40 1) A
DA HA S 30 Py e 10 5 0 e AU RN A A 3R R R TR PRI B G AR DN 15 B T e S 2 3
P, SEEEAR AT 4 2 SRR TN A (0 DGR B DR, AL R A B o T BRI TR 4 )
YIAE DB B I G B L DR T2 (B 1.6) o AR AR E B A B EFELLT 4 N J7TH -

(1) 2T RNA-Seq HiA, fdT&a] LY #1022 IR B4 A. resinae ZN1 #%
TR BNV T AR, 45 08 Ty WS 1 2 A ) D I, 00 Ty s 41 1
WAL AR R AT .

()FETF DNA S H A, T Z. mobilis ZM4 Tk 52 oy BS $0 1 4 (4T AHLE
S TE Wy W A VD R A TR S B g, 0 Ty P 0 ) 0 e A R ARG A2

(3) FEFfL TR, FIEIL Z. mobilis ZM4 E B Ry 101 7038 JE A 1
AT AN AL [ B BRI S P A AR &R, % Z. mobilis ZM4 ALy
PIHIINIRE ST, & SEB Z. mobilis ZM4 e ALy R 0 I AN A T A1 4 3 B F#E
HEYM T,

(4) FEILTHFHALEE, WEME. BREMEE NI, R, 3R
A A7) A= 4 P 55 1) G S DKL e 3 A P
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Natural Pathway

COOH CHO CH,OH COOH CHO CH,0H
A. resinae ZN1 A. resinae ZN1 Z. mobilis ZM4 Z. mobilis ZM4
R B NADS! B ‘ ‘ 5 15 15 R uibu Ry R, ‘ ‘ Ri R,
OH OH IADH NAD* OH OH NAD OH NADH NAD* OH
‘ RNA-Seq ‘DNA Microarray

Gene Screening for Phenolic Aldehyde Inhibitors Conversion

-Reduction: ZMO1116, ZMO1696, ZMO1885, Arz_2372_T1, Arz_5091_T1, Arz_7295_T1, Arz_7415_T1,
Arz_7706_T1, Arz_9955_T1, Arz_10923_T1, Arz_11469_T, Arz_12772_T1, Arz_14699_T1, Arz_15626_T1,
Arz_16562_T1, Arz_16876_T1, Arz_17182_T1, Arz_17786_T1, Arz_17920_T1, Arz_18349_T1......
-Oxidation: Arz_1967_T1, Arz_4242_T1, Arz_5039_T1, Arz_5693_T1, Arz_7657_T1, Arz_10189_T1,
Arz_10682_T1, Arz_12532_T1, Arz_14699_T1, Arz_16592_T1 ......

-Transport: ZMO0799, ZMO0800, ZMO1288, ZMO 1856, ZM0O0282, ZMO0798, Arz_118_T1, Arz_5017_T1
-Regulation: ZMO1380, ZMO1574, ZMO1857

Genetic Engineering
-Reductase:

ZM00367, ZMO1116, ZMO1696, ZMO1885
-Oxidase:

Arz_2211_T1, PP_1948, PP_2680, PP_3151, PP_3357

g
-"'--"' ...."....'---
Z. mobilis ZM4 .-
- - -~ -~
s
%" ST
% AR
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%" ..
% e
*e LR 2
e - 0
*e - o
*
0.0‘ 0‘0.
.:. COOH COOH COOH CH,O0H ¢4
*
o

: N o‘
““
"" OX|dase ",
21CO,+H 0= - - -— Reductase ““.
" HO OCH; OH R, e NAD+ R R,
5 OH OH OH

NADH NAD+

N NADH NAD*
2

A4
ROTE Ethanol ED Pathway

Construction of Key Gene Device Library for Lignocellulose Biomass-derived Inhibitors

Bl 16 ARICHBIFRAME
Fig. 1.6 Flowchart of this paper.
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E-E REEENESRBEECEHBRAGYRERSE

21 FHE

AL B IS R 2 A VR FE A TR AT o H A2, AL B AR AE R TRORT R B )
B 8D [ I A7 AT 5 0] B A A AR ) A I R IR 2 ORI AN 5-520 HH R )
SIRE (LFR. WA AR Ay ZRINHY) (-2 KR, T HBMEE
BE)o HAT, MRS 199 192580 gk fsh g t=t 19t A ksl 3oL A s L2
CLIE A ) W o AE 2, Fh SR A 2 Iy S A V0 ER) /K I PR e 22, G 7 B 1P L e IR A
DR LA AR R AR N 175 2 o I3 A AS O30 e S R T A 3 il ) il 3
SO0, [ st ) 2 Sk R O B A AR K R AR 4 R 2 R RO UL i R A AR X
B R HADS R L A R W SR A0 ) G 4R R T A A
RS RN E S P AR TR A A R A A E M OGS R R
WOTE PR (3R 455 H T4 4 i 22 pele 0% T Mo, iR e R R ARAIE T R R
TRE MR SFAE, UL TIAL B0 2% 11 26 26 A Re skt e AR 0 7= A2 o T HL, 1K
T3 FEOR B B0 B R B o R IR o AR B DR SO SR AR iR A o]
W2 BRI A % R R K HE R S0 170 45 52 A ek ) 400 ) 75 e [0 80 700
Hr, Ferples 2B 2l pgess sl Ragn g le AR A p sl TR
Pk 2 AR RS T B . (HI2 R ER 70 it FUaR A O T RRIR R B AE P B, 10 %l
PieE U0 0 ) B B E TR 2D

La Y BB IEE fI& H  (Amorphotheca resinae ZN1), 45256 2 M
FORFEF 3 B O AR A 7 1K 22 R L o 10w PRAES PO R (R . 552 H
SRR\ 4-3 5 TR PR A AR B R S IO 4 4 2 SRR ) DR A, DAL [ &S B 97
SLHL T FAEAE AN SR AKHE 304 P i 25 3 1 s 008, B H AT NIk, A resinae
ZNL HEALRERS R 5-52 F R 1) 20 T HLAR CORIF 7073 bt i 48007 81, i L, AR
fBIZH A resinae ZN1 #4540 4-F2 SO IS | T A B AN A5 S AR RRORH D2 4D 7y T AR 7y 2
(194, {H, A resinae ZN1 LB AL A3 T HURI ARG 4

A BIEMAT A resinae ZNL B AL EEFNSHIVIE) 7 F A ik 2. @
RNA-Seq $AK, AWM T A. resinae ZN1 #4k 4- 2K HEE . T HBAFE
REM LS . BET IR AT G, ABUSEE T A resinae ZN1 F Ak
NP Sk g, [ HEI 7 A, resinae ZN1 #ALEYEEIHIY) A TR . BE
HABON SRR A 2, DI ASBIE FE0 A ) M ] 008400 ) 47 470 208 T PR 1)
HUE SR A A T A

22 MHRLEIHE
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221 EARAIRG

A. resinae ZN1 (CGMCC7452) i< sz s/ B0, meRHZ #l H Oxoid
(Hampshire, UK). Trizol iA# H Invitrogen (Carlsbad, CA, USA). ReverTra Ace
gPCR RT &7 1 SYBR Green Realtime PCR Master Mix 5§ TOYOBO CO.,
LTD. (Torobo Co., Osaka, Japan) . 4-F2 54 AN T N 3 A4 TAEY T (1)
AR AR, &R E LR T AEHE R B IRA A . N,O-B (= H 3
) =R BRI H REGIS Technologies, Inc. (Morton Grove, IL
60053, USA). HAt 7 #r Ak 2255035 0 B B 255 Bl k50 Bl AR A A .
222 BRFRENIR PR IR

LA 2z b B 55 3L (Potato dextrose agar, PDA) %54k A. resinae ZN1 H
MWIRFE . PDA B 3R3E (g/L): S8 E 200.0, Fi#kE 20.0, BEfEkr 15.0. #f
FREFEFRE (g/L): KHPO4 2.0, (NH4)2S041.0, MgSO47H,0 1.0, CaCl, 0.5,
BHE¥r 1.0, H&E 20.0. KBS FRESH 5.0 o/L #a bl, HALA D 5755
FRHEEAHA

A. resinae ZN1 A4 By A 1) 47 (1) S0 A2 A 8 R A R EAT . 10 mL B4R
KPS 13 A, resinae ZN1 RHH, KU AT 2R 2 200 mL iy
W PPl TiREs: 2d J5, AP ZERWAAEIER . HiZH 10% mEM=
(VIV) B IER £ NI 0.1 o/L 4-F2JE 2K R . T A& BE AN A& B R 1) R T 1
Fedk, T 28 °C ®EEIF 12 h, WERMIFREEZ, BT -80 T Thermo
Forma-86C #BMKiF VK (Thermo Fisher Scientific, Ohio, USA) HI-F RNA #2H
223 T RNA-Seq 654

AR T VAN T P I 1) A0 PRSI 56 2EL A g A 3. AN TS T g 1 110 ) 70 1) ) B 2
YENFEAL BEZH G READ o VR EWIHE S R (1) A resinae ZN1 44, FEH Trizol ik
7 (Invitrogen, Carlsbad, CA) #&HUE RNA. AT 738 i B AR 1 35 g W e Fe
BRI RNA F5e%:, JFiEid DUS00 #%R & 3 #ri (Beckman Coulter,
Inc.) A RNA FIIREFIZEE (OD2eo/ODggo = 1.8-2.1). &K A #51 RNA F
T RNA-Seq il > 5256 f1szis %€ & PCR (Quantitative real-time PCR, gRT-PCR)
5255 . RNA-Seq LB rab sl fE BRI B 2 MEWFEE

Fllon Total RNA-Seq Kit v2 (Lifetech) #J%cDNA L&, Ff A Agilent
Bioanalyzer 2200 (Agilent Technologies, Santa Clara, CA, USA) #47 € &1 4. H
Proton Sequencing XTcDNA SCEE AT o Wl F7 ¢ it B ZE AEOneTouch 2, #i#f& 1on
PI™ Template OT2 200 Kit (Lifetech) il & FHPERAR ok lon PI™ lon Sphere™
Particles, 7£OneTouch 2 ESE£EFE M. A & £ E Kk lon PI™ lon Sphere™
Particles, JfF£Z£ P1v2 Proton Chip, Flon Pl Sequencing 200 Kit (Lifetech) Al
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Protonill JZ A /7. JeH Fast-TQ HAFHITE LA EE 7514525 (Reads), < J5idid
Fast-QC #IF VPGB T B . FH 1000 bp A 5 51 bnas i BERE 57 2 ORI ek
B S40%, H Bowtie #fF (V0.12.7) ¥ RNA-Seq HIFrZ5/7 % (Reads) MLt
% A resinae ZN1 HIZEFH A% (JZSE00000000). I H A7 FiNE AT RPKM
(Reads Per Kilobases per Millionreads) 734, edgeR (v3.0.2) FT- i+ AL 1) 2
Sk, BE SRR (Foldchange) = 2.0 B{ Foldchange < -2.0, & XN
ERRIEFEE ., HHRKIZE (False Discovery Rate, FDR) << 0.001, H #E A%
A1k = 2.0 5¢ Foldchange < -2.0, EXNEEZEZRREHNF. B Gene
Ontology (GO) #t— Pt & F RIS R M AV F I EE
224 (QRT-PCR =L

N T VEM RNA-Seq %4l i ml &1, AW 7t E qRT-PCR £ ARKHEA.
resinae ZN1 5640 By i $0 1 ) (0 s 4804 - B Primer 5.0 ##4-% 11 qRT-PCR 1)
1%, 12/ HhrEE R 3220 SR MR 1812 (Pentose phosphate pathway, PPP) #il
AFECWIRAE (£2.1). H ReverTra Ace gPCR RT &jf|#& (Torobo Co., Osaka,
Japan) ¥k E sl cDNA HIEE — 8. B LA, KA SYBR Green
Realtime PCR Master Mix (Torobo Co., Osaka, Japan), @it CFX96™ Real-Time
System C10000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA) i#1T gRT-PCR.
PCR JRMi2kfH4nF: 94°C WAt 5 min, 94°C Z&ME 2 min, 55 °C Bk 30 sec,
72 °C #Ef# 30 sec. QRT-PCR Fi SYBR %t 4kl #rid, W 2= & Actin
(Arz_12286_T1).

#£2.1 qgRT-PCR3[#)
Table 2.1 Primers for gRT-PCR

Gene Forward primer sequence (5-3") Reverse primer sequence (5'-3")

Arz_ 99 T1 GCTATCATGAACGGTCTCGCTG GAACGTGAGACAGGGCAGACAG
Arz_771 T1 AAGGCTCTTGCCTTGCAGAGAT  TCATCCACCACAATCATGGGAT
Arz_1621 T1 TGATCATCGACCTGCTCCGATA CTTCCGCAAGCTTCAGGAGAGT
Arz_4254 T1 CCCGAGTCTACGAGCGAATTAA  TCCCACAAAACATCAACCTTCG
Arz_4835 T1 CCCCAGGGACACGATAGCTCTA  GGTAGCTTGGCAAGGGGATCTT
Arz_6146 T1 TACGGAGGGAACCCTGTACTGG  ACCAGAAGCAACACGGAGGAAG
Arz_9246 _T1 GCCCGAGGACTTCTGCTACAAG  ATCTCGGCCTGCTTGACGATGT
Arz_9744 T1 GCGATGGAGCGACCTATTICTT GCCATATTGACCGATGATGACG

Arz 11538 T1
Arz_12286 T1
Arz 13958 T1
Arz_15588 T1
Arz_18006_T1

TTGCTTGTCCTCCCTCAAGGAG
TGGACCAGAAACTGAGCGAAGA
CACCACATTCCTCATGTCGAC
AGTTGGAGACAGCTCTCCCAGC
ATCCCAAAATTCGTCAAGGAGG

ATCCTCGAGGAACTGCTCCTTG
AACATTCAGGGGCTTCAAAACG
GCCGTTCTTGTAGCAGAGCATG
TTGAAAGCCAAGTGGACTTCCC
GCCATCTTTGATATCAGCGGAT

2.25 HPLC 1 GC-MS 73 #r
I v R O 3% (High Performance Liquid Chromatography, HPLC) 15
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FAfai (Gas Chromatography-Mass Spectrometer, GC-MS) Xf 12 h H%% s 20 5
HEAT W e 40 8 4 S A = K e M E B . HIECE R Z1 Il 28 RID-10A
(Shimadzu, Kyoto, Japan) #I Aminex HPX-87H £ (Bio-rad, Hercules, CA, USA)
[¥) HPLC 4> #T#i %1 b5 . A1 65 °C, izhAH 2 5 mM H,SO4, ¥itid >4 0.6 mL/min.
Filic B YMC-Pack ODS-A #: 1 (Tokyo, Japan) ¥ Jz il HPLC (SPD-20A,
Shimadzu, Kyoto, Japan) il 4-F2 308 . T &l . &Rl LA =Y,
I 35 °C. I A P BE B 0 7 VAN B R B L A L, AR S EORE N
1-4 min, Fi 10:90 (viv) 1 ZEF 0.1% HRR/KIEWSENL: 4-20 min, F 35:65
(vIv) HIZHEAT 0.19% FIR/KVEBGEN : 2 J5 M 10: 90 (viv) HIZHEAT 0.1% H
PRV RBEME 10 min, P KA 270 nm, #HFEEAS 20 L.

A.resinae ZN1 }57% 12 h LS4 12,0009 &40 5min, f§ EYELA
N-1001 Jefz8 kA ( BilgZ BIACER A PR A A]D & 280 i DARR LR 5 A 897K 7
2 H O REEMUTE, FRH N,O-X (= FARERERL) =M O WEiLrE 75 (Morton
Grove, IL 60053, USA) #7E kb7 e i, 1195 1981 FI Tt & HP-5-MS #:F (30 m x0.25
mm x 0.25 um) 1) Agilent 6890 GC-MS (Agilent Technologies, Santa Clara, CA,
USA) Fllle st . S HBENT: ¥R 8 T, 4EHF 3 min; LL8 T/min K7+
BRI S 80 T, 4E%F 4 min; LA 8 T/min HFAHEH AR, FHEZ 4H 280 T,
HFEEN 1 pL, FEGrmEAE T A IIARE & .

23 HRE5WR

2.3.1 A resinae ZN1 F A0 By B P e s 20

AR AT IRE S R B, A resinae ZNT A0 Ty B H0 190 72 AR N O TR R
Pyl AT 7858 i3 HPLC Fl GC-MS Kl 7 A. resinae ZN1 #51k 4-¢ 35 1
B, T EBME R Y, BRAKEE 12 h 724 T AR K R FI Y RE (GC-MS
ARBERI R T &R (222 o KL, ABIFESE A resinae ZN1 K% 12 h 1)
FESEAT RNA-Seq SE5 .

K22 A resinae ZN1 BALBEEIMNHPIKI =9
Table 2.2 Metabolic products of phenolic aldehyde inhibitors by A. resinae ZN1

Molecular Molecular Retain time
Substrate Products ) )
formula weight (min)
4-Hydroxybenzaldehyde  4-Hydroxybenzoate C13H5,03Si; 282.11 18.937
4-Hydroxybenzyl alcohol  Ci3H240,Si; 268.13 16.522
Syringaldehyde Syringate C15H2605Si, 254.10 20.396
Vanillin Vanillate C14H2404Si, 312.12 18.445
Vanillyl alcohol C14H2605Si, 298.14 19.240

5T RNA-Seq HiR, AW FHEEL | A resinae ZN1 F ALy B Y 701
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Bl WP E e gRT-PCR £iARFE%E T RNA-Seq #ils IS, 45 RAK
W, 4-FRFORHEE, T HBMAEENE N 12 MERT gRT-PCR 43R5 3
Py EE 18 N RNA-Seq ids iAH G %4> 7 /2 0.46. 0.86 1 0.81 (& 2.1) .

Br T Arz_4835_T1 HFPIREEAAERKNZE T, gRT-PCR %i#it5 RNA-Seq %1
TR RS MHXRABEHE (0.48~+0.93)1, dtt i), AWM
RNA-Seq ## vI {5, WL T 40 5%

qPCR

O - O 4-Hydroxybenzaldehyde, R2=0.4640
g 4 O Syringaldehyde, R2=0.8579
o1 © Vanillin, R2=0.8085

K21 FHTRNA-SeqMlgRT-PCREARKIA. resinae ZN1EFRIEKF LI
RNA-SeqfIqRT-PCRECA I FIE KR I Lllog2¥4 4 (log2, ALFE/XFHR), JFEURNA-SeqgPCR
Xt #rlog2 i LAt
Fig. 2.1 Comparison of gene expression levels of Z. mobilis ZM4 between RNA-Seq and
gRT-PCR. The gene expression ratios of both RNA-Seq data and qRT-PCR data for 20 genes were
log transformed in base 2 (log2, treatment/control), and the RNA-Seq log2 ratio values were
plotted against the gRT-PCR log2 values.
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Fig. 2.2 Volcano plot of overall gene-based differential expression results for three treatments
with phenolic aldehydes and untreated (each dot corresponds to a gene). The Y-axis corresponds to
the negative log (base 10) of FDR while the X-axis corresponds to the negative log (base 2) of the

fold change for difference in expression when cells were stimulated with phenolic aldehydes.
There were 534, 1576, and 1261 differentially expressed genes according to an adjusted FDR <

0.001 (blue dots). Red and blue dot indicate the differentially expressed up-regulated genes and

down-regulated genes, respectively. (a) 4-Hydroxybenzaldehyde; (b) Syringaldehyde; (c) Vanillin.
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Fig. 2.3 GO analysis on biological process during phenolic aldehyde inhibitors conversion by A.

resinae ZN1.
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Fig. 2.4 Influence on central carbon metabolism pathway of phenolic aldehydes in A. resinae
ZN1. Colored purple indicate the genes influenced by phenolic aldehydes, respectively. H, S, and
G stand for 4-hydroxybenzaldehyde, syringaldehyde, and vanillin, respectively. Numbers colored
red and colored green means the expression level of up-regulated genes and down-regulated genes.
Blue, yellow, and green indicate EMP, TCA, and HMP, respectively. The numbers in bracket after
the abbreviated enzymes indicate the encoding gene numbers. The abbreviated enzymes was the
following: PYK (Pyruvate kinase), PDC (Pyruvate decarboxylase), ADH (Alcohol
dehydrogenase), GAP (Glyceraldehyde 3-phosphate dehydrogenase), FBA (Fructose
1,6-bisphosphate  aldolase), PRE (5-Phosphate ribulose epimerase), SDH (Succinate
dehydrogenase), SCS (Succinyl-CoA synthetase), TPl (Triose-phosphate isomerase), PFK
(Phosphofructokinase), GPM (Phosphoglycerate mutase), PGK (Phosphoglycerate kinase), PGL
(6-Phosphogluconolactonase), GND (6-Phosphogluconate dehydrogenase), PGl (Phosphoglucose
isomerse), PPC (Phosphoenolpyruvate carboxylase), XR (Xylose reductase), XDH (Xylitol
dehydrogenase), XK (Xylulose kinase), CS (Citrate synthase), LDH (Lactate dehydrogenase), MS
(Malate synthase), MDH (Malate dehydrogenase), GLK (Glucokinase), OGDH (a-oxoglutarate
dehydrogenase), PRI (5-Phosphoribose isomerase), ACO (Aconitase), ENO (Enolase), FUM
(Fumarase), IDH (Isocitrate dehydrogenase), ICL (lIsocitrate lyase), TAL (Transaldolase), and
TKT (Transketolase).
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Fig. 2.5 The predicted phenolic compounds degrading pathway.

Colored orange and colored green indicate energy ATP and reducing power. R stands for methoxyl
group. (a) The predicted metabolic pathway of 4-hydroxybenzaldehyde, syringaldehyde, and
vanillin. (b) The predicted common metabolic pathway of phenolic aldehydes. The abbreviated
enzymes were the following: AAD (Aryl-alcohol dehydrogenase), AAO (Aryl-alcohol oxidase),
ADH (Alcohol dehydrogenase), ALDH (Aldehyde dehydrogenase), ALDR (Aldehyde reductase),
HBADH (4-Hydroxybenzaldehyde dehydrogenase), HBAM (4-Hydroxybenzoate
3-monooxygenase), HBACL (4-Hydroxybenzoate-CoA ligase), HBAD (4-Hydroxybenzoate
decarboxylase), ODM (O-demethylase), PAAD (Phenylacrylic acid decarboxylase), DesA
(Syringate O-demethylase), PPPS (Phenylphosphate synthase), VDH (Vanillin dehydrogenase)
VAO (Vanilly-alcohol oxidase), VAOD (Vanillate O-demethylase), and VanB (Vanillate
monooxygenase).
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Table 2.3 The key genes for phenolic aldehyde inhibitors conversion by A. resinae ZN1

4-Hydroxybenzaldehyde Syringaldehyde Vanillin
Enzyme Gene
Foldchange p-value FDR Foldchange p-value FDR Foldchange p-value FDR
Aryl-alcohol oxidase Arz_11870 T1 131 0.44  0.68 3.08 0.00 0.01 2.96 0.00 0.01
Arz_2372_T1 2.63 0.04 015 1.66 0.28 0.44 4.87 0.00 0.01
Arz_7295 T1 1.18 062 082 1.56 014  0.27 12.63 0.00 0.00
Arz_9955 T1 1.46 015 0.36 1.35 026  0.42 7.19 0.00 0.00
Arz_10923 T1 114 0.27 052 151 0.00 0.00 3.24 0.00 0.00
Aryl-alcohol dehydrogenase Arz_14699 T1 1.82 0.00 0.00 2.40 0.00 0.00 6.87 0.00 0.00
Arz_17182 T1 1.23 031 056 1.00 1.00 1.00 4.31 0.00 0.00
Arz_17786_T1 0.69 015 035 0.83 047  0.63 3.20 0.00 0.00
Arz_17920 T1 0.57 0.06 018 0.76 034 051 2.87 0.00 0.01
Arz_18349 T1 1.90 0.06 019 2.14 0.03 0.07 8.41 0.00 0.00
Arz_3624 T1 1.00 097 1.00 2.58 0.00 0.00 1.17 036 054
Arz_5091 T1 0.84 061 081 1.05 085 092 2.31 0.01 005
Arz_5193 T1 0.96 085 0.95 5.00 0.00 0.00 0.67 019 035
Arz_5226 T1 2.01 013 032 1.93 015 0.27 1.84 010 0.22
Arz_7415 T1 3.43 0.00 0.02 1.89 013 0.25 6.75 0.00 0.00
Alcohol dehydrogenase Arz_7706_T1 2.85 0.00 0.01 112 072 084 5.49 0.00 0.00
Arz_9103 T1 0.89 064 083 412 0.00 0.00 0.69 017 031
Arz_10198 T1 2.97 0.00 0.00 0.88 033 0.49 1.19 036 054
Arz_11469 T1 2.33 0.00 0.00 1.50 0.00 0.01 6.01 0.00 0.00
Arz_12676 T1 0.69 033 059 1.28 045 061 2.18 0.02  0.07

Arz_12772_T1 1.96 0.07 021 3.82 0.00 0.00 4.24 0.00 0.00
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Arz_14914 T1 4.44 0.00 0.00 0.26 0.13 0.25 -2.62 0.22 0.38
Arz_15626 T1 1.28 043  0.67 1.76 0.07 0.16 8.81 0.00 0.00
Arz_16562_T1 1.55 012 031 1.21 0.52 0.67 2.07 0.00 0.01
Arz_16876 T1 2.80 001 0.04 1.24 0.59 0.73 2.17 0.02 0.07
Arz_5039 T1 1.35 0.08 0.22 2.64 0.00 0.00 1.57 0.02 0.05
Arz_5693 T1 1.58 0.28 0.3 2.11 0.08 0.17 2.09 0.09 0.21
Arz_9969 T1 0.92 047 0.71 1.29 006 0.14 2.03 0.00 0.00
Aldehyde dehydrogenase Arz_10189 T1 1.09 0.98 1.00 2.64 0.31 0.48 1.38 0.57 0.72
Arz_12532 T1 1.34 032 057 2.61 0.00 0.01 1.20 0.56 0.72
Arz_15425 T1 1.30 0.18 040 1.62 0.01 0.04 2.13 0.00 0.00
Arz_15746 T1 1.59 056 0.78 1.34 0.75 0.85 3.98 0.01 0.03
Arz_18373 T1 2.00 0.00 0.00 0.82 025 041 0.67 0.02 0.07
Arz_1967 T1 1.26 0.02 010 1.71 0.00 0.00 2.21 0.00 0.00
Arz_4242 T1 1.58 0.00 0.00 2.59 0.00 0.00 3.74 0.00 0.00
Arz_7657_T1 2.53 035 0.60 0.98 1.00 1.00 3.96 0.09 0.20
Aldehyde reductase Arz_10682_T1 0.78 0.00 0.01 1.06 045 061 2.27 0.00 0.00
Arz_14699 T1 1.82 0.00 0.00 2.40 0.00 0.00 6.87 0.00 0.00
Arz_16592 T1 2.32 0.18 040 1.14 088 094 2.28 0.12 0.25
Arz_18349 T1 1.90 0.06 0.19 2.14 0.03 0.07 8.41 0.00 0.00
O-demethylase Arz_ 5787 T1 1.25 046  0.70 2.06 0.02 0.05 1.69 0.08 0.18
Arz_7698 T1 1.56 0.09 0.25 2.01 0.01 0.03 1.20 0.63 0.77
4-Hydroxybenzoate 3-monooxygenase Arz_9067 T1 2.68 0.08 0.24 241 0.13 0.25 1.76 0.32 0.50

TE: RIRAEEI 70 B RS FE D ERIA R 2R

Note: The positive and negative foldchange indicate the up-regulated and down-regulated expressed genes, respectively.
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Table 2.4 Expression of oxygenase and laccase encoding genes during phenolic aldehyde inhibitors conversion
4-Hydroxybenzaldehyde Syringaldehyde Vanillin
Enzyme Gene
Foldchange p-value FDR Foldchange p-value FDR Foldchange p-value FDR
. Arz_2808 T1 0.92 0.68  0.86 0.73 0.08 0.17 2.21 0.00 0.00
Aromatic compound monooxygenase - -
Arz_9304 T1 1.89 0.06 0.20 131 046  0.62 1.79 006 0.14
Aromatic ring hydroxylating Arz_11134 T1 1.66 005 0.17 1.15 066 0.79 1.34 046  0.64
diooxygenase Arz_14980 T1 1.29 047  0.70 1.18 064 0.77 0.94 099 1.00
Arz_800_T1 108.18 0.00 0.00 -3.66 0.00 0.00 4.11 0.00 0.00
Arz_9887_T1 3.56 0.00 0.00 0.64 0.00 0.00 1.85 0.00 0.00
Type I intradiol dioxygenase Arz_11644 T1 2.25 0.00 0.00 0.71 0.00 0.00 1.79 0.00 0.00
Arz_14875 T1 1.40 005 0.17 1.37 0.06 0.14 2.68 0.00 0.00
Arz_17156 T1 3.19 0.00 0.00 0.98 072 0.83 1.61 0.00 0.00
o Arz_16246 T1 1.28 0.00 0.01 0.56 0.00 0.00 0.57 0.00 0.00
Type Il extradiol dioxygenase
Arz_8403 T1 0.77 0.10 0.26 1.99 0.00 0.00 0.64 0.01 0.03
Arz_138 T1 0.70 040 0.64 2.15 0.08 0.17 -3.71 0.00 0.01
Arz_ 2211 T1 1.31 048 0.71 291 001 0.02 1.18 069 0.82
Arz_6758 T1 1.09 068 0.86 2.93 0.00 0.00 -2.21 0.00 0.00
Arz_8403 T1 0.77 0.10 0.26 -1.99 0.00 0.00 0.64 0.01 0.03
Laccase Arz_13122 T1 1.06 069 0.87 091 055 0.70 1.13 026 043
Arz_13526 T1 151 048 0.71 3.36 0.04 0.10 0.81 070 0.82
Arz_15164 T1 1.53 0.00 0.00 0.69 0.00 0.00 0.81 0.00 0.00
Arz_16246 T1 1.28 0.00 0.01 0.56 0.00 0.00 0.57 0.00 0.00

TE: RIEEE G IR IR IR B IRRIEANT R

Note: The positive and negative foldchange indicate the up-regulated and down-regulated expressed genes, respectively.
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Table 2.5 Expression of the transporter encoding genes during phenolic aldehyde inhibitors conversion
4-Hydroxybenzaldehyde Syringaldehyde Vanillin
Transporter Gene
Foldchange p-Value FDR Foldchange p-Value FDR Foldchange p-Value FDR
Arz_198 T1 1.55 0.00 0.00 1.69 0.00 0.00 3.34 0.00 0.00
Arz_674 T1 1.15 0.40 0.65 2.26 0.00 0.00 1.36 0.05 0.13
Arz 2780 T1 131 0.08 023 4.39 0.00 0.00 6.42 0.00 0.00
Arz_ 4339 T1 114 0.64 083 2.16 0.00 0.02 2.09 0.00 0.02
ATP Binding cassette Arz_8647_T1 0.98 0.81 093 2.05 0.00 0.00 151 0.00 0.00
Arz_ 9181 T1 1.12 0.38 0.63 2.15 0.00 0.00 151 0.00 0.00
Arz 9332. T1 119 0.18 0.40 3.72 0.00 0.00 6.16 0.00 0.00
Arz_16455 T1 1.10 0.52 0.75 1.70 0.00 0.00 2.38 0.00 0.00
Arz_16560 T1 1.62 0.05 017 2.26 0.00 001 1.85 0.01 0.04
Arz_1357 T1 253 0.00 0.01 1.80 0.04 010 4.21 0.00 0.00
Drug/metabolite transporter family Arz 5017 T1 8.33 0.01 0.06 3091 0.13 025 7.30 0.02 0.05
Arz 9935 T1 2.74 0.12 031 371 0.04 010 2.79 0.22 0.38
Monovalent cation: proton antiporter-2 family ~ Arz_593 T1 0.97 0.85 095 1.01 1.00 1.00 253 0.00 0.00
Arz_118 T1 0.46 0.00 0.00 235 0.00 0.00 2.69 0.00 0.00
Arz_422 T1 2.34 0.24 049 2.36 0.24 039 171 0.34 0.51
Arz_684 T1 2.00 0.00 0.02 0.86 0.69 081 1.29 0.27 0.44
. . . Arz_1145 T1  1.39 0.36 061 257 0.00 0.00 1.86 0.03 0.09
Major facilitator superfamily
Arz_1357 T1 253 0.00 0.01 1.80 0.04 010 421 0.00 0.00
Arz 2184 T1 191 0.05 0.17 2.35 0.01 0.03 2.80 0.00 0.01
Arz_2611 T1 1.03 0.99 1.00 262 0.00 001 1.28 0.31 0.48
Arz_ 3353 T1 1.87 0.00 0.00 1.23 0.08 018 2.25 0.00 0.00
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Arz_3393_ T1 095 0.69 0.87 0.63 0.00 0.00 -2.02 0.00 0.00
Arz_3446 T1 2.26 0.04 013 232 0.03 0.08 1.95 0.05 0.12
Arz_3632_T1 151 0.17 038 212 0.01 0.04 213 0.00 0.02
Arz_4324 T1 121 0.70 087 -3.30 0.03 0.09 0.86 1.00 1.00
Arz_4524 T1 143 0.60 0.80 251 0.16 0.29 1.66 0.38 0.56
Arz_5017_T1 833 0.01 0.06 391 0.13 0.25 7.30 0.02 0.05
Arz_5022_T1 1.08 0.74 090 -2.15 0.00 0.01 0.60 0.05 0.12
Arz_5840 T1 0.59 0.16 0.38 -3.02 0.00 001 0.75 0.29 0.46
Arz_5873 T1  3.59 0.03 012 3.65 0.03 0.08 3.95 0.03 0.09
Arz_6542 T1 1.72 0.66 0.85 4.10 0.10 020 235 0.36 0.54
Arz_6742_T1 0.66 0.05 017 2.07 0.00 0.00 2.49 0.00 0.00
Arz_6955 T1 153 0.04 015 0.77 0.28 044 225 0.00 0.00
Arz_7677_T1  2.29 091 098 7.56 0.37 054 3.15 0.67 0.81
Arz_7753_T1 0.63 0.06 019 243 0.00 0.00 1.55 0.07 0.16
Arz_8110 T1 0.86 091 098 272 0.10 021 2.66 0.08 0.18
Arz_8477_T1 1.00 1.00 1.00 -5.69 0.03 0.09 -2.12 0.31 0.49
Arz_8616 T1 0.85 0.72 0.88 9.84 0.00 0.00 9.63 0.00 0.00
Arz_8826_T1 6.04 0.00 0.00 172 0.01 0.03 10.86 0.00 0.00
Arz_8944 T1 1.02 0.82 094 157 0.00 0.00 2.84 0.00 0.00
Arz_9045 T1 0.92 0.83 094 147 0.01 0.03 2.69 0.00 0.00
Arz_9061 T1 1.10 0.84 095 0.72 0.65 078 -2.61 0.08 0.18
Arz_9518 T1 1.76 0.63 0.83 10.39 0.00 0.01 0.26 0.30 0.47
Arz_9531 T1 1.07 0.85 096 148 0.35 051 221 0.04 0.11
Arz_9935. T1 274 0.12 031 3.71 0.04 010 2.79 0.22 0.38

Arz_ 9942 T1 221 0.01 0.03 294 0.00 0.00 227 0.00 0.01
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Arz 9956 T1  0.85 0.51 074 201 0.00 0.01 1.06 0.84 0.92
Arz 10332 T1 -2.07 0.01 0.03 0.96 0.94 098 152 0.12 0.25
Arz 10434 T1 0.88 0.64 0.83 154 0.16 0.29 -2.20 0.01 0.03
Arz_10569 T1 1.20 0.13 0.33 1.49 0.00 0.01 255 0.00 0.00
Arz 10936 T1 1.89 0.03 0.10 2.36 0.00 0.00 2.08 0.01 0.03
Arz_11180 T1 2.06 0.11 0.28 0.66 0.66 0.79 -2.18 0.36 0.53
Arz 11252 T1 -4.35 0.22 046 1.29 0.96 099 157 0.70 0.83
Arz 11336 T1 2.08 0.85 0.95 3.97 0.42 0.59 4.03 0.55 0.71
Arz 12147 T1 0.99 0.97 1.00 -3.14 0.00 0.00 -2.54 0.00 0.00
Arz 12229 T1 0.86 0.51 0.74 3.29 0.00 0.00 155 0.03 0.08
Arz 12615 T1 1.25 0.82 094 3.11 0.05 0.13 3.12 0.06 0.15
Arz 12937 T1 0.75 0.38 0.63 0.81 0.52 0.68 2.64 0.01 0.02
Arz 13313 T1 -2.12 0.43 0.68 1.11 0.93 0.97 041 0.40 0.58
Arz 13422 T1 1.64 0.04 0.13 1.59 0.05 0.12 2.69 0.00 0.00
Arz 13423 T1 0.97 0.99 1.00 0.92 0.80 0.89 -2.50 0.00 0.00
Arz 13539 T1 0.72 0.09 0.25 2.06 0.00 0.00 152 0.01 0.02
Arz_13591 T1 4.16 0.61 0.81 0.00 1.00 1.00 4.35 0.75 0.86
Arz 13697 T1 254 0.00 0.00 1.26 0.12 0.23 142 0.02 0.06
Arz_15018 T1 1.80 0.16 037 11.14 0.00 0.00 12.62 0.00 0.00
Arz 15297 T1 1.03 0.98 1.00 121 0.89 095 354 0.29 0.46
Arz 15424 T1 0.62 0.00 0.00 -2.27 0.00 0.00 0.60 0.00 0.00
Arz 16436 T1 2.14 0.48 072 291 0.21 0.36 6.08 0.00 0.01
Arz 16437 T1 1.97 0.30 055 2.59 0.14 027 121 0.61 0.76
Arz 16611 T1 1.12 1.00 1.00 6.62 0.60 0.74 0.00 1.00 1.00
Arz 16613 T1 -6.62 0.04 0.14 -13.73 0.01 0.04 -2.45 0.14 0.28
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Arz_16718 T1 0.84 0.46 0.70 0.87 0.54 069 -2.11 0.00 0.01
Arz_16778 T1 0.91 0.59 080 1.74 0.00 0.00 211 0.00 0.00
Arz_16926 T1 0.88 0.37 0.63 0.85 0.26 042 -2.24 0.00 0.00
Arz_18019 T1 0.00 0.53 0.76 2.38 0.75 085 0.13 0.70 0.83
Arz_18085 T1 0.81 0.05 0.17 051 0.00 0.00 -3.01 0.00 0.00
Arz_18182 T1 0.74 0.21 0.44 140 0.15 0.28 3.64 0.00 0.00
Arz_18739 T1 0.72 0.59 080 3.72 0.01 0.03 1.98 0.31 0.48
Multidrug resistance protein Arz_ 5426 T1 273 0.07 021 451 0.01 0.02 355 0.01 0.05
i ) Arz_14834 T1 154 0.04 014 2.25 0.00 0.00 1.54 0.05 0.13
Nucleobase: cation symporter-2 family - -
Arz_12970 T1 1.36 0.21 0.44 2.04 0.00 001 134 0.14 0.28
Large conductance mechanosensitive ion
Arz_11837 T1 1.13 2.19 0.00 0.00
channel - - 0.58 0.80 1.98 0.00 0.00
Arz_1169 T1 1.67 0.03 0.13 2.69 0.00 0.00 1.99 0.01 0.04
Arz_2763 T1 157 0.00 0.00 331 0.00 0.00 2.03 0.00 0.00
Arz_9347 T1 214 0.00 0.00 194 0.00 001 137 0.14 0.28
Phosphotransferase system - -
Arz_11136 T1 0.99 1.00 1.00 1.85 0.77 087 232 0.81 0.91
Arz_13292 T1 2.49 0.34 059 149 0.82 090 0.33 0.41 0.59
Arz_17438 T1 1.73 0.22 045 214 0.08 017 147 0.32 0.49
Proton-dependent oligopeptide transporter Arz_ 9652 T1 1.86 0.00 0.00 1.28 0.06 0.13 2.10 0.00 0.00
P-type AT Pase superfamily Arz_9283 T1 1.27 0.63 083 214 0.12 0.24 357 0.01 0.02
Purine permease Arz 14834 T1 154 0.04 014 2.25 0.00 000 154 0.05 0.13

Sodium/proline symporter Arz 9472 T1 255 041 0.66 6.95 0.08 0.17 3.46 0.29 0.46
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Arz_11336_T1.Arz 16436 _T1 fl Arz_26613_T1 7 3 FhyEEH0 M #4640 i e b 2
BEERFIL, i, i MFS ¥z EE ALK Arz_15018_T1 f£ T FEEMA
R AL AR 0 B2 22 e EIRERGE 11.14 f5 81 12.62 1%

HUbHEN, #£ZEEZ5 T A resinae ZN1 B AL S0 0 AL 2 .

24 KEFNG

7 L I BRI 22 IR B A, resinae ZNAFES A6 MF FEALA-F LR s, T

A T RN A B AR A B BTy R RN o JE T2 %, AWEFUIEITRNA-Seqhi AR,
FE [ A resinae ZNLFAL T AN ) (1) 3 S 4L, S50 1 By e U0 R 420 e A ) O B il
HEW 7 RN AL IR R . AT EEF ARG R

(1) 534 />, 1576 MF1 1261 NEE[K 73 I 7E 4-F2 L oK I RE L T 2 I AL 7 L
AL FR R B 2 ARk, AR R FIHEIZ 2 A resinae ZN1 AL By EE I P01

(2) FEMLEURE . T i SN A B AL SR B2 A, resinae ZNL i Ji W i 41
VP BEARU R AT ) SRR T, T T o Ty T2 00 ) 0 8 = R AR IR AT PR O B il

(3) ¥z JEA. resinae ZNLFE ALY REHN P 5 — A EEHLH], ABCHIMFS
SR A E B IE =
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BZE  EVGHIERT 2 ENEE A GBI T LS REAR

31 HE

IR JT A 4 2R B g 7 A TR B A A W A R 5 4 4 25 T A 38 0 R X 3 A R
2, HAMGINEA T FR A Y R 0 B , I 520 PR IR TR AR ) AR R P AR R
(3435 my Ak R 2 HOK e 22, e thE B M A, R AR R
PR THANT 28 o AR R H AN B AN R, By RS9 T Lhar  p-32 2 R SR (O
W 4-RFR R, 4R HEIRH R 4- R HRESE ). T &R GHEWT &l
TEBRM T EHES MEAIRE R GEm@EAlIR . &5, & 5K, F5E.
BB A AAMARE 46 Horh, -0 R WIS | T 7 S A0 725 B S B R My 2 Ak & 30,
BN B v S i /K PEAR G, Bk EbksE, SEMRkem. 75 & B ik Mt
RIS v, LA E SRR R 2 500, BIE AT AL, sepggtte 139 92 5m gy
BRI PN MR LR L L A 2 (B I I O3 R M LER SR B D

FEA) I s, LR AN 2 2 R P R B 21 A 2= TRt A 7 1) 7 e R S
B AR R PR L . SLER T (Pediococcus acidilactici) P22 VR1EE B K I BE L 1
(Zymomonas mobilis)t 6% 72 Jg A= Wi s AT Wy FH B £T e R AL IR M LT 425 2B Tl
A= IR R

ARG L-F1 D-FLIR 1) 5 B8 B KSR 1) Tk S FH 72 7T A= 5 A B AL TR
g 224 28] 2 gl P R, R R RN R R A AR FR B TS
(IR, V) SCii e T LR AR B M A ) AP0, R, e AR AR R Rk T
FESE B MRS T DU P2 s ali 2T e K AL 230, (B, e i A g 5L
R AE AT AR A B ST v 77 R AN i AR ) R B H AR, P acidilactici DQ2 A
R 73 B8 B R TE T R B BRI () — RN 52 v i A A 1) P ) 7 AR A v, FL R 1%
30% (Ww) EKRFEFT 4 100.0 g/L D-FLEM L-FLHR K4 e L. P
acidilactici TY1122341 P, acidilactici ZP26*42 P. acidilactici DQ2 ) T. ¢ iuit B
PR, PR AE L-FLIR AN D-FLIR 58 i 2 T R AR A LR AR T K.
i, TS s b ik 5 B A R AR 1 s K L R A5 R A A P i sz PEAH S . P
acidilactici A= 7= £F 4 2% FLIE 1 55 RS [ R0 A2 JHC 6T A Jo 2 48 25 >R 5 1740 Iy 1t 4170 o |
VIR 32 M 22, o T BFmE A ms e, i H,  H Ao LR B A A S0
YU B 7T i WA IE .

;= AT Z. mobilis ZM4 & AR it 41 4 25 A8 W bk il e e B P A AR 72 T 7
(K77 B Rk —0% 28, it R TR FB,  Z. mobilis ZM4 A PR 4] 4 5K 2.1
(T A R PRI 50 1) R L 328 A A e (109 R 0 T 52 PR SHL 39T 1) BT SR 1) 20 25
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LY ZWEMA 7. 2. mobilis ZM4 [ 5 %6 2,8 ANy 1R 1OV Ry it 32 Mk
Delgenes 25 A\ % %2 | Z. mobilis ATCC10988 7EHfE . 5-F H LM . 2. 4-5%
BRI T ERA AR NE R ROREEE DL, SRR, 0.5 g/l 4-57 3R g
SE ZAH T A (0 R IS, AR RE IS R AR AM 1) Z. mobilis ZM4 1 B R 2R KA
CEERR,  [FIR IR A 2R A 2 B R U, i B, BRI R
BT A B IR B /K AT A, 1T 53X Z. mobilis CP4 (pZB5) ] 4, AT 2RI
/b 1/3032 402341 ey by L, T S AR A% B A A KR 2 B R B A AE 3 . H R
it Z. mobilis B kA 2,80 7 BRI VAR R POV i 52 MR T O ARG, it 3L
TR} 52 Fpy s 4010 (RO 9 5820, BT LA Z. mobilis ZM4 T2 BRI 52 By 401104 (8 7311
HTIANIE 2

KT 5 5% %P, acidilacticifl1Z. mobilis ZMATii} 52 By s 714 1 43 1 E 4
SRR, AFXTEYEE N RS P acidilactici A KRR 4E R AR RINBLS
(2381 AR e i ik 85 44 gV AT 2 i) 58 B2 PCR (Quantitative real-time PCR, gRT-PCR)
BRI — B H 5 TR INHI %t P. acidilactici LR B EBF I . Hok, A
FLiEE HPLC Fl GC-MS #%%¢ Z. mobilis ZM4 A 4A-FFE R . T HEAE
BREIRE ST . AR, ABFFUEEDNAL FEARFE LT Z. mobilis ZM4 i 52 i
PHII SR 4L, %55 T Z. mobilis ZMAFE ALy ES P4 (I S|, 4D T Z.
mobilis ZM4 % 4k By B0 1 0 AR & 42

3.2 MEIETE

3.2.1 HHEE. FURIAIF
AW TS F 0 B MR AN 5 RE L2 3.1. Z. mobilis ZM4 (ATCC31821) 1 3 H
IR IR YRR 0 (Manassas, VA, USA).

B 1)1 PR )t R 2 o il 5 i o1 7704 I Fermentas UAB (Vilnius, LT) . TAKARA
PrimerStar® MAX DNA RE&EIWHEAEY TR (KIE) HRAA . dNEIERA
DNA FEHCRF & B RAR AR (Abn) ARAR . FUR2EL. DNA &K ]
Y \PCR =¥ 2liAb A WO &3 0 B E e A TREA TR A\ T BRE A
RNA #2H(F1 gRT-PCR AHOGIAA. 4-FRHOKHEE, T &EE. &R
AW 2.2.1 #ior. A-BRERPER, THRMEFERWAETAEYTE (BiF) K
WABRAE . AT E A48 Ni Aogarose 6FF (AOGMA) T _Eil 14
VIR AR AE . K, NEERSY . RIBER. RN ERAR-B-D-F A b
(Isopropyl-1-thio-B-D-galactopyranoside, IPTG). N 1fLiE (Bovine serum albumin,
BSA). NADH 14 5 b 50 S8 ik AE PR BR T\l o AR2K — R S 8% 3+
% (i) AR T A A BR A =) HoAth 3 #r ok 7m0 B it [ 2548 B4
PG PR A
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Table 3.1 Strains, plasmids, and primers

Strains

Genotype

Reference

E. coli BL21(DE3)

P. acidilactici DQ2
P. acidilactici ZP26
P. acidilactici TY112
Z. mobilis ZM4
Plasmids

pET28a (+)

pET28a (+)-ldh
pET28a (+)-ldhD
Primers
HMPREF0623_0998
HMPREF0623_0321
HMPREF0623_0998
HMPREF0623_0321
HMPREF0623_r0003
ZMO00152
ZMO00177
ZMO00179
ZMO0367
ZMO0368

F, ompT, hsdSg (Rg" mg), gal (ic /857, ind1, Sam7, nin5,
lacUV5-T7 genel), decm (DE3)

Wild-type

Mutant with Idh disrupted

Mutant with IdhD disrupted

Wild-type

Description

Lacl, expression vector, pPBR322 origin, f1 origin, T7 terminator,
Kan', Hisg-N

expressed Idh in pET28a (+)

expressed IdhD in pET28a (+)

Forward sequence (5°-3°)
CGGGATCCATGAAGGGAATGGATATTATG
CGGGATCCATGAAGATTATTGCTTATGGAA
CGGTGTTGGTACTGCATTGATG
TATCGTTGGGAACCAGACATCG
GTCCATGCCGTAAACGATGATT
TCTGACCCCGAAAGATCGCA
TCGGTTACACCGACGAACCC
AGAATTCCGCCATATTGCGG
TTCGACGGTTCTGGCAGCTT
GTCACGACCATTGCCAAGGG

Stored in the lab

[232]

Stored in the lab
Stored in the lab
Purchased from ATCC

Stored in the lab

Reverse sequence (5°-3°)
CCGCTCGAGTTATTTGTCTTGTTTTTCAGC
CCCAAGCTTTTAGTCAAACTTAACTTCATTCTTT
TGTCGTTCAAACCATATTCGCC
TACCTTTGCGCCAAATCCTTTA
CTTTTGAGTTTCAACCTTGCGG
GATGACGTCTTCGACGCGCT
ACAACGCGAGCCAGCTTACC
AGGCACTGACATCCAAGGCC
TTCGTCACGAACAGCGTTGG
TCATCACCAGGTTCGCCAGC
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ZMO0369
ZMO0387
ZMO0543
ZMO00544
ZMO0567
ZMO0569
ZMO0997
ZMO01237
ZMO0O1307
ZMO01360
ZMO01478
ZMO1496
ZMO1596
ZM01608
ZM01963

AACGCATTATTTCTGGCCCG
GTTTCCGCCGCGTTTCTATC
GGCGTGAAGGCGCTGATAAA
GCGGTATTGGTATCGCACCG
TCGGATGAAGAGAATGCCGC
ACCCTTAAACGGCTGCAACG
GGTATCACCCCGACGTCAGC
TTTTCACGGGACATCAGGCC
ATCGGCATGATTGGCAAAGC
CCCAACCCTGATCGAATGCT
CTGGCGATCATAAACGCACG
TGTTACCCGGTTGGTTCGGT
AAAGAAGGCGCAGAAGCCAC
ACCACGATTGCTGACCTCGC
CGCTTGGCTGGTTCTTCAGG

CAAGCTGAACGGAACGCCTT
CAAGCTGAACGGAACGCCTT
TCCGGTGAGCAAACAAAGGC
CTTCCCCAGCGATATCCGGT
CGCAGAAACACCGGCAATAA
GCCCCAAACCAGCAAGGTTA
GTGCCGTGATTTTTGCGACA
TCCGGCATTTCTTTTCCAGC
ATGAGATAAGCCGCACCCCC
ACAGGCTTACGGCTGTTGGC
CGATGGAGGCTTCGGTTTCA
TAGTCGTGCGGAAAAACGGC
TCAGCAAGAAGCGGCACATC
TCTTCGATGCGCATCAGCTG
ATGTTGCCTCATTAGCGCCG

T N RILFRREYIL R

Note: Underline indicates the digestion site.
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E. coli BL21 ¥5777E % 10.0 /L £ F1/FR.5.0 g/L F#REEH} A1 10.0 g/L NaCl 1)
LB (Luria-Bertani) %755, #7F pET28a (+) ki E. coli BL21 £ 32 4E 7 5.0
ng/mL RIBEZEM LB B3R, 37°C, 200 rpm FRF 7%

P. acidilactici #57#7Efii{t. MRS (Man-Rogosa-Sharp) }%773&. fij{k MRS %%
FrHE (g/L) AN Hi%HE 20.0. AR 10.0. BERHZ ) 10.0. CeH14N,07 2.0,
C,H30,Na 5.0, MgSO47H,0 0.58. K,HPO,4 2.0F1MnSO,-H,0 0.251%%2, 4 P
acidilactici HIHREAAETE MRS Ri7REiE4L 2 IR, o 5 IR 10% 11 2 Fh i v
1bI¥) P. acidilactici #FZ A INANGEIPH 50 mL f&ifk MRS BiFR%E, JT42°C
A1150 rpm#iR 71 776 h W w1k, HE qRT-PCR SE& IRNASZHL .

Z. mobilis ZM4 15 7=7F % 20.0 g/l #ij % HE. 2.0 g/L KH,PO4 A1 10.0 g/L FEH}
2R RM (Rich medium) #5755, T 30 °C grEREFE. KIW\ATHIET Z.
mobilis ZM4 11 s 4 F0 | B2 X /] (2.5 mM. 5.0 mM. 7.5 mM. 10.0 mM)
TIGEE A, AW AR LA 5.0 mM b R HIII) A EEATE D T e 400 41140 IR A e sy ZEL 8
PR FORIE . 7E RM WA S FRIE 73 IR INZOKR DN 5 mM 4-B B oK I T4
R, FT Z. mobilis ZM4 4 AV R M54 1) KIS 56 . #1091 42
BEM, EHHE. XTT DNA &R SIGpore il %, #I 10%00 8 fh s fh,
BRI E N 2.0 (ODgoo) ) Z. mobilis ZM4 Fili -5 F5 W45 Fih 2243 BRI 20 &
95 mM 4-FREOR T . T EFEMEERE N RM B FREE, T 30°C HERFR 4 h,
WCAR B AR, I 37 B RO AR, AR SR SR 3 fl gRT-PCR 8246 . X) 1)
RN ) 3 SR, Bph AN 72 592 5 I S 30 AR ], BXURERRE[R] 9 0 h AT 24 hs
12,000 rpm 50> 5 min, FiEVREFEH T HPLC A&l . 20 By e S 8 7 il G
7 5sec, [AfE 15sec, A 10 k), ZJ5T 12,000 rpm &0 5 min, EiEHAT
HPLC Al .

3.2.3  FLERM S B B AR RS S e

T I I B A i I SIS S T I ) A0 Rt L TR I SR P S e o A T S
# 7 E. coli BL21::pET28a (+)-ldh A1 E. coli BL21::pET28a (+)-ldhD H A Ftk, 2
JE B AR AL T L-AER IR A B (L-LDH) 1 D-FLERHL ARG (D-LDH). &)5%
8T AFRFLKHEE, TEBMNEREX L-ALRBAR (L-LDH) A1 D-FLERMA
i (D-LDH) BI&E 520 .

E. coli BL21::pET28a (+)-Idh 11 E. coli BL21::pET28a (+)-ldhD %5 7%7E 100 mL
5 pg/mL RIBEH RN LB WiikEEFRIE, FFT 37 °C A1 200 rpm ik 37 35 77 2 H 44
W E N 0.5 (ODsoonm) - T30 °C FI &3 £ 40.1 mM IPTG 5 5 E. coli BL21::pET28a
(+)-Idh #1E. coli BL21::pET28a (+)-IdhD % 6 h. Yg£EH &, H PBS (Phosphate
buffer saline) (pH 8.0) ¥k B 14 3 Ik, T 4°C, 10,000 g £5-(» 5 min. A 100 mL 10
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mM  BKPRSE B (pH 7.8) FE & IR AT B A GHE S R I HAR 2 800y T4 5 sec,
]k 15 sec, HAA 98 ). FH 10 mL 10 mM BKMEVEE TR (pH 7.8) P~ Tk 43K
BHOREF, R 2 0.44 pm P8I I8 00 8 75 5 R BRT A4 L 38 WO\~ A8 4 IR A o
PP_2680 HE 41 AR IL KIS H 6 NMLEMR P IRE M 4E & 2484, F 20 mM
WKIMESEE M (pH 7.8) Yelli R&45& IS H, /5 FH 500 mM BRI (pH 7.8)
Ve Ak 4 PP_2680 HbrE H .

1218 Wrbal?2 V) 7 1 FLRR B SR OB, 7 200 uL 50 mM - IBKIEAR % —
IR e M2z R & (pH 7.0) 23 A1 1 mM INERERSH. 1 mM NADH. &
BHEEMZIRE N 1.2 g/l 4-F2FEZ5HEE. 0.6 g/L T HEEAM 0.6 g/l HHE. H
SRR ) 500 mIM DK 58 i v A B VR S B AR vt R 4H, T 42 °C [ 5 min
ISR TR B2 R B . FeE, FH HPLC R FLER BV FE
3.2.4 QRT-PCR =25

Wit gRT-PCR #iA, AW T MEEIMHY P acidilactici FLAR A
il i 326 IR FRIK KPR, RIS 36 AE T Z. mobilis ZM4 % 55 4 55000 1 v] &
P

i gRT-PCR iR, AW HELE T4-FRIEKHEE. T HFBEAEEREL P,
acidilactici FLER It Sl w52 R R IR K g . BARERAE 2,243 0. H
Primer 5.0 # {4t Idh. 1dhD 1Py 2:16S rRNA (HMPREF0623_r0003) 15|14
(£3.1) . PCRIMLZLAMANT: 94 °C FiiAZME 5 min, 94°C A% 2 min, 53°C iR
k30sec, 72°C &M 30 sec. AR 274CU M H AR EE BRI A KT8,

@it qRT-PCR 3G1E Z. mobilis ZM4 %% (b By i 0111 42 1) s 3 2EL 550908 1 ]
P BARHERAEN, 2.2.4 #84r . PCR X MNAE/FYH P acidilactici #H[F], 1B KiRE2 62
°C, WZ& 16SrRNA FE[F ZMOr003. gRT-PCR =236 /514 W% 3.1.

3.25 DNA it seih

AW 4 X 44 K SRR Agilent Technologies DNA th /i (Santa Clara,
CA, USA) AT By e Yoia T W SR e, O %58 SIEA6 FH b o 18 28 it
HEEARAG BR A B 588 o 8 I B 4 ) 40 (1) S B AEL A D b B, AN in oy Fee 417
I SR AR FE A CRRXSIRZD), AbHER AR A FE A YW B 3 N
=)

F Invitrogen Trizol i&7#& (Carlsbad, CA, USA) #2HL Z. mobilis ZM4 [1] i
RNA . H NanoDrop ND-1000 43 )% % i1+ (NanoDrop Tehchnologies, Inc.
Wilmington, DE 19810, USA) #ll £ RNA £ & ] ODaeol2so 1H
(OD260/OD2g0=1.8-2.1), CAILHAIA RNA ¥ 2 BE AN IR . FH HH I A0 T A 0 e
A RNA BE S 5e %, A RNA 6000 Nano Lab-on-a-Chip il & Al
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) 41 % H vkt — b

.
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N RNA 5280, HA RNA 588 EHME R T 6.0 W A Re TG 8L 7t . ik
$5 Z. mobilis ZM4 FIZE AR, H Agilent eArray 1311 Z. mobilis ZM4 1] 2005
AR EREL

G2 RNA§ 38, AridfiZess. 5, L 100 ng & RNA NEtR, H T7
SR (dT) % T7 RNA &85 3) 17 %1 CbeScript 1 skl (b5 13 8 4 44)
A OUEE cDNA, 8 Klenow /i, F Cy3-dCTP %%t UekHric M XUEE cDNA §™
gtk cRNA, 2 J5 5454 4229,

I a2 B nT AL A e A il B . B GeneSpring V12 2/ (Agilent
Technologies, Santa Clara, CA, USA) XF DNA 5 F 3t 47 8 . Ayufb F i 3
SHT. AWFK = 2 Al <-2 5%k (Foldchange) F1{& % 4% p_fH
(Probability value, p_value) /N 0.05 14 35 2 S ik FE R i e i i 48 124,
X o= 28 <-2 fEHABN NZE R RIS, FH CLUSTER 3.0 # 4 Adjust Data )
B, Of Py A ) 0 Jih T 1 R DR R BB 1R AT Log2 ot 4806 A0 A b A B 10 15—
b sk 3P K5 B Java Treeview (Stanford University, Stanford, CA, USA) 347
DNA & F7 £l B nT AL 4347
3.2.6 HPLC 1 GC-MS 43 #fr

Fi HPLC & & AT FE S I8 AT M FE . AR TE#E. FLERAE . W44
NIEA =) BARK I3, 2.2.5 #57

F GC-MS JEP£ 53 #1 Z. mobilis ZM4 ¥ ALy BE I B F= 4 FF i A EE AR
ki ZH 0, 2.2.5 #4r.

33 ZR5WHR

3.3.1 Moy BTl A7 s i 7L ot S g 11 3

AHFiiEIE gRT-PCR %5 %% | Wy 4 M0 E 5% KXt P, acidilactici ZLER ML
AEEMILFED] (1dh/IdhD) FRikAKCE IS (B 3.1). 45 REW], 4-F25E 2K PR
IR, IdhD A1 Idh £ R 43 ) 482 25 53 T Rk 3.79 /5 A0 1.77 fi5. T &EEMHA N,
I[dhD A1 Idh JE K 551 &5 3% 22 57 R Rk 75.23 fi5 R0 1.49 5. FHEEMA R, 1dhD
A Idh JE A2 ) 535 22 5 R ARk 101.89 {540 1.80 5. HIsbal W, Fylsmsyy
S LR M B A B DR () 3R, G HR T F AN A BERE s 2 1dhD BE LA
Rik,
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Oldh gene in P. acidilactici TY112

1.2 mIdhD gene in P. acidilactici ZP26 Up-regulation
E |
310
C |
°
@ 0.8
o < Down-regulation
o 1 T
< 0.6 A T
() i
© 1
204
&
0.2
0.0

Bl 3.1 P.acidilactici R S Ee4mA5 2 K 78 By RN 6] VI8 T RS
FEOXF 1k 2 2 Ab PR A A AL B ZH (1) SR IA A B0 LA
Fig. 3.1 Expression of Idh and IdhD genes of the engineered P. acidilactici strains under the
stress of phenolic aldehyde inhibitors.
Fold change (increase or decrease) from the ratio of the treated and the untreated was used to
indicate the relative expression level.

FLTR ot S0 AL P A R A LR o BT FE B, Ty B R A 2 ) P
acidilactici fFLERAN RN, DRIk, AT 7 HE Y IS $05 A4 1) T PR M S )
BT o AT 70 I8 I B AR i v S0 00 5 52 1 Ty I H R o FLIR I AL BB (52 il o 45 SRR
B, 1.2 g/lL4-F B0 I, 0.6 /L T &M 0.6 /L FHEEMIET, D-FLERHIHK
FE 73 il Wt IR A A 11.8%. 11.4%F11 12.2%, L-3L TR FIV FEE 20 il 2 5 R K 0.01%.
5.3%H1 12.7% (i 20, Hea] W, oy 400 1) 400 ) 2L e . 2 Il P T s

1.00 =2 D-LDH L-LDH
080 § [
Q .l.l-l/
2
5 0.60
o
@
g 0.40 o l/
Q ]
@ m
—
0.20

Control H S \
Inhibitors

B 3.2 BRI Yrn IR it S B BEE KR T
Hy SHTV 73R 4-FR R W . T A AN 7 s
Fig. 3.2 Influence on lactate dehydrogenase activity of phenolic aldehyde inhibitors.

H, S, and V indicate 4-hydroxybenzaldehyde, syringaldehyde, and vanillin, respectively.
3.3.2 My WA MRE LI I
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AW AR NI 4-F2 IR . T HBAEREED RM & s 775
#5827 mobilis ZM4 AV T BRI IIE Dl o 5 A5 75 00 My T2t 0 i A2 ¥ %o R ZELAH L
B, K16 h, Z mobilis ZM4 1F 4-F KoK . T A&l AEr B phoE T B B A
A= KA 50 B ek /b 80.5%1.32.8% 1 69.3% (18] 3.3a) o ANV N B E $1 1| 408F , Z. mobilis
ZMA4 15K P 8 h T AB s A b, R QBRI IA B OKME (8.7 g/L). NN
A-$RFEIEWEE . T HREMEFERER, Z. mobilis ZM4 £ K% 12 h, 16 h £1 24 h i&
K OBERE (8.49/L). 1H, SXIRARERKLEEF=%R (0.73 g/L/h) HHELE:,
A-FREER N T A A B I 08 S R R K S 3 40 AR 0.24 g/L/h,
0.70 g/L/h A1 0.61 g/L/h (1&3.3b,3.3c) . &R, 4-FRFLIEHEEXT Z. mobilis ZM4
P 2 41 1) B R

HPLC 255 % W], Z mobilis ZM4 4 4-F2 52K FlE ., T FlE M E& RN
AN By R, 10 HAN ks by EE (& 3.3d-e) o [FIS, W5 EL, Z mobilis
ZM4 AR IR LS4 (B 3.3F) o K9 36 h, 80%[H 4-F2 LK I 70%
()75 B o3 e AR A-R BRI R B, H2 T R R T e . b
Wy P 4O 1) V03 SR A Iy e, TR AR AR KR L REAR SRR 0. WO, Py R A AL
NP IR SR T Z. mobilis ZM4 1 2.1 ik T fg

@) -©—Control
—A—4-Hydroxybenzaldehyde

3.0 - -8-Syringaldehyde
] ——Vanillin

2.0 A

=
(&)
1

Growth (ODgq)
-
o

o
o

Time (h)
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Glucose (g/L)

Ethanol (g/L)

Phenolic aldehydes (g/L)

(b) -©-Control
—A—4-Hydroxybenzaldehyde
20 -8-Syringaldehyde

18 ——Vanillin
16 ¥

14
12
10

8
6
4
2
0 4 8 12 16 20 24 28 32 36
Time (h)
(c) —©-Control
—A—4-Hydroxybenzaldehyde

12 -8 Syringaldehyde

] —o—Vanillin

0I""I""I""I""I'"'I""I""I""I""I

0 4 8 12 16 20 24 28 32 36
Time (h)
(d) —A—4-Hydroxybenzaldehyde
—8-Syringaldehyde
12 —o—Vanillin

0 4 8 12 16 20 24 28 32 36
Time (h)
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(e) ——4-Hydroxybenzyl alcohol
-8~ Syringic alcohol
12 4 —o-Vanillyl alcohol
1.0
0.8 A

Phenolic alcohols (g/L)

Time (h)

® —A—4-Hydroxybenzoate
-8~ Syringate
—o—Vanillate

=
=}

o
o]

o
~

Phenolic acid (g/L)
o
[o)]

o
)

Time (h)
K 3.3 BT Z. mobilis ZM4 REEIIRZ T
(@ AEK: (b FERER: (o CERE:; () MEEk: (o) MyEEAR:
(f) MR¥:AL .

Fig. 3.3 Influence on fermentability of phenolic aldehyde inhibitors on Z. mobilis strain ZM4.
(a) Growth as measured by optical density at 600 nm (ODggonm); (b) Glucose consumption; (c)
Ethanol titer; (d) Conversion of phenolic aldehydes; (e) Formation of phenolic alcohols; (f)
Conversion of phenolic acids.

Wit GC-MS, AHFFLHGIN T Z. mobilis ZM4 i [ B 40 51142 (1) P P iy
1M H. Z. mobilis ZM4 ARE4KLEFL ALY (K 3.2) .
#32 ET GC-MSHiIA Z. mobilis ZM4 B LEAESHHI Y KRB =4
Table 3.2 Metabolic products of phenolic aldehydes for Z. mobilis ZM4 by GC-MS.

Phenolic compounds Molecular formula Molecuar weight ~ Retain time (min)
4-Hydroxybenzaldehyde C;Hs0O; 122.04 12.128
4-Hydroxybenzyl alcohol Ci13H240,Si; 268.13 19.457
Syringaldehyde CoH1004 182.06 19.549
Syringic alcohol CoH1,04 184.07 20.401
Vanillin CgHsO3 152.05 14.136

Vanillyl alcohol CsgH1003 154.06 15.229
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Fig. 3.4 Comparison of gene expression levels of Z. mobilis ZM4 between DNA microarray and
gRT-PCR under the stress of phenolic aldehyde inhibitors.

The gene expression ratios of both DNA microarray data and gRT-PCR data for 20 genes were log
transformed in base 2 (log2, treatment/control), and the microarray log2 ratio values were plotted
against the qRT-PCR log2 values.
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i R EE SR CLUSTER 3.0 BAFHEAT IR UCRR M A& 8L, Z. mobilis ZM4
TE 4-F2 52K FRRE 38 R 20 A 143 SR 299 AN JEH 16 35 22 57 BRI RIA R i 2 02 5
TNWERE, TAREMNE A 16 AN 51 AR, FEEEMNE T2 A 111
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Fig. 3.5 Transcriptome of Z. mobilis ZM4 under the stress of phenolic aldehyde inhibitors. Gene
expression levels were clustered based on log2 transformation. Colored red, green, or black
represents up-, down-, or normally regulated expression, respectively. H, G, and S, each stands for,
4-hydroxybenzaldehyde representing p-hydroxyphenyl (H) group, vanillin representing guaiacyl
(G) group, and syringaldehyde representing syringyl (S) group, respectively. CK stands for a
non-phenolic aldehyde-treated control. Biological replications of each treatment for the DNA
microarray experiment were marked in Roman numeral.

Hor, 42 HOR WA By BRI A0 R 3 E R RIS N 2, HEEDNER
DR B2, T ARENE NI 2 R R A LR 5 4- 52 0K P A B R
ANIAL, AT e S R B AR B o A 7 I, FR AR AR ARG I T B
T A7 R0 X7 ) R 4L 35 R 6 B A S Py S 1k 0 1) B P . s T
WEFEAE 4-F2 LR I () 25 M BRI Bl 2 7 1NN 2 AN FAEUEE, T HL 2 A H AU
YIRS, M RENS N IE AL A 75 W AR U 23 a], el 1 T A R 1
Tran A1 Chamber WESE T 75 & ¥ L1 AU E S8R VI G, HoRMT
7 I o 2 SRR AR XA B B R X A 55 BRI A7) IR R S A Y HR AR
LRI T e 3 A i 2 A

K 3.6 J& AT 730 i L P 26 1 g AT 19 Z. mobilis ZM4 TERR EE S i a R
FER AR . AFTE ORI, F 36 MR R) 272 MR W35 2 R FIERIL. RSk
— AN E 63 N IER K1) 560 ANk R 7E B M Ve T S 2= R R AR

FRFRIAR) 36 NS, A 3 MR A T AR R RIS IR
W B IR (ZMO1499). /KA (ZM00493). R = AR (ZMO11
16) RS SN LRSS o L/ T/AEYIME R4 (ZM0O0282, ZM0O0283.
ZMO0799 11 ZMO0800), itH —Le R A Thae IAY i (ZM0O0020. ZMO00
21. ZMO0798. ZM0O1380. ZM0O1437 fl ZMO1885). Hr, F:RHfFE F/ b —
ANFERATE 3 P B HI e T3 8 2R BIRFRIAMER AR (1) ZMOO0
020 £1 ZM00021; (2) ZMO0282 #1 ZM00283; (3) ZMO0798. ZMO0799. ZM
00800 #1 ZMO0801; (4) ZMO1116 1 ZMO1117; (5) ZMO1499. ZMO1500. Z
MO1501 F1 ZMO1502; (6) ZMO1883. ZMO1884 Al ZMO1885.

TRRIA R 63 MEFEFES, TE 3 MBI HI e T RE ZE R N IRRIA
HIBE R Ktk AL &M (ZMO1237). 84545 S0 /A 8545 B 0 /4 i n T
I'EWIMR 248 (ZM00286. ZMO0999. ZMO1579. ZMO1750 1 ZMO1815), &4
— RN RE N A R (ZMO0026. ZMO0090. ZMO0190. ZMO1215., Z
MO1288. ZMO1289. ZMO1574. ZMO1856. ZMO1857. ZMO1864 £l ZMO20
30). Mo, Z/ADHASEEAE 3 Pl e T 380 3 22 e N R R I B R A
#5: (1) ZM00285 1 ZM00286; (2) ZMO0998 il ZM00999; (3) ZM0O1236 F1I
ZMO1237; (4) ZM01288 1 ZM0O1289; (5) ZMO1577. ZMO1578 fil ZMO1579;
(6) ZMO1748. ZMO1749 F1 ZMO1750; (7) ZMO1856 i1 ZMO1857 (& 3.3) .
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& 3.3 Z. mobilis ZM4 BTt 2 FAE R /D 2 PPy EEHIH Y MHE T FIRIE

Table 3.3 Tolerance genes of Z. mobilis ZM4 against at least two phenolic aldehydes identified by gene expression analysis

Category Locus Product Expression*
H G S

Amino Acid Metabolisms ZM00200 Anthranilate phosphoribosyltransferase 2.88 2.38

Amino Acid Metabolisms ZM01303 Pyrroline-5-carboxylate reductase 2.35 2.23

Amino Acid Metabolisms ZM01499 Phosphoribosyl-ATP diphosphatase 3.46 391 2.17
Amino Acid Metabolisms ZM0O1500 Imidazole glycerol phosphate synthase subunitHisF 2.92 2.93

Amino Acid Metabolisms ZM01501 1-(5-phosphoribosyl)-5-[(5-phosphoribosylamino) 2.30 2.10

methylideneamino]imidazole-4-carboxamide isomerase

Amino Acid Metabolisms ZM01502 Imidazole glycerol phosphate synthase subunitHisH 2.14 2.25
Carbohydrate Metabolism ZM00493 Glutamine synthetase, type | 2.80 321 2.52
Carbohydrate Metabolism ZMO0759 Hydroxyacylglutathione hydrolase 266 266
Carbohydrate Metabolism ZMO0788 Gluconate 2-dehydrogenase 273 269
Carbohydrate Metabolism ZMO00833 UDP-N-acetylenolpyruvoylglucosamine reductase 206 214

Energy Metabolism ZMO0003 Adenylylsulfate kinase 2.40 2.01

Energy Metabolism ZMO0004 Sulfate adenylyltransferase subunit 1 3.39 231

Energy Metabolism ZMOO0005 Sulfate adenylyltransferase subunit 2 3.09 2.13

Energy Metabolism ZMO1116* Oxidoreductase 253 360 247
Lipid Metabolism ZMO01222 3-oxoacyl-ACP reductase 273 211
Metabolism of Cofactors and Vitamins ZMO0006 Uroporphyrin-111 C-methyltransferase 3.09 205
Metabolism of Cofactors and Vitamins ZMO0474 3,4-dihydroxy-2-butanone 4-phosphate synthase 271 2.34
Metabolism of Cofactors and Vitamins ZM01132 Lipoyl synthase 2.17 2.33
Metabolism of Cofactors and Vitamins ZM0O1190 Bifunctional phosphopantothenoylcysteine decarboxylase 242 241

/phosphopantothenate synthase

Metabolism of Cofactors and Vitamins ZMO1544 Cobalt chelatase, pCobS small subunit 2.84 2.01
Metabolism of Other Amino acids ZM01309 Leucyl aminopeptidase 2.33 2.03
Genetic/Environmental/Cellular Process/Organismal Systems ZMO0074 Hypothetical protein 502 361
Genetic/Environmental/Cellular Process/Organismal Systems ZMO00143° ATP binding cassete superfamily 211 2.00

Genetic/Environmental/Cellular Process/Organismal Systems ZMO00282 RND family efflux transporter subunit MFP 6.05 714 255
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Genetic/Environmental/Cellular Process/Organismal Systems ZM00283 Hydrophobe/amphiphile efflux-1 (HAE1) family transporter 5,92 659 263
Genetic/Environmental/Cellular Process/Organismal Systems ZM0O0472 rpsU-divergently transcribed protein 3.03 2.55
Genetic/Environmental/Cellular Process/Organismal Systems ZMO0O0486 Hypothetical protein 276 241
Genetic/Environmental/Cellular Process/Organismal Systems ZMO0799 ABC-2 type transporter 235 364 217
Genetic/Environmental/Cellular Process/Organismal Systems ZMO00800 ABC transporter 223 399 219
Genetic/Environmental/Cellular Process/Organismal Systems ZM00801 Secretion protein HlyD family protein 2.09 3.59
Genetic/Environmental/Cellular Process/Organismal Systems ZMO0965 Efflux pump membrane protein 208 5.02
Genetic/Environmental/Cellular Process/Organismal Systems ZM01253 Cytochrome C bhiogenesis protein 2.76 2.45
Genetic/Environmental/Cellular Process/Organismal Systems ZM0O1254 Redoxin domain-containing protein 2.28 2.12
Genetic/Environmental/Cellular Process/Organismal Systems ZM01527 Acriflavin resistance protein 2.75 211
Genetic/Environmental/Cellular Process/Organismal Systems ZM01528 Acriflavin resistance protein 4.24 3.28
Genetic/Environmental/Cellular Process/Organismal Systems ZM01530 KpsF/GutQ family protein 3.34 2.13
Genetic/Environmental/Cellular Process/Organismal Systems ZM01601 Ribonuclease H 2.08 2.13
Genetic/Environmental/Cellular Process/Organismal Systems ZMO1727 Aminotransferase 3.02 2.09
Unassigned ZMO00020 Hypothetical protein 308 214 236
Unassigned ZMO00021 Hypothetical protein 311 289 238
Unassigned ZMO0073 CBS domain-containing protein 598 413
Unassigned ZM0O0157 D-isomer specific 2-hydroxyacid dehydrogenaseNAD-binding 2.28 2.22
protein
Unassigned ZMO00268 Hypothetical protein 232 270
Unassigned ZMO00270 Hypothetical protein 241 291
Unassigned ZMO00384 Hypothetical protein 289 207
Unassigned ZM00388 Hypothetical protein 2.30 2.15
Unassigned ZM00391 Hypothetical protein 2.76 222
Unassigned ZM0O0440 Hypothetical protein 2.25 2.36
Unassigned ZMO0683 Csy2 family CRISPR-associated protein 2.55 247
Unassigned ZMOO0757 TPR repeat-containing protein 2.02 292
Unassigned ZMOO0758 Isochorismatase hydrolase 241 2.55
Unassigned ZMOO0763 Tetratricopeptide domain-containing protein 248 2.01
Unassigned ZMOO0798 NodT family RND efflux system outer membranelipoprotein 227 458 254
Unassigned ZMO0O0844 Sporulation domain-containing protein 232 209
Unassigned ZMO1334 Hypothetical protein 411 2.96
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Unassigned ZMO1346 Hypothetical protein 223 239
Unassigned ZMO0O1380 AraC family transcriptional regulator 517 260 221
Unassigned ZMO1386 Hypothetical protein 344 239
Unassigned ZMO01391 Diacylglycerol kinase catalytic region 242 269
Unassigned ZMO0O1399 Fatty acid hydroxylase 394 298
Unassigned ZMO01406 Alpha/beta hydrolase 394 226
Unassigned ZMO01437 Lysine exporter protein 372 242 281
Unassigned ZMO0O1529 RND family efflux transporter subunit MFP 254 232
Unassigned ZMO1576 Short-chain dehydrogenase/reductase SDR 3.77 217
Unassigned ZM01602 Hypothetical protein 2.77 2.17
Unassigned ZMO1696 Zinc-binding alcohol dehydrogenase 246 294
Unassigned ZM01821 Hypothetical protein 3.62 4.26
Unassigned ZM01880 Hypothetical protein 2.58 2.90
Unassigned ZMO1885 NADH:flavin oxidoreductase/NADH oxidase 1137 333 267
Unassigned ZMO01984 Aldo/keto reductase 387 2.06
ZZM4_0133 Hypothetical protein 2.39 2.75
pzmobl_p38 Hypothetical protein 229 202

He HRED2 MGECE E A FIRRIE, He G TS 73R R p- Rk R LR 4- ORI . ORIy LR B BEEAN T &SR T F . MR TR
A ERRAARSCIEN . IR RHA 6 18 B A HISE M DT RE LA
Note: Asterisk indicates the expression levels with at least 2-fold or greater increase in response to phenolic aldehyde functional p-hydroxyphenyl group (H), guaiacyl

group (G), and syringyl group (S), represented by 4-hydroxybenzaldehyde, vanillin, and syringaldehyde, respectively. * Bolded indicates reductase related functional
genes. ™ Bolded italic indicates transporter related functional genes.
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Fig. 3.6 Genome map of Z. mobilis strain ZM4 showing expression profiling under the stress of
phenolic aldehyde inhibitors. Genes and gene clusters shown significantly up-regulated
expressions were boxed in red, and those significantly down-regulated expressions boxed in blue.
The genome map representing 1998 genes was adapted from KEGG database. A colored code

indicating annotated gene functional categories is also attached.
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(a) CHO

OH
4-Hydroxybenzaldehyde

OH
4-Hydroxybenzyl alcohol

Oxidoreductase:

ADH:

AKRS:

SDR:

Hydroxylase:
Hypothetical protein:

ZMOO0157 (2.28), ZMO0788 (2.73), ZMO0833 (2.06),
ZMO1116 (2.53), ZMO1222 (2.73), ZMO1254 (2.28),
ZMO1303 (2.35), ZMO1885 (11.37)

ZMO1696 (2.46)

ZMO1984 (3.87)

ZMO1576 (3.77)

ZMO1399 (3.94)

ZMO0020 (3.08), ZMO0021 (3.11), ZMO0074 (5.02),
ZMO0268 (2.23), ZMO0270 (2.41), ZMO0440 (2.25),
ZMO0486 (2.76), ZMO1334 (4.11), ZMO1346 (2.23),
ZMO1386 (3.44), ZMO1602 (2.77), ZMO1821 (3.62),
ZMO1880 (2.58), ZZM4_0133 (2.39), pzmob1_p38 (2.29)

(b) CHO
)\; ~OCH,
OH
Vanillin
NADH+H*

< NAD*

CH,OH

)ﬁ: “~OCH,
OH

Vanillyl alcohol

Oxidoreductase:

ADH:

AKRS:

SDR:

Hydroxylase:
Hypothetical protein:

ZMOO0157 (2.22), ZMO0788 (2.69), ZMO0833 (2.14),
ZMO1116 (3.60), ZMO1222 (2.11), ZMO1254 (2.12),
ZMO1303 (2.23), ZMO1885 (3.33)

ZMO1696 (2.94)

ZMO1984 (2.06)

ZMO1576 (2.17)

ZMO1399 (2.98)

ZMO0020 (2.14), ZMO0021 (2.83), ZMO0074 (3.61),
ZMO0268 (2.70), ZMO0270 (2.91), ZMO0384 (3.89),
ZMOO0388 (2.30), ZMO0391 (2.76), ZMO0440 (2.36),
ZMO1334 (2.96), ZMO1346 (2.39), ZMO1386 (2.39),
ZMO1602 (2.17), ZMO1821 (4.26), ZMO1880 (2.90),
ZZM4_0133 (2.75), pzmob1_p38 (2.02)

(c) CHO
OCH; Jj: "OCHj3
OH

Syringaldehyde

|< NADH+H*

Syringic alcohol

Oxidoreductase:
Hypothetical protein:

ZMO1116 (2.47), ZMO1885 (2.67)
ZMO0020 (3.36), ZMO0021 (2.38), ZMO0384 (2.07),
ZMO0388 (2.15), ZMO0391 (2.22)
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Fig. 3.7 The predicted conversion pathways of phenolic aldehydes in Z. mobilis ZM4.
(a) Reduction of 4-hydroxybenzaldehyde; (b) Reduction of vanillin; (c) Reduction of
syringaldehyde into the corresponding phenolic alcohols by candidate genes using NADH as a
cofactor. Genes colored red indicate the most significant shared by all three phenolic aldehydes.
K% Z. mobilis ZM4 HIEERIHIERAE S, ZMO1116 il ¥ HEIR &l
T NCBI i Pe 1) & 157 1 EL 0 34T, ZMO1116 (18 117 471 5 L 7 [ 50088
(Azospirillum brasilense) >k J& ) — & 5 ug i & B (Dihydropyrimidine
dehydrogenase) i [FEPEL 66%, SiENIHIE (Thermotoga maritima MSB8)
KU NADH A R ) 58040 38 i g 1 Rtk 36% (&) 3.8) . HitbfEdl,
ZMO1116 R4S E R g E. 17 H, ZMO1116 & [ RE RAL R & A IR & 1%
HH (Hybrid cluster protein, HCP) HZXJEH) Fe-S4_20 HHIEVESI < (25-137 bp),
& H NAD 45 & £ sl (153-197 bp) . B 7 A7 20035 4 A AR HE
NADB_Rossman 51 NAD/FAD i () ALk R i (COG3380) Al
- E AL e JE B (Pyridine nucleotide-disulphide oxidoreductase) , ifs £ 5
ik E S (Medium chain reductase/dehydrogenase, MDR) 8 5% J ) 4 %) B i &
(Glucose dehydrogenase) K& PEAL A (153-213 bp).
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Query seq, e —————

Specific hits
Non-specific COG3380
hits \ glucose_DH Pur_redox |
' desat_CrtD
| prxos
Superfanilies HCP_like superfamily NADE_Rossmann NADB_Rossmann superfami
MDR superfamily
Hulti-donains PRK11749
gltD_gamma_fam
G1tD
Pyr_redox_2
Name Accession Description Interval E-value
Ferd 20 pfam14691 Dihydroprymidine dehydrogenase domain I, 4Fe-4S cluster, Domain Il of the enzyme __ 25137 8.16e-54
NAD_binding_8 pfam13450 NAD(P)-binding Rossmann-like domain; 153-197 3.58e-11
C0OG3380 C0OG3380 Predicted NAD/FAD-dependent oxidoreductase [General function prediction only]; 149-469 2 34e-06
glucose_DH cd08230 Glucose dehydr ; Glucose dehydr (GlcDH), a member of the medium chain ... 153-260 1.44e-05
desat_CrtD TIGR02733  C-3'4' desaturase CrtD; Members of this family are sir1293, a carotenoid biosynthesis protein ... 150-213 2.63e-05
PRKO6753 PRKO06753 hypothetical protein; Provisional 151-180 3.21e-05
Pyr_redox pfam00070 Pyridine nucleotide-disulphide oxidoreductase; This family includes both class l and class Il ... 292-367 4.31e-05
PRK11749 PRK11749 dihydropyrimidine dehydregenase subunit A; Provisional 7-475 0e+00
ghtD_gamma_fam TIGR01318  glutamate synthase small subunit family protein, proteobacterial; This model represents one of ... 8-471 1.75e-168
GID C0OG0493 NADPH-dependent glutamate synthase beta chain or related oxidoreductase [Amino acid transport .. 24-466 8.72e-165
Pyr_redox_2 pfam07992 Pyridine nucleotide-disulphide oxidoreductase; This family includes both class I and class Il ... 153-447 7.76e-25

K3.8 ZMO1116 & [ [RIVE 43 bt
Fig. 3.8 Homology analysis of ZMO1116 protein

#HE Z. mobilis ZM4 ) 5: R ZH AR5 B, ZMO1885 4 T NADH: Flavin %
IE R EE/NADH EALEE . 2T NCBI F0ds 22 & A i 7 FI Eb X KB, ZMO1885
FIE IR 75 5 BT B HERIF B (Gluconobacter oxydans) FKJRII#EEE Gye [
[FIVE L 70%, S5IREIHFE (Burkholderia Pseudomallei) SRR N-Z. 3% 5 K Bk
I J% I8 )5l (N-Ethylmaleimidine Reductase) Al % R M E (Pseudomonas
Putida) RIGF) TR AEY) LSRR (Xenobiotic Reductase) [RIJRTEL 48% (1
3.9). MH, NEALHKE, ZMOI1885 HEAELAGIEME & RS &1L s Al
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FMN %5407 /5. ZMO1885 HIVE AL 55 5 FMN 45 & 138 B4l 1 H., ZMO1885
R EAXT 4-F2 TR LU O B, Ut HEDN, ZMO1885 25 T Wik
PP Ak .
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Query seq, [ ————
active site b Y ™y B
substrate binding site | A b

FMN binding site §) A A

ue
specific hits [

Non-specific PRK10605

hits Oxidored_FHN

Superfanilies TIM_phosphate_binding superfamily

Hulti-domains FadH

mycofact_OYE_2
PRKO8255
Name Accession Description Interval E-value

OYE_like_FMN cd02933 Old yellow enzyme (OYE)-like FMN binding domain. OYE was the first flavin-dependent enzyme .. 4-336 261e-176
PRK10605 PRK10605 N-ethylmaleimide reductase; Provisional 4-356 1.41e-101
Oxidored FMN pfam00724 NADH:flavin oxidoreductase / NADH oxidase family; 3-327 6.06e-81
FadH COG1902 2 ,4-dienoyl-CoA reductase or related NADH-dependent reductase, Old Yellow Enzyme (OYE) family ... 1-356 4.29e-115
mycofact OYE_2 TIGR03997  mycofactocin system FadH/OYE family oxidoreductase 2; The yeast protein called old yellow . 4-330 4.40e-41
PRK08255 PRK08255 salicylyl-CoA 5-hydroxylase; Reviewed 2-226 7.10e-33
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Fig. 3.9 Homology analysis of ZM 01885 protein
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Z. mobilis ZM4 34 J5 Fy B S0 90 A2 BOME L R B B, BT AR AL e B8 T Z.
mobilis ZM4 Xy ZRFMHIYI I F5ic . Wil 3.10 Fras, KEEO0 h H124 h, &EEER
Pi7y 100 ) P VLR B3 1 B B 1) 9030 N 2= 7E Z. mobilis ZM4 A AR 5. F e HE
M, EyEEHNHI P 12 % Z. mobilis ZM4 M N EATIE R, 3 S5 =4y g — EL = AR
) K B %2 1 Z. mobilis ZM4 fifd 4t .
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Fig. 3.10 Transport of phenolic compounds in Z. mobilis ZM4.
(a) Transport of phenolic aldehyde inhibitors; (b) Transport of phenolic alcohol inhibitors.
AL AN R G2 B AN E B E YA N A R AR R B
AEIHLE] . Z. mobilis ZM4 5 5 fikiz i H, 7032 ABC iz H Xk (ATP
binding cassette superfamily, ABC). % ZjfiIg B A WHMEXKIE (Multidrug and
toxic compound extrusion family, MATE). = E i [A#iaE QB F K (Major
facilitator superfamily, MFS). i 2515 854t 41 fd 731 (Resistance nodulation cell
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division family, RND) FI/NZ 24tk H % (Small multidrug-resistance family,
SMR) (K 3.11) . ByEEHII P ia ~ B s s 4T RN, B T MATE #%i2&EH,
HoAth %12 T 0 & A gt FE R 350 B35 22 R 3RIK, JUH 2 ABC #1258 H . MFS
o HE M RND #ia s A ) gt . SRE R =R (ATP) -454 & (ABC)
2K 1R 1Y ZMOO0799 F1 ZMO0800 K| 71 3 ity fi s | My i T 38 638 2= % TR
Fik (£3.4) . 54, RND ¥zt H 45l ZMO0282 1 4- 32 H K I, T
Al AN B 8 T B 2 22 7 BIERIA 6.05 £%.2.55 £l 7.14 fi%,ZMO0798
DR LIRS 227 5. 254 551 4.58 5. N T RN B FY R IR,
G Y eI/ imiE, DAL RIS 3B M (0 57 B2, i MFS 342 5 A s
F K ZMO1288 1 4-F2 1K H g Tf&@ﬁﬂ%’?@@@ﬂﬂxwﬁu BEERTREIA
4.07 %, 4.18 f5 1 3.44 £, ZMO1856 &3 7% 7 Nif3RIA 4.40 5. 2.44 £541 3.30
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Fig. 3.11 Transporters for the transport of phenolic inhibitors.
R indicates the methoxyl group.
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MERE b B 1 AR 22 55 MR N B3 FY BRI e A H 5K e 18 B 1 A A R IR 14 2
ABC 1z 8 19 4 i S IR I A 25 0 R0 25 3 5608 B8 (L w20, (R, ACHif 5t
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& 3.4 Z.mobilis ZM4 [¥5iz T B 4R 2 RAE R BEATH 2 RHE T FIR1A

Table 3.4 Expression of the gene encoding the transporter proteins under the stress of phenolic aldehydes

4-Hydroxybenzaldehyde Syringaldehyde Vanillin
Transporter Gene - . -
Foldchange p-value Regulation Foldchange p-value Regulation Foldchange p-value Regulation
ZMO00111 1.01 0.87 up 1.03 0.80 down 111 043 up
ZMO00143 2.11 0.00 up 1.30 0.03 up 2.00 0.00 up
ZM00183 1.15 0.05 down 1.13 0.28 up 1.18 0.23 up
ZM00230 1.67 0.01 down 112 0.42 down 1.64 0.03 down
ZMO00254 1.05 0.52 up 1.19 0.29 up 1.01 0.95 up
ZMO00255 1.21 0.04 up 121 0.23 up 1.15 0.17 up
ZM00260 1.25 0.14 down 1.22 0.27 down 1.64 0.04 down
ZM00275 1.31 0.11 down 1.15 0.12 down 1.10 0.33 down
ZM0O0416 1.21 0.04 up 1.01 0.62 down 1.04 0.68 up
ZMO0425 1.49 0.00 down 1.23 0.01 down 1.10 0.20 down
ABC ZMO00458 1.21 0.01 down 111 0.01 down 1.05 0.38 up
ZMO0571 1.27 0.09 down 1.18 0.47 up 3.06 0.00 down
ZMOQO0572 1.29 0.01 down 1.19 0.45 up 2.69 0.00 down
ZMO00799 2.35 0.00 up 2.17 0.00 up 3.64 0.00 up
ZMO00800 2.23 0.00 up 2.19 0.00 up 3.99 0.00 up
ZMO00910 1.10 0.16 down 1.23 0.02 down 1.02 0.78 up
ZMO00981 1.20 0.05 down 1.02 0.89 down 1.02 0.86 up
ZMO01017 1.03 0.79 up 1.06 0.68 up 1.49 0.04 up
ZM01029 2.59 0.00 down 1.03 0.90 up 111 0.37 down
ZMO01030 2.01 0.00 down 1.04 0.84 down 1.26 0.09 down

ZMO1047 1.40 0.01 up 121 0.02 up 1.10 0.07 up
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ZM01048 1.31 0.05 up 1.26 0.08 up 1.58 0.03 up
ZMO1049 1.64 0.01 up 1.48 0.06 up 1.83 0.01 up
ZMO1050 151 0.03 up 1.30 0.28 up 1.44 0.05 up
ZMO1355 194 0.00 down 1.04 0.70 up 1.04 0.74 down
ZMO1462 1.67 0.00 up 1.37 0.14 down 1.28 0.01 up
ZMO1512 157 0.03 down 1.02 0.91 down 1.39 0.04 down
ZMO1588 1.62 0.00 down 1.77 0.01 down 1.37 0.00 down
ZMO1590 1.47 0.00 up 1.21 0.32 down 1.16 0.25 up
ZMO1790 1.48 0.00 down 1.10 0.17 up 1.06 0.44 up
ZMO1846 1.41 0.02 down 151 0.01 down 1.81 0.01 down
ZM00214 1.55 0.00 down 1.04 0.81 down 1.13 0.21 down
MATE ZMO1639 1.06 0.22 up 1.53 0.00 down 1.07 0.09 up
ZMO00052 2.03 0.00 down 1.49 0.01 down 2.50 0.00 down
ZMO0099 1.67 0.01 down 1.08 0.62 up 1.33 0.04 down
ZMO0494 7.08 0.00 down 1.28 0.02 down 3.65 0.00 down
ZMOO0566 1.62 0.01 down 1.16 0.35 down 1.33 0.05 down
ZMO0581 1.16 0.18 down 1.04 0.79 down 1.37 0.03 up
ZMO0966 1.61 0.00 up 1.44 0.01 up 3.99 0.00 up
MFS ZM01001 131 0.04 down 1.05 0.47 up 1.57 0.01 down
ZMO1111 1.02 0.76 down 1.05 0.60 up 1.36 0.03 up
ZMO1196 1.66 0.01 up 1.13 0.28 up 1.80 0.01 up
ZMO01288 4.07 0.00 down 4.18 0.00 down 3.44 0.00 down
ZM02018 1.05 0.15 up 1.49 0.01 down 1.07 0.23 down
ZM01452 1.09 0.40 down 1.69 0.00 up 1.06 0.61 up
ZMO1457 527 0.00 down 1.72 0.01 down 4.24 0.00 down
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ZMO1577 1.88 0.04 down 2.93 0.01 down 2.97 0.01 down
ZMO1856 4.40 0.00 down 2.44 0.00 down 3.30 0.00 down
ZMO1977 1.99 0.00 up 1.26 0.13 up 171 0.00 up
ZM00282 6.05 0.00 up 2.55 0.00 up 7.14 0.00 up
ZMO00285 1.78 0.00 down 2.52 0.00 down 1.69 0.00 down
ZM00287 1.15 0.06 down 1.10 0.17 up 1.14 0.06 down
ZMO0778 151 0.02 down 1.07 0.47 down 1.05 0.70 up
ZMO0779 1.07 0.66 up 1.23 0.22 up 1.68 0.02 up
ZMO0780 1.15 0.34 up 1.18 0.37 up 1.89 0.01 up
ZMO0797 1.25 0.00 down 1.01 0.88 down 1.16 0.42 up
RND ZMO00798 2.27 0.00 up 2.54 0.00 up 4.58 0.00 up
ZM00964 1.77 0.00 up 1.38 0.05 up 4.80 0.00 up
ZM0O1429 141 0.04 up 1.94 0.01 up 1.83 0.01 up
ZM0O1430 1.43 0.02 up 1.93 0.01 up 1.54 0.02 up
ZMO1525 2.42 0.00 up 143 0.11 up 1.74 0.00 up
ZMO01529 254 0.00 up 1.05 0.84 down 2.32 0.01 up
ZMO01599 1.30 0.05 down 1.16 0.03 down 1.00 0.95 down
ZM00108 2.22 0.00 down 1.40 0.01 down 2.25 0.00 down
SMR ZMO0697 3.20 0.00 down 1.20 0.00 down 2.87 0.00 down

e LIS 73 0 R 3 22 5 BRI RN NI 2 72 5 NI RA I B A

Note: Colored red and green indicate the differentially up-regulated and down-regulated genes, respectively.
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WRHEFE R RS B R L, Z. mobilis ZM4 KR TRE 2K, #00 LysR
BT, AraC B GntR RiE#E 7. TetR B+, AsnC 45+
MarR Y41 Fis By W A5 57 F R4 (Two-component regulatory
systems, TCRS) %5, 5t <, EylEsivihiE S k2% 2R RIANHE 7
i LysR. AraC. GntR fl MarR #i#5¥ (% 3.5) . 4-RFRKHEE, T HFEEME
EEIA R, AraC RS T4 R ZM0O1380 4= 5 Bl 5.47 /5. 2.21 1%
H12.60 fir, oo 4-FBEOK HEEAN A BRI W18 R B35 22 BRI GntR AR T4
IR ZMO1854 43l N iR IA 1.49 5. 2.29 f5F1 2.40 %; MarR ZUifi % 74wt
FH ZMO0054 435l F i ik 2.12 £ 1.24 {5 A0 1.18 1% . LysR AL T/ 4 4
ORI R 22 5 N ARIE, W 4-FR R . T A R A R e T
ZMO1336 73 F i 1.06 f5. 2.04 {51 1.10 f%; ZMO1574 i 3.51 f5. 2.01 %
F12.30 fi%; ZMO1733 435l FiAFRIE 2.04 5. 1.22 f5H11.95 f%; ZMO1857 437
E T IRERIA 2.47 1. 2.67 &40 3.83 1,

W TR —EE 4R A -DNA-RNA R ABHEFAVLAS, LS T ol
TR S SWEENE AL, 7B RNA B AR s M6 DNA #5324,
R, AWFFHEN LysR. AraC. GntR Al MarR #5725 T Z. mobilis ZM4 %
AT S | P AR U R
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Table 3.5 Expression of the regulator encoding genes under the stress of phenolic aldehyde inhibitors

Regulator Gene 4-Hydroxybenzaldehyde Syringaldehyde Vanillin
Foldchange p-value Regulation Foldchange p-value Regulation Foldchange p-value Regulation
AraC ZMOQO1380 5.17 0.00 Up 2.21 0.09 up 2.60 0.00 up
AsnC ZM0O0023 1.46 0.00 down 1.20 0.01 down 1.52 0.02 down
Fis ZMO1126 1.12 0.41 Up 1.09 0.51 up 1.45 0.04 up
GNiR ZM0O1854 1.49 0.01 down 2.29 0.00 down 2.40 0.00 down
ZM01944 1.14 0.19 down 1.04 0.63 up 1.42 0.01 down
ZMO0050 1.09 0.28 Up 1.20 0.22 down 1.46 0.02 down
ZM0O0471 157 0.00 Up 121 0.01 up 1.52 0.00 up
ZMO0675 1.44 0.00 Up 114 0.02 up 1.33 0.01 up
ZM0O0774 1.15 0.09 down 1.07 0.48 down 1.27 0.20 down
ZM00781 1.18 0.01 down 1.02 0.84 up 1.03 0.76 up
LysR ZMOQO1206 1.40 0.01 down 1.27 0.01 down 1.34 0.00 down
ZMO1336 1.06 0.62 up 2.04 0.01 down 1.10 0.47 up
ZMOQO1574 351 0.00 down 2.01 0.00 down 2.30 0.00 down
ZMO1733 2.04 0.00 down 1.22 0.32 down 1.95 0.01 down
ZMO1793 1.15 0.04 up 1.44 0.02 down 1.96 0.00 down
ZMQO1857 2.47 0.02 down 2.67 0.02 down 3.83 0.01 down
MarR ZMO0054 2.12 0.00 up 1.24 0.03 up 1.18 0.23 up
ZM00940 1.18 0.06 up 1.06 0.69 up 1.01 0.88 up
ZM00281 1.83 0.00 up 1.08 0.41 up 157 0.03 up
TetR ZM0O0963 1.27 0.05 up 121 0.01 up 1.59 0.00 up
ZMO1547 194 0.00 up 117 0.02 up 1.98 0.02 down
TCRS ZMOQO1405 1.24 0.00 up 1.03 0.59 up 1.03 0.46 down

ZMO1177 116 004 up 1.02 071 up 1.16 006  up
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P73 T U A1) 20 A O 4 4 2 POLAL B R 7 AR ) 32 B 2 — , A T AL
ok R AT 2R PR, R INE SR A I B AR I B AR AR A AR R o AR T
DNA G HEAREET Z. mobilis ZM4 5540 15 SN P 6 S 4 . AN 1) 32 B2
FREEWW T

(1) Mpgesidyy OuHR T HFiEME AR #2404 P. acidilactici 7L F& i
SEERITETE . N T SEIE A Hu ke B P acidilactici i 52 By EE 04 0 60 23 1 LR 0 sE LD
J& SRR SO T R P acidilactici i 52 By s 7 i 4 1 e s 4.

(2) Z. mobilis ZM4 ¥4 4-FRFEAHEE . T 5 W RN A B A RORH I (1) )
HHAH LA EYEE . 17 H., Z. mobilis ZM4 ANBEREALINEG . A-F2 3 2 HT S Xof
Z. mobilis ZM4 1] LB K BEANHIFR FEfe i, BEMERZ, T HWERSS . SEErEm
Ty B $U 1) 0 A AR B M B AL B 0 I IR SR AR IS 1238 %1 T Z. mobilis ZM4 194
KA 2B R B RE

(3) Z. mobilis ZM4 ¥4k, 4-F2FEK RIS, T HFEEMEHE LR, 25E
442 A~ 67 N1 306 NIER 2 22 R aRkak . Horp, fE 4R HOR R R, B3
Z 5 FIRIAANEE 2 R T IHRIA M E 4 32 143 A1 299 A 75 T FlEhia
T, 52 16 ANFI 51 /s fER HEEEME T, 20 & 111 ANH1 195 /. B k] i,
A-FRBERPENIE T ERRIEERN R L, FEBRE, THERRD . LFE. %
IEFIRYE 2 Z. mobilis ZM4 B AL TR A I ) £ Z A Y it 2 .

(4) AWFFCHEM T Z. mobilis ZM4 i8R myES I A&7, 27T Z
mobilis ZM4 4 J5 By A 47 1 B8 R, 5 40 ZMO0157. ZMOO0788. ZM
00833. ZMO1116. ZMO1222. ZMO1254, ZMO1303. ZM0O1399. ZMO1576.
ZMO1696. ZMO1885 1 ZM01984 &, HH, ZMO1116 A1 ZMO1885 7t 3 i
BRI i R ¥R 2R DiARIK.

(5) P4 ¥ S HE IR = My By RE ) A 22 72 Z. mobilis ZM4 4H N R .
W MFS 3312 A (1 ZMO0052. ZM0O0494. ZM01288. ZMO1457 1 ZMO1
856); SMR #iz#E [ (W1 ZMO0108 1 ZMO0697); ABC #izEH (ZM0O0143.
ZMOO0799 FI ZMO0800) A1 RND #MiFZE (U1 ZM00282. ZMO0798 F1 ZMO1529)
& Z. mobilis ZM4 ATyl |4 1) s iz A

(6) Byl NI e T 1) 38 25 5 B FRIA R0 3 22 5 N R RIS FE R 1K 4
W% 36 A 63 N IEIA % . IxX U R AL 1 1 ZMO1116-ZM01117 Al ZMO18
83-ZM01884-ZM01885 5 A4 14 JIF Uy Re [ 3 K 7%, 16 B 451 40 ZMO0282-ZMO0
283 fll ZMO0798-ZM0O0799-ZMO0800-ZMO0801 &% B A5 #4154 1A 3k 1tk i 3k PRI %
X Ak TR] 7 iy S 41 1) A 8 O () EE S AR 2 T AL
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41 FFE

Ty TS P 1) 470 e 2 A e e R 7 A P 2 R A 2 —, ™ e A A o R 4T
Y ZR I (VTS I o A1 0 1) R TR o R P B AR A K RN P AR B o AT AT 4 2R IR
MyRUA R L, H, 4-RFIRHEE, T AR R A5 A Wy 25 4 1)
[32, 33]

BEREE AR (Zymomonas mobilis ZM4) & i B R S £F 4 R 7S L
Wtk —, HEAA®ROEAR. & OB 2R SR e s, pEns.
CTR BRI CTRIVIREY) . MR A4 Z. mobilis ZM4 14 Kl 2 BE K %
(EARAR R JEE (¥ Ty S 410 1) 470 4 B S 40 1) Z. mobilis ZM4 (14 K A0 gl 195191
Ty WS 1 41 A0 2 D A T e S S A, D T g P U5 a2 25 e S SO Ty A 44 1) 20 £ 2B 0 it
B, RALIMBMEIELS SRR CBERBIBESEY T HRRM, Z.
mobilis ZM4 44 Iy Fi $00 i 42 30 J5 hy 1y e 1 AR VDB B R O BAPE — e R B T
Z. mobilis ZM4 (¥4 KA Z AR R0, (B, il DR 200 it e 52 B 1) By I A 45 4047
SR T4 1) 2 % T R 1) 26 KA P AR R8240 0 SR AL P R IR AR i A
HABR ARG, FONMERAE S HEN OB, e SeBlm B H 9 it &
s

A58 LL Z. mobilis ZM4 1E NI, & 1E % Ty P 1) P 0 1 1) Sk
BRSSO BE RIS 4T 4 3R CRER BRI S AR I T o ARHF AT 253K
584K Z. mobilis ZM4 [ Bf A1 i H0 ik 9 34 S5 AR i 42 FI L A4 Z. mobilis ZM4 B &
R I B A ) E A AR 42, LABATR ) Z. mobilis ZM4 A4y B4 1) 42 R
BRLFYE R CTE R IRINRE T o H T ARSI . 5 DR ZH R B AR S LA, AT o
SAERNIHIE T Z. mobilis ZM4 A4 Ty 1 1] 47 1) oG B S AL B AL R g o T 18 A%
THE, AHEFAEBFER B pHW20a, HE T &% Z. mobilis ZM4 F & H i P 5;
BRIR, AR B SERRAEFT KRR RFE 5T Z. mobilis ZM4 5 2H B Ak 5% A0 Ty 1
PHIPIR R T LT 4 2 2 BET RE

42 MRE5HE

421 TR FURCRIEE FR %

KHFFH R B MR L 4.1, A. resinae ZN1 (CGMCC7452) HIA SZE 25 /3 55 .
E. coli S17-1 An (ATCCA47055). P. putida KT2440 (ATCC47054) A1 Z. mobilis ZM4
(ATCC31821) ¥ H & [H R KF =Y R 0> (Manassas, VA, USA). E. coli
BL21 (DE3) #1 E. coli DH50. M AL =IRIE. FT Z. mobilis ZM4 41 B ik
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TR MR BRAR pHW20a A sz sty 1247 298 i JE Rl i 4 R34 (1 pET 28a (+)
FFTHEL R 2 1) pUCLY 30 H AW (KiE) FAIRAH .

E. coli BL21. E. coli DH5a £ E. coli S17-1 Aw ¥57:7E % 10.0 g/L E A Mi%. 5.0
g/L EEEREH A1 10.0 g/L NaCl () LB (Luria-Bertani) 357555 . #5747 pET28a (+) fil
GBRIEFRIN] E. coli BL21 555757 25 pg/mL RARE M LB Rigidk., #E
pUC19 FT#E )5 ki [ E. coli DH50 5572 7E % 20 ug/mL PYIAZ A 25 pg/mL &R H
AR M) LB 55354k #57 pHW20a B 2H FTRLIK E. coli S17-1 An $5571E 7 20 pg/mL
TUIRE I LB K983,

A. resinae ZN1 HTH 88N AL 8] Arz_2211 T1, BAAEREFRITEN 2.2.2
¥4y . P. putida KT2440 T4 1% PP_1948.PP_2680.PP_3151 Al PP_3357 %:[X],
W HEEFRAE LB B33 . Z. mobilis ZM4 H T4 1% ZM00367.ZM01116.ZM0O1696
A1 ZMO1885 FE A, K HA% FprE 7 20.0 g/L 7 Z&i#H . 2.0 g/L KH,PO4 A1 10.0 g/L %
BHZ R B RM (Rich medium) & it 723 (pH 6.0), T 30°Cif BERE 7%

AW St T ARFEF K AR AR R VEAT Z. mobilis ZM4 = 2H B bk 1) K 19 e
ZJETESY SN B — BRI | 5-F2 H MRS . 4-FR R I . T &/ A S 1Y RM
G IR R 52 H IR DR R IA S B — [ SR I B AR T o B TR B B K T
SEEYHEAT 3 NER .

422 FEAEG
LR ERAE 1Y PR ) 12 A7) 0 32 e T A v R T 5l 1 1) B 6 DT R A A O X
B3.2.1584) . %18 Adney FiBaker® L & Ghosel? N ) 732, T /R6°9 4 4k &
IR BRJCRE /R A A w1 D8 AR B E AN 24t — el 73 79) /2 135 FPU/g 1344
\U/g. F4% M Bradford 7 v:1%Y, MG 4R /K65 41 4 K i) 8 (9K 2 /290 mglg.
VU PR 2 A ZE e BRI H Sigma Aldrich (St. Louis, MO, USA). i&JFZINAD(P)H F14
HEINAD(P) #4 H Ak 5 1 ik AE R A BR 5T AE A =] o BRI ANS- 32 F e 1
(HMP) T H FigfEERE R AR A A . qRT-PCR FHIGIAF IL2.2.1564), I
AR 3.2, 135847
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Table 4.1  Strains, plasmids, and primers.

Strains Genotype Reference
E. coli BL21 (DE3) F, ompT, hsdSg (Rg" mg), gal (¢ /857, ind1, Sam7, nin5, Stored in the lab
lacUV5-T7 genel), dcm (DE3)
E. coli DH5a F, ®80d/lacZAM15, A(lacZYA-argF) U169, deoR, recAl, Stored in the lab
endAl, hsdR17 (r, my’), phoA, supE44, }', thi-1, gyrA96,
relAl
E. coli S17-1 An recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 integrated into the  Purchased from ATCC
chromosome
Z. mobilis ZM4 Wild-type Purchased from ATCC
Z. mobilis ZM4AZMO1237::Tc Mutant with Tc integrated in Z. mobilis ZM4 genome by This work
disrupting ZM0O1237
Z. mobilis Mutant with Tc and PP_2680 integrated in Z. mobilis ZM4  This work
ZM4AAZMO1237::Tc-PP_2680 genome by dirupting ZM01237
P. putida KT2440 Wild-type Purchased from ATCC
A. resinae ZN1 Wild-type [66]
Plasmids Description
pHW20a Tc', mob (RP4), mob (RSF1010), lacZo, MCS and oriV [247, 248]
pHW20a-ZM 00367 Express ZMO0367 in Z. mobilis ZM4 This work
pHW20a-ZM 01116 Express ZMO1116 in Z. mobilis ZM4 This work
pHW20a-ZM 01696 Express ZMO1696 in Z. mobilis ZM4 This work
pHW?20a-ZM 01885 Express ZMO1885 in Z. mobilis ZM4 This work
pHW20a-Arz_2211 T1 Express Arz_2211_T1 in Z. mobilis ZM4 This work
pHW20a-PP_1948 Express PP_1948 in Z. mobilis ZM4 This work

pHW?20a-PP_2680 Express PP_2680 in Z. mobilis ZM4 This work
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pHW20a-PP_3151
pHW20a-PP_3357

pPET28a (+)

puUC19
pUC19-ZM01237Up-Tc-ZMO1237D
own
pUC19-ZM01237Up-Tc-PP_2680-Z
MO1237Down

Primers

ZMO0367

ZMO1116

ZMO1696

ZM01885

Arz_ 2211 T1

PP_1948

PP_2680

PP_2680"

PP_3151

PP_3357

ZMO1237Up"

*k

Tc
ZMO1237Down””

PP 2680"

Express PP_3151 in Z. mobilis ZM4

Express PP_3357 in Z. mobilis ZM4

Kan', lacl, MCS and ori

Amp', lacZa, MCS and ori,

Amp', lacZa, MCS and ori, cloning
ZMOQO1237Up-Tc-ZM0O1237Down

Amp', lacZa, MCS and ori, cloning
ZMO01237Up-Tc-PP_2680-ZM01237Down
Forward primer sequence (5'-3")
AAAACTGCAGATGACAAATACCGTTTCGACG
CCCAAGCTTATGGCGCAAAATAAAATGCTG
CCCAAGCTTATGCGCGCCATAGGTTATC
CCCAAGCTTATGCCTAGCTTGTTTGATCCCA
AAAACTGCAGATGGTTTCGTTAGGGTTTAA
AAAACTGCAGATGGCGGTATTTGCCAGTGA
CCCAAGCTTATGATCTACGCACAACCCGG
CGCGGATCCATGATCTACGCACAACCCGG
AAAACTGCAGATGAGCGCGATCAGCAGC
CCCAAGCTTATGTTGCAGGTGCCTTTGC
CCCAAGCTTTAGCCTTGGGCTTTTAAAGCCTTT

AACTTTTCAAGAGGGTGTCTCATGTTTGACAGCTT
ATCATCGATAAGC
CGGGGTACCTAGACAAGCGACAATTAACCTTTTGA
AGAT

CTAGTCTAGAATGATCTACGCACAACCCGG

This work
This work
Stored in the lab
Stored in the lab
This work

This work

Reverse primer sequence (5'-3")
CGGGGTACCTCAGTCATACCAAGTTACTCCATC
CGGGGTACCTCAGGCAAAAACAGCTTTCTTTT
CGGGGTACCTTAGAAGCCTTCTAAGACGATTTTA
CGGGGTACCTCAATCCCCAAGCAAAGGATAA
CCGGAATTCCTAAATCATTCCATTACCATATCT
CGGGGTACCTCAAATGCGGATGATGGTCG
CGGGGTACCTTAGAAGAAGCCCAGCGGAT
CCCAAGCTTTTAGAAGAAGCCCAGCGGAT
CGGGGTACCTCAGTTACGGTCCAGCCACAC
CGGGGTACCCTAGATGGGATAGTGACGCGG
ATGATAAGCTGTCAAACATGAGACACCCTCTTGAA
AAGTTTTTTGAAG
CTAGTCTAGATCAGGTCGAGGTGGCCCG

CGAGCTCGGTGACTACCTTTTGTTGATATATCTCGG
A
CGGGGTACCTTAGAAGAAGCCCAGCGGAT
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ZMO01237" ATGCGCGTCGCAATATTC CTAAACAAGCGCATCCGG
ZM01237 (Homologous region) ™ CGAATTGAATGATGATCTGACTCC GGTGTCTTTCACTTCGATCGTATG
ZM00030™" CCAGATCAGGTGGTCGAGCATTT ATCGGGATCACGGCAATAAACAG
ZM00062"" TCAGGGAAATACCGTTCCGAAGC TCCTTTTGAGACCTCATCCAGCG
ZM00152""" AGCCAAAGAACTCATCAAAGGTC TTCAACACCGAGGTCACCACGAG
ZM0o0177"" GTGAACCACAAAGACCTGACCGC ACGAACGATACCGATTTTCTGCT
ZM00178"" CGGTCGCAGCCGTTGTCGGTGGT TGAGCAGCGAGGAAGGTATTAGC
ZMO00179"" TGATGGCGGGTTTTCTGCTTTTG TCGTTCACAGAGGACCAACTATT
ZM00238"" CGAGCGCCTATCGCCAATATGTA GGTCAGCGTCGACTTTTGTTCGT
ZM00239"" ATTGGCTCAGTATCGCGAAATGG AACTGCGGCTGCTTCAGAAGTTC
ZM00240™" ATGATGCTTCTTCTGGTGCGATT GGACGTCGCATTTTCAAGCATAG
ZM00241™" CGTGATGTGCAGGAAATTTTGCA CTGAATACGACGAGCACGACCAA
ZM00242™" GGCAGGTCATATGCCTACCATGA TTTTCGTTGATTTCAGCAAAGCC
ZM00256 TTTTTCGAAAAGGCAAGTGGTGG CCTGATGAACGTCACGATAGCGG
ZM00347™" CATGTTGCAAGGTGAAATTGCCG GCTGCACTGTTGAAACCGCATGT
ZMO00367 " GTTTGAAGGGGCAATCGCTG AACTTTCAAAACCGCATCAT
ZM00368" CGGTGGCGTGCCTGCTATGT ATGAGACAAAGAAACGCTGG
ZMO00369™" TGGTGTTATCACTATTCTTGGTC GTCTTCAAGTCTGTCAAGCGGAG
ZM00482™" CGTCCTTGCCGCCGCTGCCTTGA ATTGAGGTCTTCTATCCCACAGC
ZM00543"" AAATGGTTGCGGCCTTTTCAATC CAATCGGCTCTGCCAGTTTTACCT
ZM00544" TTGCAACCATGAATTTGAACGGC AAAGATCGCATGTCCGGTGGC
ZMO00569"" CAGCCGCATTATAGGGGTCATGC TATAAAGGGAAGGGCGTTGCAGC
ZMO0667 TCTTGCGCTTCGTCTTTTCGTCG CCTGCTAGAAAAGCAGGCGAGGC
ZMO00668" GTAGCGTTTTCGCTGGCTTCCTT AAGACCCAAAAGTTCAGCAGCGG
ZMO0671"" GAAGCTGAAGCGATCATCGAACG CAATCTGTTCGGTCGCCATTTTC

ZM00689™"

*

ACCCGTTACTTGCTGGGTGAAGA

AAGCGCATCTGCCAAATAATACG
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ZM00712""
ZMO00759""
ZMO00760""
ZMO0956 "
ZM00957""
ZM00958™""
ZM00997 "
ZM01113™
ZM01212""
ZM01236"
ZM01237"
ZMO01240™"
ZM01307"
ZM01335"
ZMO1360"
ZM01380""
ZM01478™"
ZMO1481""
ZM01496™"
ZM01507""
ZMO1571""
ZM01572""
ZMO01574""
ZM01596 "
ZM01608""
ZMO01721""

*

*

*

GTATCTGTTGCTTGCGGCCTCAA
CTGCCTCCCGAAACAAAGGTCTA
AGCTGCCAAAAACTGATTGACGG
ATCTGTTCCTGCCATGGTTCTGC
TTTTACGGTCAATTTTATGGGGA
AAGGGGTTACATATTGCGATGCC
CTTTGCTTCCAGGTGTTGCTAAT
TCCTGTCCAAGGTCGAAGGTTTG
GCTGACCAGTATTACAGTGCCGT
TGCCAAGAATGTTTTCAACGCCA
GAAGTGATCGAGACCAGCGACAT
ACAAGGCTGAAACCGCCGCTAAA
CAAGAAAAGCGATGGCGTGGTTA
CGGACAGGAAACCACGCTTTATT
GGGGTCACATTGGTTGGTCCGTT
CTCACGTTGATAGATTCCGTCCG
TAGCGGTGCTGAACTGGTCTCCT
TCTTCGGTGGAATTATGCGTTGC
TTTAATGCCATTCTGTCGCAGCC
AGAAGCCAGCGATTTACCTGCGA
ATGGGCGACGTTATTGATGGCAC
GTTGTTGCGGTTTGGACGCCTAT
ATGCTTGGGAATTTGAAAAAGCG
GATGTCAATCAACACGACGGCTG
TTCGGTGCTAACGCTATCCTCGG
CGTTTTGCTTATGGCAAAGACGG

GCAATCCATGTCCATTCCCGAAA
CCGTTTTTGCAAGGCCTGATTAT
CTTGTCACCGGCCTGCAATAACT
CTGATAAAACGATAAGGCGGCAC
CGACCTGATCTTACGGGTGAATT
CGCCAGAAAAGCTGTCACATCTT
TCAGGGCAGGTAAACCACCGATA
GCATGAACAGCAATCGCCCATAG
TGCTGGAGATAGAAAGGCAAAAG
TTTTGGCAGCATCTTCGTTTTTC
GAGGTAAAAGCCTTTTTTTGCCC
ATCTTGACACCATCATAACGGCG
GTCCGGTCAGGATTTTACCGGAC
CCACCTGTTACTTCATCCAGCCG
CATCTGAGCGACTTCCTGAGCCG
ACCTCGGAATAGCCCAGCATAAA
CAGGCCATTTATAAGAAGCCAGT
CATTGTTGCCTTCTAACCGGACG
CGCTTTCATGGGTGCCATATTTG
GAACTGCCCCAGCCTTCGATCTT
GCGGAGCAAGCCGTAAACGGTAT
GGATACCAACACCGCAAGAACGG
CAAGCCATCAAGACAGGCATTCC
ATCGTTGACGGAAACCATCGGGG
CCAACATAACGGTAAAGCGGGAG
CAGAAGGTGCTGCCAAACCGATA
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ZMO1722"" GTTTCAACAGGGGTCGGGGCAGT AAGCCCGATTCCACCGAGACCAA
ZMO1766" TTCGTTCACAGGCCATCAGCTAT GCAGATGAATACGGTCATCATCC
ZMOo1771"" CACAGGATTGGGCAACCCATATG TGATTTTGCAACAGCGAAGGGAG
ZMO01835™ " GGATAAAGCCATTGTCGGGGAAG TGTCTTCCCAATTTTTCGGGGTT
ZMO01857"" GAAGCGTCAGGTAATAGCCGTGG TGTTCAGGCACGCTGGCAATTAA
ZM01868™" GGCTGTTAAGCTGGATAGGCCGA CGCCAGATATCCAGCCAATCAGC
ZM01883"" TTAGATGTCTTTGCGCAGGAGCC GGATTAGTCGTGGCGGCAATATG
ZM01955"" CTTGTCGCAACGGGAAGTCCTTT CCAAGACCAATACCCGGGAAAAT
ZM01993"" TGTTTACGGCAATGCAAGTGGCC ATAATCAATAAGGCGCGGACGGC
ZMOr003™" TCATCGTTTACGGCGTGGACTAC GGAAGAACACCAGTGGCGAAGGC

1N 2N 3N A4 IER IR PP_2680 Rl KA. PP_2680 JE[KI#E 4 Z. mobilis ZM4 G th ik, qRT-PCR SEIRHIGIY. T RILKREFYIAL A
Note: One, two, and three asterisks indicate the primers for PP_2680 fusion expression, integration into Z. mobilis ZM4 chromosome, and qRT-PCR assay,

respectively. The underline indicates the digestion site.
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423  IKARIR 2%

NEFERF T 2012 FEBOGR T R 3k . FH 2.5% H2SO4 (Wiw, HpSOs T KFEFT
FH) T 175 °C kB EKAEFT 5 mint?®2, 15% (wiw) B4 & F KA AT 50 °C
A pH 4.8 FEAY) R N A8 BB 48 h, &5 T FOKFEF FH 15.0 FPU 4T 4E 2T
424 BRI

AW T 2 AN T FE U ER A 508 I 1 R 0P ) Z. mobilis ZM4 TR %,
Bl5mik Z. mobilis ZM4 EH S (1)1 & F0 1 438 IR A g 42 1 B #4) Z. mobilis ZM4 5
R (1 By B2 0 1) A SR A AR I A o KT e A T B 00 i s oA s 0 D SR G
FEAKYE Z. mobilis ZM4 FEREEIHIV A N A R AR, R /AE 2
R P ol ¥ ¥ 3 22 R R A AR A, 0 ZMO1116.ZMO1696 1 ZMO1885.
W 6-T I i S 5 1R B ) A2 0 AN 7 B A 5% 2930 R AT Fe ki T
Z. mobilis ZM4 & ] ZMOO0367 (zwf). T 5 kg oy s 4011 47 8L AN 4 A 1) SFE R
F2 B o L w) A ) B AR IS B AR Y P putida KT2440 1) 1% i & B
(PP_2680. PP_3151 F1 PP_3357)!%4, 5t &I, Acinetobacter calcoaceticus i
PR P il S X 4- 50 35 % S R A I A AE AT Y, Rk, AT A R
P T P putida KT2440 FI2K H S E0E (PP_1948). =2 (Trametes versicolor
PRL572) RIFMIE GRS 3L (lcc2) M RIHRIEEZIR S T S. cerevisiae
CEN.PK113-17A # AL B & Wi e 110, DR AT 7238348 1 A. resinae ZN1
(PN gmAD 3L K] Arz_2211 T1.

IV B LR AL, 4% BER AR 41 18 2 (R 2H DNATE BRI & 1) 7 v 32 L Z.
mobilis ZMA4FIP. putida KT2440#) £ K ZHDNA. PAZ. mobilis ZM4F) % K 41 DN ATE
AR Y 1 ZM00367.ZM01116. ZMO1696 F1ZMO18853%E [X], LAP. putida KT2440
() R ZH DN AYE N AR 4 1 PP_1948., PP_2680. PP_3151f1PP 33574 . [H2.2.2
BRI R B 7 FE RS FEA. resinae ZN1, FEHTrizolit71 (Invitrogen, Carlsbad, CA,
USA) $ZHUEBRNA. St #E W.2.2.43 5 o UL S IRICDNA SRR, 474
Arz_2211 T1E:H K LLE HARIE R S 2ZE iR E ik pHW20a 4, Jf@id CaCl, 2
W EAFRN L E. coli S17-1 An, fJm il i 826 e A0 5 15K pHW20a 2 25 Jifi Fir
#:A¥, 2 7. mobilis ZM4l4" 258 (K4.1).

AHFFEFKPET28a (+) HTERIGRIAEIE . LIP. putida KT24401 2% K 2HDNA
AR, I PCRY™ 1 PP_26804% K 1 Bt . FiBam H 1 AHind IV {L#4& pET28a
(+) FIPP_2680, #J% E.coli BL21::pET28a (+) -PP_2680, JfLAH#EM 45 485 ki i)
HAR ML E. coli BL21::pET28a (+) fEJyxiitt. HEH K T37 °CH 7% 1-100 mL
5 ngmL FIBERMLBHAE: 7:3E, 200 rpm IR % 55 7% & @K K IE 0.5
(ODeoonm)» 2 J5F30°C FHZMKIEN 0.1 mM IPTG 55 E. coli BL21::pET28a (+)
-PP_2680 %6 h. fxEZ4LT77%N.3.2.3%4) .
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(a) Rep C (b) Rep C
Mob (RP4

Rep A ] Rep A

Mob (RP4

LacZ / ’ lacz

pHW20a-ZM00367
11.4 kb

Hindll

Ndel

Rep B Rep B

(© @ Mot

Mob (RP4 Mob (RP4

pHW20a-ZM01696 i pHW20a-ZM01885
ZMO1698 10.9 kb 3 10.9 kb

pHW20a-ZMO1116
11.4 kb

pHW20a-Arz_2211 T1
11.7 kb

\ -
Ooriv

Mob (RP4 Mob (RPZ

pHW20a-PP_2680 pHW20a-PP_3151
PP_2680 11.4kb _ 11.3kb

pHW20a-PP_3357
11.3 kb

pHW20a-PP_1948
11.4 kb

B4l BYEEIMHIY) AL DR R IK BORLAG 2
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(a) pHW20g; (b) pHW20a-ZM00367; (c) pHW20a-ZM01116; (d) pHW20a-ZM0O1696; (e)
pHW20a-ZM01885; (f) pHW?20a-Arz_2211_T1; (g) pHW?20a-PP_1948; (h) pHW?20a-PP_2680;
(i) pHW20a-PP_3151; (j) pHW20a-PP_3357
Fig. 4.1 Expression plasmid construction of the functional genes relating to the conversion of
phenolic aldehyde inhibitors.

(a) pHW20a; (b) pHW20a-ZM00367; (c) pHW20a-ZMO1116; (d) pHW20a-ZMO1696; (€)
pHW20a-ZM01885; (f) pHW20a-Arz_2211_T1; (g) pHW20a-PP_1948; (h) pHW20a-PP_2680;
(i) pHW20a-PP_3151; (j) pHW20a-PP_3357.

425 BEIENE

¥ U FER) Z. mobilis ZM4 EAH IR RS IR X HOW,  BOSR AR AR A
Fig 5l E » FH 100 mM PBS (pH 7.0) Weik BAARPI IR, FF88 A R B AR (B A5 ) R
1S40 HiEL sec, [AIRE3 sec, A8 . T4 °CH4 ik il % B 44 T-12,000 rpm
BS05 min, FEAH0.44 pmPEHE IS I8 HIE W . IR EIE R R D B 2 B R PR RE A
FHTFH g Bl v 0 72

ZMOO0367 H 2H T A 1 B I 52 4 Banerjee Ml Fraenkel ™ 77751347 . 1 mL
NAK A HE 100 mM Tris-HCI (pH 8.0). 10 mM MgCl,. 0.18 mM NADP*. 1mM
D-Hi % b 6-BE IR A1 B R . — MV BRI E O £E25 °C, &40 B E R L pmol
NADP* fit H (1) £

ZMO1116. ZMO1696. ZMO1885H1PP_1948 T 2 B A4 [ HH iy B 7% N 5 2 11
Abd E-MawlaZ NP8 7kt 47, 52, 200 uL RMAA RAHH0.L M BEERET
ZEMR (pH 7.5), 0.329 mM FEEE. 2.25 mM NADH F120 pL fHEHK, R G
F 30 °C Je/% 30 min, i 10 pL 3M =5 ZFRIE WL 1B, FIHPLCIFA
FHBE AL, DUEIPZMO1116. ZMO1696F1ZMO1885 B 2H i ¥k (1) g% [7)
I, DA F AR B A A N R 52 PP_1948 B 2H B ik ML BB TG« — AN FRLAL
fifgi% 2 N 7830 °C, F4r4hiEibl umol A HE S K B S AT FH O 5

Arz_2211_T1 L bR S DI 52 1 Nagai s N 2 )73k 34T - 1 mL R
R ZF51 mM ABTS (2,2°-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)).
Mcllvaine ZZ i (pH 4.0) A& &AM EM . T-30 °C %20 min, JIA100 pl 5%
ZRORAIE RN, IFT 420 nm s IR SC U PR S DA o — A B R Al I
XA fE30°C, 7E100 ub RMAR R, B84k 1 umol ABTS Frifs KRG & .

PP_2680. PP_3151HI1PP_3357 5 41 # #k (¥ KL Ffy fil 175 0 5 4% [ Liu 25 A 200 Fn
Park&s N 53047, 1 mLR AR R EHE 50 mM BERRET 22 (pH 8.0).
0.4mM FiZ5FERE (DTT). 5 mM MgCl,. 0.4 mM NAD*. 10 mM B EE 14
o IR Bl o — > 57 2 i Il R 7 e e M S B B v M o2 O #E30 °C,
3 PiEJE 1 pmol NAD(P)® Jilr 35 B ()l & .
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1218 Liu 2 NP0 park 2 A\ 192053200 € PP_2680 & [ (1 B A lg T . A
EEEAEIN TR (1) b M: 5 PP_2680. PP_3151 F1 PP_3357 # ZH i #k K14 g
g 5 7 vEA R, FIE S A PP_2680 4k 8 A AL [ B o (2) 38 SN :
1 mL AR REHE 70 mM BEERERZ2 M (pH 7.2)~ 0.4 mM NAD(P)H. 10 mM
FEAHNHIY) OB, 5-F2 HLREE . 4- AR HEE., THBMEERE) MEER
PP_2680 Zlifk & ¥ W - /) % 1 min, ] DUS00 #% R/ 2K 14 43 #11X ( Beckman Coulter,
Inc. S. Kraemer Boulevard Brea, CA, USA) T 30 °C Al 340 nm % £ 4l (1AL 155
o

T B I A2 5206 84 =k, Bradford J5 32000 5E &K 1k Y,

4.2.6 PP_2680 F:[H ¥4 Z. mobilis ZM4 Fe ik

ik PCR, M Z. mobilis ZM4 [FJEFHY 1 ZMO1237 1) b [F] Y5 B
ZMO1237Up (469 bp) 1 FiFlEJEE ZMO1237Down (701 bp), M P. pudita
KT2440 § 1 PP_2680, MJFiki pHW20a § 18 PU3A K it I A Te MJE 551 Plac.
LA PCR HiR, @ha ZMO1237Up FIVUIR R PiEIER Te B, AN Es
PP_2680 fll Plac. 4 pUC19 5 ZMO1237Up, ZJ55 ZMO1237Down 4,
S RFTEE TR B 42 pUC19-ZMO1237Up-Tc-ZMO1237Down. E 4L PP_2680 il
Plac-2680 734l 5 pUC19-ZM0O1237Up-Tc-ZMO1237Down EE41, 45 F4T#E 5 ki
pUC19-ZMO1237Up-Tc-PP_2680-ZM0O1237Down il
pUC19-ZM01237Up-Tc-Plac-PP_2680-ZM0O1237Down. Eid PCR. YA 7
WIAFTHE ORI 41, FTHEFURIZE Hind TR AL 5 HE4T L T 54 1k .

¥ IREE ) Z. mobilis ZM4 15 7% 265 F ] (ODeoonm=0.3-0.4), F£F 4°C
A16 000 rpm .00 5 min, AR AA, F FUA TS 10% (viv) H I Be s s A 3 %,
HLTH AL AT 90 pL T7A 1) 10% (viv) TG H i B8 b 4o 8 10 pl £ LT HE
JUkiE 90 pL Z. mobilis ZM4 B SRR S, BB R WA T 1 mm B
(Bio-Rad, Hercules, CA, USA), VK¥#§ 2 min, 2 J5 £ 461X (Bio-Rad Gene Pulser
Xeell™) il ke i, AL S HON 25 uF, 200 Q, 2.0 kv, fiA 900 pL
30 °C fii#®) RM 35 583E, T30 °C ##EE IS 16 h. ¥ AHHRMMIRM T 20
ng/mL PUFAER ) RM P4, T 30 °C 1537 48-96 h. fx J5 F| ZM0O1237.ZM01237Up
_E#% 55 bp it ZMO1237Down 7 52 bp I [FJRE B 514 PP_2680 5144
EREGT . BARMRTRERENE 4.2,
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ZMO1237Up Tc PP_2680 ZMO1237Down Amp Ori Pia
PUC19-Tc-PP_2680 —ﬂ—————‘—ﬂ—

i
1
[P
-l
1
1

N Pt . 1

N 1

ZMO1237Up ZMO1237  zZMO1237Down
Z. mobilis ZM4 chromosome

J Integration

ZMO1237Up Tc PP_2680 ZMO1237Down Amp Ori  P,,c ZMO1237Up ZMO1237 , ZMO1237Down
Z. mobilis ZM4 chromosome

(a) Integration by ZMO1237Up

(b) Integration by ZMO1237Down

ZMO1237Up ZMO1237 . ZMO1237Down Amp i ac ZMO1237Up Tc PP_2680 ZMO1237Down

Z. mobilis ZM4 chromosome

Excision
(1) Excision by ZMO1237Up
ZMO1237Up Tc Plac PP_2680 ZMO1237Down ZMO1237Up ZMO1237 ZMO1237Down
Z. mobilis ZM4 chromosome Z. mobilis ZM4 chromosome
Engineered Z. mobilis ZM4 Wild-type Z. mobilis ZM4
(2) Excision by ZMO1237Down
ZMO1237Up ZMO1237  ZMO1237Down ZMO1237Up Tc Plac PP_2680 ZMO1237Down|
Z. mobilis ZM4 chromosome Z. mobilis ZM4 chromosome
Wild-type Z. mobilis ZM4 Engineered Z. mobilis ZM4

Bl 4.2 PP_2680 ¥4 7. mobilis ZM4 Jefa 4k )i e i 72 B
Fig4.2 Screening flowchart of PP_2680 integration into the chromosome of Z. mobilis ZM4.

42.7 QRT-PCR Szif

it gRT-PCR HA, AW F 5 1F % %2 PP_2680 1) 7K IAXT Z. mobilis ZM4
K] ED AR5 5 RIS . 1218 10%8:0 &, ¥ Z. mobilis ZM4::pHW20a f
Z. mobilis ZM4::pHW20a-PP_2680 = 21 B ¥k (I Fh TR = ¥4/ 2 15% (wiw)
TR EARR KM, HiRE 12 h IEREIR. gRT-PCR S2ia ) B AR EAME N, 2.2.4
4. F Primer 5.0 #Fi%it qRT-PCR 514 (£ 4.1). PCR M &/FUTF: 94
°C HiAE % 5 min, 94 °C AP 2 min, 54 °C iB/k 30 sec, 72°C ZEf# 30 sec. R
P 200 SR H bR L DN ) ik kP,
4.2.8 HPLC 1 GC-MS 7341

FEMZE 10,000 rpm &0 5 min, FiHWRE 0.22 pm JEAE HERI v H T HPLC
8. HIBCE Aminex HPX-87H #:-F (Bio-rad, Hercules, CA, USA) #J HPLC
(LC-20 AD, /RZH6 2% RID-10A, Shimadzu, Kyoto, Japan) il % %4 . 2B .
BREE 5-F2 FH SRR AN 1R, A1 65 °C, T sl AH & 5 mM H,SO., Jit @ 42 0.6 mL/min,
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HEFEEA 20 pL.

S 2.2.5 {4y N J7ERIN 3 PR B 04 S oAb =4 . FH AR FE e it 7
TERCIRERS . BEBEARERS, JRBIAA 50% K 205, WK 1.0 mL/min, i #83
220 nm. FHBAEEVE LA M 5-3% F JRARRE . 5-7% FHOL BRI AN 532 F LM,
WMIEHN 0.6 mL/min, KIYKA 230 nm, BTGV E N 0-15 min, Z
JEFNFR AL K (IR FE B L A 5% B N2 100% ;. 15-20 min,  Z JEFIHE 4l /K ik B i
Eb M 100% 4% 5% 20-30 min, 1 5% K2 B ATk 1

GC-MS Kl 2% 2.2.5 {4 77 15N PP_2680 & i AL B 31 W 1K 7= 40

43 HZR5®

4.3.1 Z. mobilis H2H AR AL IS 61 Y0 1 BE

%8 Dong 2 A4 28g073k, K43 ZMOO0367. ZMO1116. ZMO1696.
ZMO1885. Arz_2211 T1. PP_1948. PP_2680. PP_3151 Al PP_3357 [#] Z. mobilis
ZM4 EEH R R, JER A A A R pHW20a 1) E 4H F #& Z. mobilis
ZM4::pHW20a 7E Ayt B AR . ANBIE 55 1 26 18 Bl v 0 8 A A DL B H R BT ) 3
BN (R 4.2,

WKL, ZMO1116. ZMO1696 Fl ZMO1885 Hi £ [ ik Mol 75 B itk (1) Ak 3K
HA L 0112, 0.125. 0.023 pmol/min, A%tT Z. mobilis ZM4::pHW20a X It
PRAEAL 7 BLEE (2% (0.017 pmol/min) 17 5, LA_b 3 /N5 4 B R 1L B S8R 1)
MR I3 T 558.82%. 635.29%F1 35.28%. ZMO0367. Arz_2211 T1.PP 1948
FH PP_3357 HZH B AR I LU Bl IS 23l B0 BE B RS2 =1 1 191.26%. 12.92%. 13.79%
A1 41.05%. PP_2680 LIRS 4-FR3E 08 FEIE . T 7 I AR W g 1O B Vit 20 ol 4
SR BRI T 93.75%. 277.78%F 4.76%, PP_3151 5 ZH i ik i A B TG T 5ot
ME B R I3 S T 137.50%. 218.52%11 23.81%. Hitkal W, LA - HKIRERELE Z.
mobilis ZM4 I ik .

N T #4IN Z. mobilis B ZH B AR AL SRRV BE 1, AR TR 10 A BB
FRAEFDZ 2> IR 2.0 g/L BEEE . 4.0 g/L 5-FF RS . 5 mM (0.6 g/L) 4-F2 2K
%, 5mM (0.9 g/L) T &M 5mM (0.8 g/L) FEEEN RM B 95kE, £ 431
Z. mobilis ZM4 5 20 B R A 53 S5l 75 10 Wk el 7 AR T i 0 A6 P20 ) RML 5 s 7R 2 1) 2
W R TR DL o



AR T KFHLEARL

83T

£ 4.2 Z. mobilis ZM4 E 40 Bi#k 1M BE BEE

Table 4.2 Crude enzyme activity of Z. mobilis ZM4 recombinants.

Gene Product Substrate Enzyme activity (umol/min)
Control Vanillin 0.017
ZMO01116 Oxidoreductase Vanillin 0.112
ZM01696 Zinc-binding alcohol dehydrogenase Vanillin 0.125
ZM01885 NADH: flavin oxidoreductase/NADH oxidase Vanillin 0.023
Gene Product Substrate Specific activity (U/mg)
Control D-Glucose 6-phospate 0.103
ZMO0367 Glucose 6-phosphate dehydrogenase D-Glucose 6-phospate 0.300
Control ABTS 0.356
Arz 2211 T1 Laccase ABTS 0.402
Control Benzaldehyde 0.116
PP_1948 Benzaldehyde dehydrogenase Benzaldehyde 0.132
Control 4-Hydroxybenzaldehyde 0.032
Syringaldehyde 0.027
Vanillin 0.063
PP_2680 NAD" Aldehyde dehydrogenase 4-Hydroxybenzaldehyde 0.062
Syringaldehyde 0.102
Vanillin 0.066
PP_3151 NAD" Aldehyde dehydrogenase 4-Hydroxybenzaldehyde 0.076
Syringaldehyde 0.086
Vanillin 0.078
Control Vanillin 0.095
PP_3357 Vanillin dehydrogenase Vanillin 0.134
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FETE AN 5-2 I EERE RS A T, Z. mobilis ZM4 55 45 T Bk fR 40 1 4 56 Ak 15 e et
MEE RIS . BRE SR, MEEEHE T, ZMOO0367 B 2H BBk i 7 45 b T AL ont I 1
PRIEE T 4.53%, PP_2680 Fll PP_3357 21 [ Ik ) 2 77 2R 3 Tl 43¢ of 4 v AR 2 1
T 4.0%F1 8.0%. 5-¥%HFEMEREHA T, ZMO1885. PP_2680 F11 PP_3357 HE41 M
PRI % 72 2803 Sl s PR G Rk i1 1 5.88%. 17.65% A1 11.76%. HILwl L, A&
BRI EE K Z. mobilis ZM4 E5 2 BRI AL BRIE IS IR Re 1 22 . iR R 2 R R
RS 552 I IERERE X Z. mobilis ZM4 & 55190, Kl Z. mobilis ZM4 (37
BB LR AR b Y CRERIAR R, JORE A AN 73T 2 R R 1 I AL

A-FRFEEWEEMIAY, FRM AR 12 h, ZMO0367. ZMO1696. ZMO1885.
Arz 2211 T1. PP_1948. PP 2680 A1 PP_3151 = ZH B M3 il % 4.4y il &
25.98%. 193.51%. 71.17%. 81.14%. 51.51%. 83.36%AH1 36.03%, Z /%%y
WL T 43.48%. 26.09%. 165.22%. 21.74%. 26.09%. 43.48%F1 113.04%. M
AT, BB B AR R IA TSR = T Z. mobilis ZM4 4k 4-52 528 R K
BE A b CBE RS S . Hoh, ZMO1696 FE 41 B kT 4-F0 5L 0K F R (1) #4140 Bk
B o

THEEWIET, IR 12 h, ZM00367.ZM01116.ZM01696. ZM01885.
Arz 2211 T1. PP_1948. PP_2680. PP_3151 fll PP_3357 # ZH B ik Il HI 4541k
43 9.10%. 59.92%. 37.49%. 63.45%. 104.31%. 43.92%. 45.57%. 13.25%
1 8.86%, fHIEZEE=HJL TR, BT, U EHMERERERS T
Z. mobilis ZM4 ¥4 T B REMIGETT, (HR2H 4-FREOR R AL ATg . B SRR
WIWFRCR B, 5 mM T EEEGTE AR Z. mobilis ZM4 (1) 44 A KRN 2% ok B 1A 410
HECF R0, A-FR LR A T SN Z. mobilis ZM4 [ B aR, T I 2
AN FRARCERE (s BRI T 1 T & % Z. mobilis ZM4 AR d . T iR
AN Z. mobilis ZM4 B KA K EE, Kt Z. mobilis ZM4 S [RI b 25 5 FI
R R R, AN el T IS o

FHEEMIE T, AR 12 h, Br T PP_3151, ZMO0367. ZMO1116.
ZMO1696. ZMO1885. Arz 2211 T1. PP_1948. PP 2680 #ll PP_3357 E4H i)
T AL R B 8.84%. 7.70%. 201.85%. 91.30%. 10.13%. 114.98%.
208.42911 118.12%, LW/ # 3 pliE | 23.53%. 17.65%. 9.80%. 13.73%.
3.92%. 13.73%. 21.57%#1 118.12%. HH', PP_2680 FI ZMO1696 = 2H b kX
RS A b, {H&, PP_2680 f1 ZMO1696 4 bk 2B = R 3 3% A bl
A G A TR

HH LG AT DL, DA 5 2 RS B %) Ty B 00 £ 0 PO 6 A B D e, 1T XS B
AN I PR R 65— FH ST () e A B T P i o
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# 4.3 Z. mobilis EA RN L —EERINHY K RM SFREL K 2 B R BERET)

Table 4.3 Fermentability of Z. mobilis recombinants in RM medium amended with single aldehyde inhibitor.

Inhibitors Recombinants Growth Glucose consumption  Ethanol productivity  Inhibitor conversion
(ODgoo) (gL (9/L/h) (%)
Furfural ZM4::pHW20a 0.584#).00 8.6140.35 0.2540.00 83.7740.74
ZM4::pHW20a-ZMO0367 0.5840.00 9.00+.13 0.1940.06 76.8142.35
ZM4::pHW20a-ZMO1116 0.51#.02 6.7540.88 0.2340.01 79.5140.76
ZM4::pHW?20a-ZM01696 0.564).01 7.8540.24 0.2440.00 75.5840.15
ZM4::pHW?20a-ZM01885 0.504.01 7.3640.93 0.2340.01 79.4440.25
ZM4::pHW20a-Arz_2211 T1 0.50#0.01 6.8040.06 0.2440.01 79.5040.97
ZM4::pHW20a-PP_1948 0.5440.02 7.2140.29 0.2440.02 80.22+1.03
ZM4::pHW20a-PP_2680 0.53#).04 7.6540.31 0.2640.01 75.0642.72
ZM4::pHW?20a-PP_3151 0.504.01 6.74+1.08 0.2440.01 80.5940.53
ZM4::pHW?20a-PP_3357 0.55#.01 7.7540.13 0.2740.00 80.3440.02
5-Hydroxymethylfurfural ~ZM4::pHW20a 0.4140.01 6.9040.17 0.1740.00 28.91+2.80
ZM4::pHW20a-ZM00367 0.384).00 6.6140.21 0.1740.00 26.11H+1.47
ZM4::pHW?20a-ZM0O1116 0.394).00 6.3340.24 0.1640.01 23.8740.01
ZM4::pHW?20a-ZM01696 0.3740.00 5.4540.17 0.1640.02 19.10+1.93
ZM4::pHW?20a-ZM01885 0.40#0.01 5.7540.18 0.1840.01 21.2240.23
ZM4::pHW20a-Arz_2211 T1 0.39#0.01 5.9240.32 0.1640.04 23.30+.53
ZM4::pHW20a-PP_1948 0.364).00 6.0940.69 0.1740.00 19.40+1.26
ZM4::pHW20a-PP_2680 0.364).00 5.3240.05 0.2040.01 20.03+2.32
ZM4::pHW20a-PP_3151 0.324).01 5.2540.17 0.1740.00 18.2344.25
ZM4::pHW?20a-PP_3357 0.414.01 6.1640.11 0.1940.01 24.08+.13
4-Hydroxybenzaldehyde  ZM4::pHW20a 0.4940.00 5.9840.18 0.2340.02 11.2440.17
(H group) ZM4::pHW20a-ZM00367 0.4940.07 8.2640.83 0.3340.05 14.1640.18
ZM4::pHW?20a-ZM0O1116 0.4840.02 8.8440.97 0.2540.07 12.0540.19
ZM4::pHW?20a-ZM01696 0.514.01 7.8540.42 0.2940.00 32.9942.10
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ZM4::pHW?20a-ZM01885 0.4840.00 10.10#0.01 0.6140.00 19.2442.09
ZM4::pHW?20a-Arz_2211 T1 0.4620.01 7.2530.29 0.2840.03 20.3640.14
ZM4::pHW20a-PP_1948 0.5040.00 6.3140.60 0.2940.02 17.03+2.67
ZM4::pHW20a-PP_2680 0.5940.01 4.1540.86 0.3340.01 20.61+1.12
ZM4::pHW20a-PP_3151 0.4840.02 7.5040.89 0.4940.03 15.2940.88
ZM4::pHW?20a-PP 3357 0.4640.02 8.6040.28 0.264).00 11.07+.77
Syringaldehyde ZM4::pHW20a 1.2040.02 17.4530.53 0.5940.00 12.75+.73
(S group) ZM4::pHW20a-ZMO00367 1.2140.08 17.9140.21 0.6440.02 13.91+1.46
ZM4::pHW?20a-ZM0O1116 1.1040.01 17.0540.67 0.6240.01 20.3940.56
ZM4::pHW20a-ZMO1696 1.1140.00 18.6040.04 0.6540.02 17.5342.30
ZM4::pHW20a-ZM0O1885 1.1540.01 17.5740.00 0.6140.03 20.8440.30
ZM4::pHW20a-Arz_2211 T1 1.35#0.05 16.1840.27 0.5740.05 26.05+1.89
ZM4::pHW20a-PP_1948 1.1540.05 17.1540.22 0.6440.00 18.3546.65
ZM4::pHW20a-PP_2680 0.974.09 16.64+1.32 0.6340.01 18.5643.54
ZM4::pHW?20a-PP_3151 1.0040.17 17.5610.44 0.6540.01 144442 51
ZMA4::pHW?20a-PP_3357 1.374.01 17.1640.17 0.6640.01 13.8840.93
Vanillin ZM4::pHW20a 0.63#.00 14.4140.26 0.5140.01 7.01+1.40
(G group) ZM4::pHW?20a-ZMO0367 0.7440.06 16.2840.04 0.6340.06 7.63+1.60
ZM4::pHW?20a-ZM0O1116 0.7640.00 15.8640.81 0.6040.05 7.5540).21
ZM4::pHW20a-ZMO1696 0.6940.03 16.2340.68 0.5640.07 21.1640.43
ZM4::pHW20a-ZM01885 0.6940.02 15.5440.08 0.5840.04 13.4140.41
ZM4::pHW?20a-Arz_2211 T1 0.6440.06 13.9740.43 0.5340.01 7.7240.82
ZM4::pHW20a-PP_1948 0.7140.03 13.4840.54 0.5840.01 15.0742.94
ZM4::pHW20a-PP_2680 0.234#.01 12.4740.11 0.6240.00 21.62+1.83
ZM4::pHW20a-PP_3151 0.5140.04 18.6040.19 0.6040.01 6.9440.47
ZM4::pHW20a-PP_3357 0.7140.06 14.8640.22 0.5540.01 15.2940.49
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4.32 Z. mobilis FEHEH K L4 R L

N TN BARSE R R ThEE, ABFFUH 15% (Wiw) [ & & 5 RAREF K i
7 7. mobilis AR KIERE 1. % T KFEFT /K AR S 56.14 g/l F&THE.
24.65 g/L AWE. 3.44g/L L. 0.75 g/L #f&. 0.37 o/L 5-¥8 F FEHERE . 0.02 g/L
A-$2FEIEWIEE . 0.20 /L T FEEA 0.36 g/l FEEE. K 4.3 & Z. mobilis 4 F#k
£ 15% (Wiw) [ 7 & TORFEF K A AR R A 4t R L R EE D

4.3a /& Z. mobilis ZM4 EHFEFRLE 15% (wiw) [ & & T KRS AT K M v i
ARIEN. KB 12 h, BT Arz 2211 T1 5520 B Rk 00 BRI B0 FR i bk Z.
mobilis ZM4::pHW20a fi% 2 X B 4k 1) 88.38%),  H A 2 4H B ke 11 T A ok 52 3%
AR R AR E . b, PP_2680. PP_3151 Al ZMO1696 41 [ ¥R & 1% 12 h )
TR A TR B2 43 ) 2 T R B R ) 1.70 % . 1.35 %A1 1.30 5. &% 24 h, 1Y PP_2680
A B PR B R A IR B B IR Ak . AT L, PP_2680 4 B R T % KK RS T
IKFRTAA B4 KA T BT Z. mobilis ZM4 25 4H bk, BN PP_2680 A (e T
Z. mobilis ZM4 {14 K.

4.3b #& Z. mobilis ZM4 F L FRE 15% (wiw) [ & & T KRS AT K iR
RS . PEIMKEE 12 h, ZMOO0367. PP_2680 Al PP_3151 E4 FHkN
1R FE 2 ol o BB B R G 1,49 %1 2.02 50 1.22 5. K T# 24 h, ZMO1696.
PP_2680 A1 PP_3151 i ZH B 4 ) 76 4 T K6 20 0l Je o IR AR 1 1.19 £ . 2.09 f%
121 f%. K36 h, 1X PP_2680 = 2H b Ik 117 %) W vH FEROG R R AR B, L2
STIE TR AR ) 1.57 1% . KB 48 h, PP_2680 25 B B A1 X 18 T AR FR AR 0 3 331l o 2.02
o/L F124.70 g/L. BT WL, PP_2680 7£ Z. mobilis ZM4 [¥) i Bh3R 5 B B4 1
GIEAL ORER v

@ ——Control —A-ZMO0367 —8-7ZMO1116
—#-ZMO1696 —-ZM01885 —-Arz_2211 T1
1.4 —%-PP_1948 —o-PP_2680 —PP_3151
——PP_3357

Growth at ODgognm

Time (h)
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(b) ——Control —4—ZMO0367 —£-ZMO1116
—#-ZM0O1696 —~—-ZM01885 —0—-Arz_2211 T1
60.0 -X-PP_1948 -©-PP_2680 —PP_3151
-7 PP_3357
50.0 ==
g
240.0
(0]
8
©30.0
=
]
20.0
10.0
0.0
Time (h)
(©) ——Control —&—-ZMO0367 —#-ZMO1116
—-ZMO1696 ——-ZMO1885 —0—Arz_2211 T1
28.0 —X-PP_1948 -©-PP_2680 —~~-PP_3151

—v—PP_3357

Ethanol (g/L)

Time (h)

(d) BZM4::;pHW20a @ZM4::pHW20a-PP_2680
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Furfural Vanillin

Syringaldehyde

B 4.3 Z. mobilis ZM4 BH KRB ER
() WHRAEK; (b) HEMHFE: (o) SEIKRE: (d) BERMHIDEA.
Fig. 4.3 Cellulosic ethanol fermentability of Z. mobilis ZM4 recombinants in corn stover
hydrolysate.
(a) Cell growth; (b) Glucose consumption; (c) Ethanol titer; (d) Conversion of aldehyde
inhibitors.

] 4.3¢c 7& Z. mobilis ZM4 =2 FEHFEAE 15% (Wiw) [ & & 5 KRS 7K g )
CWFREE R 12 h.24 .36 h Al 48 h [ LRI BE 43 0l SO IR B AR 32 &1 17 17.96%.
63.72%. 38.56%#1 81.35%. HILT] L, PP_2680 FX7E Z. mobilis ZM4 1152
RiLtRE T CBERIERE ). R 44 W WL, PP_2680 S kAR 12 h i LB ™
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FM 2 BEAS A3 Bt W RS T 37.50%H0 42.13%, KB 24 h 43 5 et e
PEIZ S T 100.00%7F1 106.32%, K& ¥ 36 h 43 il 0t HE B #k $2 =1 7 50.00% A1 50.91%,
KT 48 h 4y F Bk IR R AR B T 95.46% A1 100.62%, K EE 60 h 4 il %o HE 1 Ak
e T 2.86%F1 3.12%. LT WL, PP_2680 7£ Z. mobilis ZM4 )& isHE
1 Z. mobilis ZM4 (A . HIEFHHAE . LRFKEE. LR R M AR R E
RIETERE -

AR ZEEL T Z. mobilis ZM4::pHW20a-PP_2680 5 2H [ ik 4% A1, 1 2 41711
YImeE S (M 43d). —MREEBAEIZE, PP_2680 HEAFEMKE LI 12 h
GREE AR AN 532 FHL I, T EDMRIE R Atk . R 24 h, By #0500 0
1, A3 BRI I (R 3G A W B PR T 0 BT PR . PP_2680 Hi4H I ik X 19 24 h., 36 h.
48 h 1 60 h [1] 4-F2 % B L AL 3 53 T B00) B B RS =7 1 17.46%+24.77%..32.52%
H157.31%. K% 60 h, PP_2680 X FLi () F4 4 B0 BB k. {H 72, PP_2680
AT T AR AR . BRI 0L, PP_2680 HE ZH b A T 1k g 12 AR 1y e
BIRAMAENE. (B2, @i GC-MS, A ARRETE 15% (wiw) [H & & £ KF
7K ARV FR) I T A it v R Y0 58] Pk W P R R TR,

UL LB ARA K M FE . LA R A I R B 4 SR mT I,
PP_2680 7t Z. mobilis ZM4 [ PR IENE I T Z. mobilis ZM4 7 15% (w/w) [l £
B KA FF 7K A V00 T IS 0 P A FR 41 4 2R LI R T Y e

e 4.3 ISR 4.4 fion, PP_2680 i 2H B R 7E 35K B KA FF /K Al v Ak A i S
P& 1 Z. mobilis ZM4 FEALEE SR AMGIMI RN R BE LT 4 2% L BEIRE ST 43 M Al REJR A
WF: (1) BESANEIEREIE: B S, BV, R P K
RIS e, LR EE D RIS 2 U0, DRIk, RO I vk e 1 A P I
Z. mobilis ZM4 = 41 T A 56 4% A B 5 0 () My T A0 °6 0, T X PR g (%) 2 A 62
18 o (24051 400 0 P [ 00 1) 02 - BT AT 53 PR RS R B A7 AE B AN £ 5% E. coli
LYO1 F1 Z. mobilis ZM4 ) 4= KA £ 15 A 1% , B 2 an SR -5 Fo At 4470 [R] i A2 22
Z2 T30 420 Db R0 AV ol RS A A 7 b LT, TRk, PP_2680 7 T KA
FE 7K AR A (R EE J H 17 Vs ol T PO Py e S P R e A AR, | LA B 1 T 2 0 4
NG R E T YRR ORI K%
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Table 4.4 Fermentability of Z. mobilis ZM4 recombinants in 15% (w/w) solid content corn stover hydrolysate.
12h 24 h 36h 48 h 60 h

Productivity Yield Productivity Yield Productivity Yield Productivity Yield Productivity Yield
Gene (g/L+h) (%) (g/L+h) (%) (g/L+h) (%) (g/L+h) (%) (g/L+h) (%)
Control 0.156#0.002  7.23640.026 0.14740.012  13.602#1.290 0.21940.013 30.515+2.068 0.21640.012 40.007+2.635 0.34740.005  80.325+1.968
ZMO00367 0.05140.011 229840520  0.043#0.014 3.884%1.380  0.05440.004  7.35640.444 0.03940.006  7.018+1.304 0.04840.004  10.908+0.636
ZMO01116 0.110#0.005 5.03320.256  0.07540.024 6.91242.234  0.153#0.013  21.109+1.857 0.16040.008  29.347+1.477  0.28240.024  64.78845.652
ZMO01696 0.10940.016  5.04840.767 0.14040.008  12.909#40.702  0.14440.002 20.033#0.142 0.15840.025 29.1804.787 0.26630.007  61.561+1.284
ZM01885 0.11430.021  5.26540.944 0.12840.010  11.769#1.057  0.14740.009 20.290+1.022 0.18740.007 34.425+1.658 0.285#0.026  65.570+5.460
Arz_2211 T1  0.04940.000 2.19830.047 0.04640.007  4.17040.555 0.02340.003 3.04940.287 0.028+0.001 4.94430.040 0.024#0.001  5.35740.054
PP_1948 0.13740.059  6.25242.673  0.11140.007  10.09140.612  0.103#0.002  14.13940.312 0.13040.010  23.718#1.825  0.143#0.035  32.53547.961
PP_2680 0.22040.003  10.28540.033  0.300#0.011  28.06440.530 0.32840.027  46.0564.589  0.43040.017  80.274+1.825  0.35520.001  82.835+1.248
PP_3151 0.13440.035  6.259#1.557 0.17140.004  15.98940.213  0.20740.005 28.99040.514 0.24040.019 44.67623.072 0.33640.014  78.41844.000
PP_3357 0.03840.031  1.757+1.432  0.071#0.010 6.45840.818  0.07640.008  10.3251.301 0.08140.006  14.742+1.233  0.08620.004  19.480+1.313
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4.3.3 PP_2680 55k
AWFFAE B pET28a (+) #HikRh&£iA T PP_2680 F:[K, B76@id BARHS
A AR TEYE . I A4k, &P PP_2680 %) 55 kDa K/ (K 4.4),

M 1 2 3 4

116.0 kDa—

66.2 kDa —
—— PP_2680

45.0 kDa —

& 4.4 #ifk PP_2680 ff] SDS-PAGE
PKIE M: [ Marker; ¥kGE 1: 0.1 mM IPTG #SHHEA; il 2: 20 mM BRI
s $KIE 3-4: 500 mM BRI
Fig. 4.4 SDS-PAGE of the purified PP_2680 protein
Lane M: Protein Marker; Lane 1: crude protein with 0.1 mM IPTG induced;
Lane 2: the eluent by 20 mM imidazole buffer; Lane 3-4: the eluent by 500 mM
imidazole buffer.

SIS S5 R AY], LA NAD(P)H 1E 9 Al I, 24k PP_2680 & E XS 5 Mk
P B A A VG . B NAD™MEN SR T I8, PP_2680 & H BS R M AL IR . 5-
o H MR | 4-FR KO8 TR | T A AN 4 BRI 1) LU IS 099052 0.172.,0.245.0.162.
0.216 #1 0.127 U/mg (% 4.5). L NADP{E Jy%4H[A T, PP_2680 &5 [ B A fi Av 4
We. S-FR LR, A-FRJLRHIEE . T AN AR A LR 2 0.114. 0.325.
0.086. 0.279 f10.140 U/mg. HIt&R I, PP_2680 H &AM imtE, (HAHEZIE)R
TG

# 45 itk PP_2680 A KIS AME
Table 4.5 Enzyme activity of the purified PP_2680 protein in vitro.

NAD* NADP*

Enzyme Specific Enzyme Specific
Substrate activity activity activity activity

(U/mL) (U/mg) (U/mL) (U/mg)
Furfural 0.002 0.172 0.002 0.114
5-Hydroxymethylfurfural 0.004 0.245 0.005 0.325
4-Hydroxybenzaldehyde 0.002 0.162 0.001 0.086
Syringaldehyde 0.003 0.216 0.004 0.279

Vanillin 0.002 0.127 0.002 0.140
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Bt GC-MS 7047, AWFFLHIIA PP_2680 & FA7E B %14 N UL NAD™E Jyf
PRI KRR I o A0 2 O Y I N 7 e B SR A PR L R TR, () I 9, e 108 2 A B-F FP Bk
MRS Bl 2,5-W: R — FE (2,5-Furandicarboxaldehyde) (3% 4.6). AN 70 ) &5 1K
TESEIEE— BN 7 PP_2680 ANEAGIE R EEANHIVIRIEE ), A B AR
MHIRIaE /1. AV IO, AR RS . 4 EOR e T A
R I 72 A A I O RO

46 ET GC-MS % E PP_2680 & A B AMALEZINHIY K=
Table 4.6 Identification of catalyzing products of aldehyde inhibitors by the purified
PP_2680 protein in vitro by GC-MS

Substrates and products Molecular formula  Molecular weight  Retain time (min)
4-Hydroxybenzaldehyde C1oH1405Si 194.08 13.62
4-Hydroxybenzoate C13H20s3Si, 282.12 18.97
Syringaldehyde CyH1004 182.06 15.65
Syringate” CoH100s 198.18 9.50
Vanillin C11H1605Si 224.09 17.00
Vanillate C14H2404Si, 312.12 21.50
Furfural CsH,0, 96.08 2.50
Furoic acid CsH1,03Si 184.06 7.64
5-Hydroxymethylfurfural CeHeO3 126.03 9.55
2,5-Furandicarboxaldehyde CsH403 124.02 5.75

1 B5ERH HPLC &l
Note: Asterisk indicates the data by HPLC.
4.3.4 FHETFEHNS PP_2680 K KA

HE 4.3 A7 W, PP_2680 Bl 42 T Z. mobilis ZM4 Ak S50 W An % I
YR CTEMIRE ST, (H2Z PP_2680 (13214 oK S A Moy Fk Bk el 1k 7= A R B2 (1) Ty
R EPRIRI R o« IX 5 ) B I 1 4o 4 8 Ak = BRI S B e v AR, PRk, PP_2680
P21 Z. mobilis ZM4 A4 35 2. KT RE 1 S R R

AHIFT B S HEM AR R 7 [ #h 5 PP_2680 2 1 Z. mobilis ZM4 414 2 £ K 1%
REJ1HA K. (1) PP_2680 [FI%h ED F=REIZA A F: NAD™ RS A B4 i S i
(PP_2680) 13154 NADH, NADH i iz i & B (ZMO1596) if 5 2./ A4
B OB AG I FE = 42 NADY, DA TE BE— AN & I R 7 BN E R (2)
PP_2680 [H] %} Z. mobilis ZM4 [H £ i& 5 ey i #6147 i 75 ¥ NADH i[5 +: NAD”
PR (1) 1 i LB (PP_2680) 3815742 NADH, Z. mobilis ZM4 [ £ # i
NADH & JE sy, AR T 55— AN & B 7 Bk &% (B 4.5),
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...............................................

Pdc

Glucose
ATP . :
Mg?*) Glk : COOH CHO :
ADP . :
Glucose 6-phosphate
NADP* 'R /@ R N .R /@ Ry
2 A 2 NADH NAD* 1 2
| . OH OH .
NADPH+H* E CHO CH Ol_:'
Gluconolactone 6-phosphate NADHzmo169 NAD* Ea
H,0 Pal E :
" i Ry i R, R; R,!
Gluconate 6-phosphate ] OH OH :
Edd : COOH CHO :
2-Keto-3-deoxy-6-phosphate gluconatei /@\ /@\
KDPG : PP_2680 :
( ) . R4 R2 napH nap*R4 Rz:
. OH OH
Eda . NADH NAD* "
' ZMO01236 :
1 ZMO1596 '
Pyruvate : Acetaldehyde M Ethanol :

B 4.5 PP_2680 RikH5H HE T EA R B
Fig. 4.5 Cofactor anaplerotic reaction for PP_2680 expression

T OUE B CHE DU IR A IR T [ED RS IO B M, AR B AT 3R R ZMO1696
(NADH-ADH ) A1 PP_2680 (NAD"-ALDH)Z: [l . HFE 4.3 7] JL, ZMO1696 = 41 1
PRTE 15% (wiw) K AEFFK MUK AR 22 R 42 1 Z. mobilis ZM4 i A6 240 49)
MURBEA YR CBERIRE . BRIUL, 4 DA e i i vt e e — AR &

AHH TR ZMO1696 b FE 4 PP_2680 111 R iiE, JFi&FEH Z. mobilis ZM4 H &
() Peno JE &1, % T Z. mobilis ZM4::pHW20a-PP_2680-ZMO1696 2 itk .
] 4.6 /& PP_2680-ZM0O1696 ik BARAE 15% (W/iw) [ 7 & R KA K A i
YR CRERFEAER . ZEKRFEFK M & 51.94 g/l HI#jHE. 22.74 g/L AK¥E.
4.02 g/L ZF&. 0.46 g/L FfE. 0.28 g/L HMF. 0.02 g/L 4-3 32K HIEE . 0.15 g/L
TR 0.03 g/ FEEE.

&l 4.6a 5% PP_2680-ZM0O1696 JLR AR A KGN . SCIGas RRH, K
12 h, PP_2680-ZMO1696 3312 TR #k 1 A= K43 il %% PP_2680 = 4H Btk - ZMO1696
2 2H A R ARG R TR R 1) B R A KB 1 13.42%. 47.09% A1 25.51%; K% 48 h, 43
AR 21.18%. 130.42%71 69.68%. HitkA] WL, PP_2680-ZMO1696 LRk
7 Z. mobilis ZM4 ALK, Hi PP_2680 MR iA M MEHEE I B2E . A0
FUHEMN] PP_2680-ZMO1696 Al PP_2680 = 2H B % 1) AE K 48 6 & B Ak L 1) Ji DR 2 [
79 NADH 38 i, [A1 9 Kalnenieks %5 A\ & 1 NADH 3 i #8538 i Z. mobilis ZM4
ff] ADH 11 (ZMO1596)%f &/ (I 2 124, i H., ABF78 el PP_2680 #
ZMO1696 L1k 5 KA 1%, ZMO1696 A5 Z. mobilis ZM4 754
NADH 1 & 3% 18 G . BESRIHI AL niE, Z. mobilis ZM4 A KA,

4.6b 72 PP_2680-ZM0O1696 JL3RiA BRI H I MEVHAETE L. K1 24 h,


http://dict.cn/anaplerotic%20reaction
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PP_2680-ZM0O1696 F1 PP_2680 = 2 Bk (1) %1 B VH #E 7 72 10.12 g/L A1 3.67
g/L, {H/& ZMO1696 = 4 b bk A%y M s AR ¥ R VH FE T & M s K B% 36 h,
PP_2680-ZMO1696 F11 PP_2680 = £H B # 1% %) Kl v #€ 70 7l /& 40.76 g/L i1 25.36
g/L, ZMO1696 5 ZH pj A MR HE B7 AR 10 38 267 B Vi FE 70 Jnll =2 0.47 g/L A1 9.16 g/L;
K% 48 h, PP_2680-ZMO1696 1 PP_2680 4 bk E A Rk 52 @ &b, =
F& ZMO1696 1 2H T A M Xof FE A7 A 1 71 260 MV #6 27 il 22 8.64 /L A1 29.15 g/L. &
SR, PP_2680-ZMO1696 JL3% 1A B A 1) 7] 20 BV #EIE 2 B At T~ PP_2680 HE 41 1%
PRy ZMO1696 = 2H 1 4 AT R B A

4.6¢ 5 PP_2680-ZMO1696 FL 355 B Pk 4T 4E R Ll AR B AK I K ¥ 24 h,
PP_2680-ZM01696. PP_2680. ZMO1696 Flx & ik if) L B B4 bk, H
ERAK, HHlE 197 g/L. 210 g/L. 154 g/L #12.02 g/lL. K36 h, LLLE
PRI B 7 )42 9.17 g/, 8.15 g/L. 2.01 g/L F15.83 g/L; K% 48 h,
Iyl 12.25 g/L. 10.96 g/L. 3.75 g/L A1 6.94 g/L; &% 60 h, 75/ 19.29 g/L.
16.26 g/L.5.81 g/L 1 8.84 g/L. H1UL A WL, NAD K #1 BY (1) % it S 8 (PP_2680) A1l
NADH 1436 74 () % fii U8 (ZMO1696) 7E Z. mobilis ZM4 3L R4 J5 1) 2 B AR B8
PP_2680 1 ZMO1696 H H# ki LBER R E R, JLHZ L ZMO1696 24 btk
AR AR SIR 2. LIRSS R R, ERA KT ET, ZMO1696 (1) LK FE
Bi&. AT, AIEER RN ZM01696 fIZRiE S5 Z. mobilis ZM4 [ Z.EAE Al
Py e 0 161 43 JiR 3% 4 NADH

Pl 4.60-h 2 Ik il I AR oy B2 100 1 P ) A A 1 . PP_2680-ZM01696 FL 3R 1A TR
IR AR TN 4-F2 B0 HH I () 5 A B, PP_2680 HAH ARk Z, ZMO1696 H
AR R SIS RERE R VS oo

(a) —A—pHW20a —4—pHW20a-Peno-2680
24 —#-pHW20a-Peno-1696 —@-pHW20a-Peno-2680-1696

2.0

=
o

Growth at ODgggnm
o r
© [N}

o
IS

o
o

0 6 12 18 24 30 36 42 48 54 60 66
Time (h)
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(b) —A—pHW20a —o—pHW20a-Peno-2680
- pHW20a-Peno-1696 -@-pHW20a-Peno-2680-1696
50.0
5400
]
[
830.0
o
=
9200
10.0
0.0
0 6 12 18 24 30 36 42 48 54 60 66
Time (h)
(c) —A—pHW20a —e—pHW20a-Peno-2680
20.0 -#-pHW20a-Peno-1696 -@-pHW20a-Peno-2680-1696
16.0

Ethanol (g/L)
-
N
o

©
o

4.0

0.0
66

Time (h)

(d) —A—pHW20a ——pHW20a-Peno-2680
0.6 —#-pHW20a-Peno-1696 —@-pHW20a-Peno-2680-1696

0.5
0.4

0.3

Furfural (g/L)

0.2
0.1
0.0

0 6 12 18 24 30 36 42 48 54 60 66
Time (h)

(e) —A—-pHW20a —e—pHW20a-Peno-2680
0.4 —#-pHW20a-Peno-1696 —-@-pHW20a-Peno-2680-1696

0.3

HMF (g/L)

0.2

0.1

0.0

Time (h)
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) —A—pHW20a —e—pHW20a-Peno-2680
0.025 —#-pHW20a-Peno-1696 —@-pHW20a-Peno-2680-1696

0.020

0.015

0.010

0.005

4-Hydroxybenzaldehyde (g/L)

0.000

o

6 12 18 24 30 36 42 48 54 60 66
Time (h)

@ —&—pHW20a —e—pHW20a-Peno-2680
~#-pHW20a-Peno-1696 ~@-pHW20a-Peno-2680-1696

Syringaldehyde (g/L)

o

6 12 18 24 30 36 42 48 54 60 66
Time (h)

(h) —A—pHW20a —o—pHW20a-Peno-2680
0.030 -—® pHW20a-Peno-1696 —-@-pHW20a-Peno-2680-1696
0.025

0.020

0.015

Vanillin (g/L)

0.010
0.005

0.000
0 6 12 18 24 30 36 42 48 54 60 66
Time (h)

Bl 4.6 PP_2680 1 ZMO1696 IJLRIAEIRIMA LR ZIE KR
(@) WAAEK; (b) FEPENEFE; (o) LBEKRE; (d) BEFL; (o) HMF#1k; (f) 4-
AR (@ T EERA: (h FEEEEL.
Fig. 4.6 Fermentability of Z. mobilis ZM4::pHW20a-PP_2680-ZM 01696 recombinant in corn
stover hydrolysate.
(a) Growth; (b) Glucose consumption; (c) Ethanol titer; (d) Furfural conversion; (e)
5-Hydroxymethylfurfural (HMF) conversion; (f) 4-Hydroxybenzaldehyde conversion; (g)

Syringaldehyde conversion; (h) Vanillin conversion.
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H P 4.6 7] L, F:%5A PP_2680 F1 ZMO1696 F: (K #fi S242 = 1 Z. mobilis ZM4
AT RINR A R BE A4 38 CRERIRE J1 . Wil 4.3 Fras, NAD R 2 (1
PP_2680 7 Z. mobilis ZM4 SR 1A f5 W E & 1 Z. mobilis ZM4 # Ak B HMH]
VIR T4 R CBERIRE 1, 110 NADH KH ) ZMO1696 FIFRIEAHAEH .
{H&,ZMO1696 5 PP_2680 L&k, S 7 NADF1 NADH [ [El%h, {f ZMO1696
A1 PP_2680 [ 73 7l K 4% T By 4| 4 i3 SR AN S84 is 1 o etk AN, PP_2680
(122154 Z. mobilis ZM4 1) Z EE R & 34 J 32 1 NADH. [Rltk, 4R+ Bk 2
PP_2680 KIEVH ML SN &K . (H2E, PP_2680 AL A M A A 1~ [0 #hig
BATIRANIE 2
435 PP_2680 J:[KFKiAXS Z. mobilis ZM4 A=K 7=RE 1 5

PP 2680 L [K {5 FiA 42 5= 1 Z. mobilis ZM4 f B R AE K 6 %0 Kl FE A0
PR ER (K 43). AWFIEIE qRT-PCR HAR R 82T PP 2680 £isxt Z.
mobilis ZM4 r ot A F RS T Ih BEAT L SE0 P B I A0 AR gy P 400 1) 47 s DR 55 5
BB . BT HE A PR RS IR R OKAE AT K A 4 0 I 4.3.1.

R 4.7 PP_2680 ZFRIEXT Z. mobilis ZM4 R I
Table 4.7 Influence on the metabolism by PP_2680 expression in Z. mobilis ZM4

Product EC number Gene Expression
ED pathway
Glucokinase 2.7.1.1. ZMO0369 0.924).09
Glucose 6-phosphate 1-dehydrogenase 1.1.1.363 ZMO00367 1.18+0.37
6-Phosphogluconolactonase 3.1.1.31 ZMO1478 0.88#0.02
Phosphogluconate dehydratase 4.2.1.12 ZMO00368 1.1240.25
KDPG aldolase 4.1.2.14 ZMO0997 1.224).30
Pyruvate decarboxylase 1.2.1.4 ZMO1360 1.23#40.18
Alcohol dehydrogenase 1111 ZMO1236 1.5840.25
Alcohol dehydrogenase 11.1.1 ZMO1596 1.5040.19
Oxidative phosphorylation
NADH dehydrogenase 1.6.99.3 ZMO1113 1.1540.14
Succinate dehydrogenase 1351 ZMO0569 1.1530.13
ZMO0956 1.44+0.20
Ubiquinol-cytochrome c reductase 1.10.2.2. ZMO0957 1.2640.28

ZMO0958 0.83#.01
ZM00238 1.264).20
ZMO0239 0.59#40.14
ZMO0O0240 0.45%0.04
ZM00241 0.88+).04
ZMO0242 0.85#0.02
ZMO0667 0.93+).33
ZMO0O0668 2.69#0.21
ZMO0671 2.0240.04

F-type H'-transporting ATPase 3.6.3.14
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Inorganic diphosphatase 36.1.1 ZMO1507 1.6440.32
Polyphosphate kinase 2.7.4.1 ZMO0712 0.4040.01
Cytochrome bd complex 1.10.3.14 ZMO1571 1.6840.10
TCA Cycle

Citrate synthase 2.3.3.1 ZMO1835 0.88#0.13
Aconitate hydratase 42.1.3 ZMO0543 0.83#0.09
Isocitrate dehydrogenase 1.1.1.41 ZMOO0544  0.8840.23
Succinyl-CoA ligase 6.2.1.4 ZM01481 0.79+0.07
Succinate dehydrogenase 1.35.1 ZMO0569 0.8620.20
Fumarate hydratase 4212 ZMO1307 0.8140.25
Phosphoenolpyruvate carboxylase 41131 ZMO01496 1.23#.20
NADH-Dependent oxidoreductase

NAD(P)H dehydrogenase (quinone) 1.6.99.2 ZMO1335 0.6620.05
NADP-aryl-alcohol dehydrogenase 1.1.1.90 ZMO0062 0.6540.09
Alcohol dehydrogenase 11.1.1 ZMO1696 0.5620.19
Alcohol dehydrogenase 11.1.1 ZMO1722 0.87#0.17
Alcohol dehydrogenase 1111 ZMO01993 0.5740.17
Glucose-fructose oxidoreductase 1.1.99.28 ZMO0689 0.93#).16
Dihydropyrimidine dehydrogenase 1.3.1.1 ZMO1116 0.7840.00
NADH: flavin oxidoreductase 1.6.99.1 ZMO0O1885 0.96+0.44
Methylglyoxal metabolism

Virulence protein ZMO0030 0.78#0.11
Glyoxalase 4415 ZMO0760 0.7940.02
Extradiol dioxygenase 1.13.11.- ZMO01721 0.68140.14
Hydroxyacid dehydrogenase 1.1.1.272 ZMO01883 0.860.27
Hydroxyacylglutathione hydrolase 3126 ZMOO0759 0.8440.02
Pyruvate metabolism related

Lactate dehydrogenase 1.1.1.27 ZMO00256 0.8440.19
Lactate dehydrogenase 1.1.1.27 ZMO01237 0.6440.01
Glucose-6-phosphate isomerase 53.1.9 ZMO01212 0.75#0.17
Fructose 1,6-bisphosphatase 2.7.1.90 ZMO0482 0.6940.18
Fructose-bisphosphate aldolase 41213 ZMO0179 0.84#0.03
Phosphoglycerate mutase 54211 ZMO1240 0.7110.18
Enolase 42111 ZMO01608 0.784).16
Pyruvate kinase 2.7.1.40 ZMO0O0152 0.79+0.06
Biotin utilization related

Biotin-[acetyl-CoA-carboxylase] synthetase  6.3.4.15 ZMO01868 0.80#0.13
Regulation

Magnesium transporter CorA ZMO1766 0.8040.11
LysR family transcriptional regulator ZMO1574 1.0240.11
LysR family transcriptional regulator ZMO01857 0.760.10
AraC family transcriptional regulator ZMO1380 0.8440.00
RNA chaperone Hfq ZMOO0347 0.6040.05

PP_2680 7t Z. mobilis ZM4 I IR A Bl 4 1 ED A% 1 e i Sl g
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ERPRIE (K47, Hrh, BEBARRWLER ZM0O1236 il ZMO1596 737l I
W15 1.58 %M1 1.50 f5. ADH [ (ZMO1236) 1 ADH II (ZMO1596) #& Z.
mobilis ZM4 7= 2.l {5k, $4H % LB IR RN ZBERIBE S . O’Mullan 25 A\ K
B, ADH 1 X} Z mobilis ZM4 [ R A4 KRR EE; ADH 11 /& Z mobilis
ZM4 Kot Z BRI A W N AR 1, HR IR B RE S 2 (AR B R g int2%%l, ADH
[ (ZM01236) 1 ADH I (ZMO1596)KIAE MHem, EMFE PP_2680 )i
FIEPRE T Z. mobilis ZM4 A K7 i g

PP_2680 7t Z. mobilis ZM4 [ i ik B 42 & 1 A IR L A2 1) -2
H*#iz ATPase 4if33ER (ZMOO0668 F1 ZMO0671) I#Kis (£ 4.7). F-H H
iz ATPase, Bl ATP 4§ (ATP synthase, EC3.6.3.14), & Z mobilis /Xfi# ATP ]
A2, ZM0O0668 1 ZMOO0671 43 4wt ¥ F-H H 15 ATPase i) o F1 p WIE,
PP_2680 7f Z. mobilis ZM4 5315 Ja 43 FHERIE 2.69 f5H1 2.02 . Rutkis
LN R, HHEIZM) ATPase SV G RN A, HiEH T Z mobilis
AL 480 A AN AR FEE R PO), HY 698 ATPase I P bl AL ADP
1M ED @42 SR AR T 22, (RIS 2 55 B AR EC R IR 28 e 4 (it 0 vy ) B R A
77, MM H 12 ATPase 42 % ATP. fRABERAE KA Z mobilis HIIREAE
KA A FRFAE, 2 DRARIUAE Wi AT IR I AR K B RHAE R, B ZMO0668
1 ZMOO0671 B3 FRFRIAHEN g s 1 ATP ReEMH %, M H, Z mobilis
ZMA4 IR BE B IR B (ZMO1507) FI4R (2 bd B &1k (ZMO1571) whigkt
PRI 733l B IE 1.64 £5F0 1.68 fi. HHULAT WL, PP_2680 [3RiAHE R T AL
PR A I R 0 o0 DR ) 3R

WA Brenda i . Mg A R (Sulfolobus tokodaii) R (1Y) e i S
(EC1.2.1.3) it 3-WhfgH i POV B g 2 i 120y oA Ak s e o Rk, AR
FUHEN PP_2680 Jf ik fRe b H i % 3-BE IR A BE IR 1%, FELAIEIS N Z mobilis
ZMA ALK ML JR . LT R AR AL AL I A2 32 ik NADH.
4.3.6 PP_2680 F:[H ¥4 Z. mobilis ZM4 Fe ik

L FEYREA, AR TR PP_2680 FE K HE 4% Z. mobilis ZM4 FIFERI 4. F
HAT AL, AHEFALIR % 30K f-E 5 301 (1) PP_2680 %4 Z. mobilis ZM4 A
ZMO1237::Tc-PP_2680, {H ik AKREIFIEEIfE B30T/ Plac-PP_2680 &+
(K47,
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M1 2 3 4 5 6

5000 bp
3000 bp

*oits!

1000 bp

Bl 4.7 PP_2680 & T K4 DNA ) PCR %€
JkiE M: DNAMarker; ¥ 1. 3. 5: ZMO1237; ki 2: BfA4:A! Z. mobilis ZM4 [R5 i
B Bs kI8 4: 978Kk Z. mobilis ZM4 AZMO1237::Tc [RIVEE P B ¥kiE 6: R
Ak Z. mobilis ZM4 AZMO1237::Tc-PP_2680 [R] 5 # il 1) A Bk«
Fig. 4.7 Identification of PP_2680 integrant using genome DNA by PCR.
Lane M: DNA Marker; Lane 1, 3, and 5: ZM01237; Lane 2: Homologous flanking fragment in
wild Z. mobilis ZM4; Lane 4: Homologous flanking fragment in mutant Z. mobilis ZM4
AZMO1237::Tc; Lane 6: Homologous flanking fragment mutant Z. mobilis ZM4
AZMO1237::Tc-PP_2680.

KWFCE %% T PP_2680 BE& TR INE — By REINHIYIN RM & B 77
BERr=CERE ) (R 4.8). SRR, 4-BFEFXHFEMIET, PP_2680 #4& T
VR A AR R ETREVE AR ST S BT A2 Z. mobilis ZM4 32 T 11.54%.17.04%
A9.04%; T HEMET, LLESHI RS T 11.30%. 14.45%H1 5.47%; 5
BEE T, UL LESE0 A E T 12.90%. 17.85%F1 25.90%, ifi By s 410 il ) i
AR & . LRI, PP_2680 %4 % Z. mobilis ZM4 B K ZHAFE AKX,
FHHHEZ 5T Z mobilis ZM4 [ %5 BEACHS, 1A B 410 R P (K #2 4L -

KWL %L | PP_2680 #1451 E T KAEAT A MM I 2T 4 3K B2 R B 175 DL
15% (Wiw) [H] & 8 FOKFEFF/K A5 4 59.45 g/L 4 kE. 26.07 g/L AKE. 8.01
g/lL 2.2 0.33 g/L 5-¥ H L BERS L 0.73 o/l BEES . 0.01 g/L 4-FFE AL 0.11 g/L
THBEM 023 g/L HHEE., SHAMEKMLE NS, Z mobilis ZM4
AZMO1237::Tc-PP_2680 4G 75 il 73 B 4% [ 7K i v ) 300 ) 4 e Ao R et O 10
REI IR A S, HENJE AT Re 2 R vk = J8 8 5.
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4.8 PP_2680 B4 Z. mobilis ZM4 ZEF A B ST REE
Table 4.8 Fermentability of Z. mobilis ZM4 integrant of PP_2680.

Growth Glucose Ethanol Inhibitors
Inhibitor/Corn stover hydrolysate  Strains consumption productivity  conversion
(ODéoo) (g/L) (g/L/h) (%)
Z. mobilis ZM4 0.26#0.01  2.23#.94 1.7740.14 0.0110.01
4-Hydroxybenzaldehyde Z. mobilis ZM4 AZMO1237::Tc 0.1940.00 2.2240.04 1.4630.08 0.01+0.01
Z. mobilis ZM4 AZMO1237::Tc-PP_2680  0.2940.01  2.614).63 1.9440.43 0.01+0.0
Z. mobilis ZM4 1154010 14.1940.05 8.414#).51 0.0640.00
Syringaldehyde Z. mobilis ZM4 AZMO1237::Tc 1.2240.02 16.74+1.52  8.92#).15 0.13+0.00
Z. mobilis ZM4 AZMO1237::Tc-PP_2680  1.2840.00  16.24+1.51  8.8740.24 0.0140.00
Z. mobilis ZM4 0.31#0.02  5.49+1.97 3.05+).57 0.0640.00
Vanillin Z. mobilis ZM4 AZMO1237::Tc 0.25#0.00 4.4940.99 2.0640.44 0.0140.00
Z. mobilis ZM4 AZMO1237::Tc-PP_2680  0.35#0.04  6.474).82 3.8440.30 0.0640.00
. Z. mobilis ZM4 0.294.01 15.1140.98  0.3640.09 ND
15% (w/w) solid content corn .
stover hydrolysate Z mobflfs ZM4 AZMO1237::Tc 0.33#).01 14.0640.95 0.3840.07 ND
Z. mobilis ZM4 AZMO1237::Tc-PP_2680  0.1840.02  7.1442.38 0.1840.01 ND

vE: ND Fg AR .
Note: ND indicates no detection.
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BERE. Hh, KB4 N BRI . W7 M LW 2R 0) J o0 IR bk R
563.7%-. 100.0F1106.3%. HJ, PP_26807EZ. mobilis ZMAK RIFF LR E T Z
mobilis ZMA%E AL AN ANk B 41 4k 3R L BEIC e

(2) TEBRKAMT, PP_2680 XA &% MbAe /1, HoM4A-BRIR IR, &
M. OBREE RIS MR NA- R B R R . B REIR . MRIR N2,5-1Kk Mg — 3R

B

(3) —PMEAMIKIAE, PP_2680ERF2E M 1 Z. mobilis ZMA: Ak 1% S 4]
VINUR BRLTHE 2R CRERIRE ST, H 02 I AT S8l P T e i 7 7 A Ty T P P T2
PP_2680 (NAD'-ALDH ) Ml ZMO1696 (NADH-ADH ) JL3RIAUEM T 4K 748
G} 5] #h J2 PP_2680%2 i R M B M A A e R Ol R IR Rl 2 — . i H,
PP_26807EZ. mobilis ZM4 1) 7K IA$E = T EDEAE FIEE M E Mg (ZMO1236 41
ZMO1596) . FEALBEE LT FE K H %12 APTase (ZMO0667F1ZMO0671). £E i
Rl (ZMO1507) FIAA L bdE A4k (ZMO1571) MRk BRIk, AH 5T HEN
PP_2680f 7R iAHE 5 1 Z. mobilis ZM4RI A=K, Bk T Z. mobilis ZM4%%:
AT B I R P AN A BT 4 2R BRI RE 0. (B, PP_2680 AL LR/ SR ANIE 48
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Fig. 5.1 Metabolic engineering of biodetoxification of phenolic inhibitors.
R indicates methoxyl group.
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Table 5.1 The device library of the key genes for the biodetoxification of phenolic inhibitors

Enzyme Gene Strain
Phenolic aldehyde + NADH + H" — Phenolic alcohol + NAD"
ZMO01696" ™" M Z. mobilis ZM4I™™® S

Arz_3624 T1; Arz_5091 T1; Arz_5193 T1; Arz_5226 T1,

Arz 7415 T1; Arz 7706 T1; Arz 9103 T1; Arz 10198 T1; . [This study]**
_7415_ _1106_ IV — - A. resinae ZN1 v

Alcohol dehydrogenase Arz_11469 T1; Arz_12676_T1; Arz_12772_T1; Arz_14914 T1;
Arz_15626_T1; Arz_16562 T1; Arz 16876 _T1
YCR102C Commercial baker's yeast!?"”
YALOB1W S. cerevisiae NAN-271274"
Arz_1967 T1; Arz_4242 T1; Arz_7657 _T1; Arz_10682 T1; . [This study]**
Aldehyde reductase A. resinae ZN1 y
Arz_14699 T1; Arz_16592 T1; Arz_18349 T1
Aldo/keto reductases ZM01984 Z. mobilis ZMm4ms studyl”
YDL243C _ -
Commercial baker's yeast
YFL056C
YJIR155W S. cerevisiae NAN-271274"
Aryl-alcohol dehydrogenase
Arz_2372_T1; Arz_7295_T1; Arz_9955 T1; Arz_10923 T1,
Arz_14699 T1; Arz_17182_T1; Arz_17786_T1; Arz_17920_T1; A. resinae ZN 1M sl
Arz_18349 T1
Arsenate reductase YPR200C . 271
. . Commercial baker's yeast
Glutathione peroxidase YBR244W
Glyoxylate reductase YPL113C S. cerevisiae NAN-272721"
Glyceraldehyde 3-phosphate dehydrogenase YGR192C Commercial baker's yeast!?’”

Hexadecenal dehydrogenase YMR110C S. cerevisiae NAN-272721™
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Hydroxylase ZM01399 7. mobilis ZM4LThis study]*
Hydroxydehydrogenase YML131W S. cerevisiae NAN-272721™
NADPH-Glutathione reductase YPL091W Commercial baker's yeast!?"”
NADPH-ao-keto amide reductase YDL124W

NAD(P)-arabinose dehydrogenase

YMRO041C; YBR149W

S. cerevisiae NAN-2727™

Oxidoreductase

ZMO0157; ZM00788; ZMO0833; ZM0O1116°I™* s*¥: 7\M01222;
ZMO1254; ZMO1303; ZM 01885 s

Short-chain dehydrogenases/reductases

ZMO1576

Z. mobilis ZM4LThs studyl*

Xylose and arabinose reductase

YJRO96W

S. cerevisiae NAN-27274™

Phenolic alcohol + NAD(P)H — Phenolic aldehyde + NAD(P)*

Aryl-alcohol oxidase

Arz_11870 T1

Aryl-alcohol dehydrogenase

Arz_ 2372 T1; Arz_7295 T1; Arz_9955 T1; Arz_10923 T1;
Arz_14699 T1; Arz_17182 T1; Arz_17786 T1; Arz_17920 T1;
Arz_18349 T1

A. resinag ZN [T studyl**

Phenolic aldehyde + NAD(P)" — Phenolic acid + NAD(P)H

Aldehyde dehydrogenase

YPLOG61W; YOR374W

S. cerevisiae NAN-27272™

Aldehyde dehydrogenase

Arz_5039 T1; Arz_5693 T1; Arz_10189 T1; Arz_12532 T1,
Arz_15425 T1; Arz_15746 T1; Arz_18373 T1

A. resinag ZN TN studyI**

Acetyl-CoA synthetase

Aldehyde dehydrogenase

Benzaldehyde dehydrogenase
Beta-ketoadipyl CoA thiolase

Bifunctional aldehyde dehydrogenase
3-Carboxy-cis, cis-muconate cycloisomerase
4-Carboxymuconolactone decarboxylase

PP_4487
PP_0545[Thisstudyl. pp pggpAlThissudyl. pp 3757 AlThisstudyl. pp 5o5g
PP_1948
PP_1377
PP_3270
PP_1379
PP 1381

P. putida KT 2440154
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Coniferyl aldehyde dehydrogenase
4-Hydroxyphenylpyruvate dioxygenase
4-Hydroxybenzoate 3-monooxygenase
3-Oxoadipate CoA-transferase
3-Oxoadipate enol-lactonase
Protocatechuate 3,4-dioxygenase
Vanillin dehydrogenase

PP_5120
PP 2554
PP 3537
PP_3951; PP_3952
PP_1380
PP_4656
PP 3357A[This study]

Phenolic acid decarboxylation (Salicylic acid — ? + CO,)

Phenolic acid decarboxylase (BsdA)

bsdB_DAA[294]

]*’ KKk

B. subtilis 168%

Transport during phenolic aldehyde conversion

ABC

ZMO00143; ZM00571; ZM00572; ZM0O0799; ZM00800; ZM01029;
ZMO01030

Arz_198 T1, Arz_674_T1, Arz_2780_T1,; Arz_4339_T1, Arz_8647_T1,
Arz_9181 T1; Arz_9332_T1; Arz_16560_T1

Z. mobilis ZM4LTs studyl*

A. resinag ZN [T studyl**

Acetate permease PP 1743
Aromatic compound-specific porin PP_3739
BenF-like porin PP_1383
Benzoate transport protein PP_1376

P. putida KT 244014

Concentrative nucleoside transporter family

Arz_15297 T1

Drug/metabolite transporter family

Arz_1357 T1; Arz_5017 T1; Arz_9935 T1

A. resinae ZN TN studyI**

MFS

ZMOO0052; ZMO0494; ZM00966; ZM0128812*¢1: ZM01457;
ZMO1577: ZMO1856

Z. mobilis ZM4[Ths studyl*
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Arz_118 T1; Arz_422 T1; Arz_1145 T1; Arz_1357_T1; Arz_2184 T1;
Arz_2611 T1; Arz_3353 T1; Arz_3446 T1; Arz_3632 T1,
Arz_4524 T1; Arz_5017_T1; Arz_5873 T1, Arz_6542_T1,
Arz_6742_T1; Arz_6955 T1; Arz_7677_T1; Arz_7753 T1;
Arz_8110 T1; Arz_8826_T1; Arz_8944 T1; Arz_9045 T1;
Arz_9531 T1; Arz_9935 T1; Arz_9942 T1; Arz_9956 T3,
Arz_10569 T1; Arz_10936 T1; Arz_11180 T1; Arz_11336_T1,
Arz_12229 T1; Arz_12615 T1; Arz_12778 T1; Arz_12937 T1,
Arz_13422 T1; Arz_13539 T1; Arz_13591 T1; Arz_13697_T1,
Arz_15018 T1; Arz_15297_T1; Arz_15507_T1; Arz_16436_T1;
Arz_16437_T1; Arz_16455 T1; Arz_16611_T1; Arz_16778 T1;
Arz_17169 T1; Arz_18019 T1; Arz_18182 T1; Arz_18739_T1

A. resinag ZN TN studyI*™*

PP_3740 P. putida KT 24404
RND ZM00282; ZM00285; ZM00798; ZM00964; ZM01525; ZM0O1529 . [This study]*
Z. mobilis ZM4 Y

SMR ZMO00108; ZM00697
"Full size"ABC transporter YDRO11W
Integral membrane protein YGR213C _ (271

- - - Commercial baker's yeast
Mitochondrial inner membrane protein YPR125W
H* antiporter regulated by Yaplp YBRO008C (FLR1) 241%™
Monocarboxylate permease MCH2A12% S. cerevisiae BY 4742171
Monovalent cation:proton antiporter-2 Arz_11706_T1
Multidrug resistance protein Arz_5426 T1
Nucleobase: cation symporter-2 family Arz_12970 T1

A. resinae ZN [T study**

Arz_1169 T1; Arz_2763 T1; Arz_9347 T1; Arz_11136 T1,
Arz_13292 T1; Arz_17438 T1; Arz_17913 T1
Proton-dependent oligopeptide transporter Arz_9652 T1

Phosphotransferase system (PTS)
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P-type AT Pase superfamily

Arz_9283_T1; Arz_9440_T1; Arz_9767 T1

Putative mediator of drug efflux YHRO048W Commercial baker's veast?”J"
Putative substrate-H" antiporter YML116W (ATR1) 427 y
Purine permease Arz_14834 T1 . hi wx

= = A. resinae ZN 1T s
Sodium/proline symporter Arz_9472 T1
Vacuolar "full size" ABC transporter YDR135C Commercial baker's yeast!?’")

Transport under phenolic acid stress

ABC-type maltose transport system

LVIS-2254; LVIS-2255; LVIS-2256

ABC-type Mn**/Zn** transport

LVIS-0472

Acyl carrier protein

LVIS-2213; LVIS-0934

Amino acid transporter

LVIS-0113; LVIS-1879; LVIS-2212

D-xylose proton-symporter

LVI1S-2025

Na'/H" antiporter

LVIS-0199; LVIS-2141; LVIS-2211

Permease

LVIS-1730; LVIS-1917

L. brevis ATCC3672%"

PurR and YtrA for transport

OpUAA; opuAB; opuAC; pbuX; yfiY; yhaQ; ytrB-F; yvrC; pyrP

]* KKk

B. subtilis 168%

Zinc-dependent metalloprotease LV1S-1455 L. brevis ATCC36712°%"
Regulation during phenolic aldehyde conversion

APCl/cyclosome regulation protein SDS24 S. cerevisiae BY 4742129
AraC family transcriptional regulator ZM01380 Z. mobilis Zm4ms studyl”
Catalase A YDR256C

Cytoplasmic glutaredoxin; thioltransferase YDR513W S. cerevisiae NAN-2712721"
Cytosolic catalase T YGRO88W

GntR family transcriptional regulator ZM01854 Z. mobilis ZMm4ms studyl®
Glutathione peroxidase YKL026C S. cerevisiae NAN-2712721"
Glutathione S-transferase YLLO060C Commercial baker's yeast!?""
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Heat shock protein of HSP70 family YALO005C
LysR family transcriptional regulator ZMO01336; ZMO1574, ZMQO1733; ZMO1857 - i "

y .y -p _ g Z. mobilis ZMm4ms st
MarR family transcriptional regulator ZMO0054
Mitochondrial manganese superoxide

_ g P YHRO08C . 2
dismutase S. cerevisiae NAN-27
Mitochondrial peroxiredoxin YBL064C
Pca regulon regulatory protein PP_1375 P. putida KT 2440154
Small heat shock protein (SHSP) HSP42 S. cerevisiae BY 4742121
Transcriptional activator YMLOO7W (YAP1) Commercial baker's yeast!?"”

Regulation under phenolic acid stress

BirA

biol; bioA,; bioB; bioD; bioF; bioW; lipA

Catabolite control protein A CcpA

acoR; acsA,; bglP; bglH; yxiE; citM; yfIN; cstA; glpF; glpK; gntR; gntK;
gntP; gntZ; levD-G; sacC; licA-C; licH; licR; rbsR; rbsK; rbsA-D

Catabolite control protein A-not CcpA

mmsA (lolA)

Ferric uptake regulation protein Fur

dhbB; dhbE

Heat-inducible transcription repressor HrcA

groEL,; groES; dnaJ; hrcA; dnaK; hrcA; groEL; groES

HTH-type transcriptional regulator l10IR

iolB-I; sacA,; sacP; dhasS; cah; luxS; phoP; phoR; yacA; ydfN; ydfO; yerA;
yezG; yfhJ; yfiD-E; yhaA; yhaS; yhdP; yhzC; ykcA; ykoM; ylbP; yocJ;
yodB-D; yojF; yppQ; ygaR; ygkE; yrbE; yrhO; ysfE; ytdl; ytwl; yunF;
yusZ; yvgN; htrB (yvtA); ywdA; ywfl; ywlF; ywnA-B; ywnF; ywsB-C;
yxIA; yvaB; yybR

B. subtilis 168%™

Molecular chaperone (Small hsp)

LVIS-0112

L. brevis ATCC3672%"

RNA polymerase sigma-37 factor (sigma B)

csbC; cshD; ctc; dps; gsiB; gspA,; gtaB

RNA polymerase sporulation sigma factor

katX; rsbR; ybyB; ycbP; ycdF

RNA polymerase ECF -type sigma factor W

yceC-D; yceH; ydaD-E; ydaT; ydaP; ydbD; yfkM; yflH; yfIT; ygxB;

B. subtilis 168%™
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yhdF; yhdN; yjgB-D; ykzA,; yocK; yoxC

Regulatory protein spx

yraA; ysnF; hemH; iolS; mecA; msrA; nfrA; ywcH; tpx; trxA; yhfK; yhfJ;
spx (YjbD); yjbG-H; yrzG; yuak; ywrO; yfiC; yfjR; yugJ; ywnF; yitw;
pepF; yojG; yhcX; ytzB

RNA polymerase sigma-30 factor (sigmaH)

YtXG-H; yvaA; yvgN; yvyD; ywsB; ywzA; yxaB; yxkO; yycD

RNA polymerase sigma-37 factor (sigmaB)

ydaD-E; ydaG; ydaP; ysnF; yfIT; gsiB; gtaB; ohrB; yfkM; gspA,; yhdN;
yceH; dps; cshD; ybyB; ywsB; yflG-H; yvgN; yvyD; ywzA; yxaB; katE

Peroxide operon regulator PerR

ahpC; ahpF; katA; mrgA

pyr and ytrABCDEF for transcription
regulation

PYrR; ytrA

RelA (CodY, TnrA, GInR, sigma B/sigma H)

urea; ureB; ureC; ytzB; ytzE; yvyD

Regulatory protein spx

gabD; ykuN; ykuO-P; nfrA; spx (yjbD); trxA-B; tpx; msrA; hemH; iolS;
mecA,; zwf; citZ; yfjR; yhfK; yhdQ; yjbG-I; yqiG; yraA; yrzF; yrzG;
yuak; yugJ; ywrO; yxel-P

Sulfur-limitation

cysK; yrrT; mtn; yrhA; yrhB; ytll

Transcriptional regulator LV1S-0936 L. brevis ATCC36712%%"
Transcr!pt!onal regulator CtsR clpC; clpE; clpP; ctsR; mcsA-B; lonA; radA; yacK B. subtilis 1682%41" ***
Transcriptional regulator of PadC padC; yveF-G

Metabolism during phenolic aldehyde conversion

Glycogen phosphorylase GPH1AA

Hexokinase isoenzyme 1 HXK1

Rresistance protein SNG14412%8] S. cerevisiae BY 474221
Trehalose 6-phosphate synthase/phosphatase TSL1

Tetrameric phosphoglycerate mutase GPM?2

Metabolism under phenolic acid stress




AR T KFHLEARL

113 T

Fructose bisphosphate aldolase

NCgl2673 (Fba) 212%]

Fructose 1,6-bisphosphatase NCgl0976 . al . [293]%*
Fumarate hydratase NCgl0967 - glutamicum ATCC13032
Fumarylpyruvate hydrolase NCgl2919

Fumarase LVIS-0714 L. brevis ATCC367%"
Glyceraldehyde 3-phosphate dehydrogenase NCgl1526 C. glutamicum ATCC1303212%%1™
Glycine cleavage system H protein LVIS-1951 L. brevis ATCC36712°%"
Glutamate dehydrogenase (NADP1) NCgl1999 C. glutamicum ATCC1303212%%1"
GTP pyrophosphokinase relA atpA-l B. subtilis 168%™ ™

Isocitrate lyase NCgl2248 | . (298]
Malate dehydrogenase Ncgl2297 C. glutamicum ATCC13032
Malolactic enzyme LVIS-2203

NADPH: quinone reductase LVIS-0076 L. brevis ATCC36712°%"
Peroxiredoxin LVI1S-0086

Phosphoenolpyruvate carboxykinase GTP NCgl2765

Phosphoglycerate mutase NCgl0390 C. glutamicum ATCC13032%1™
2-Phosphoglycerate dehydratase Cgl0935

Phenolic acid decarboxylase LV1S-0213 L. brevis ATCC36712°%"

PurR, PyrR, and RelA

purB-F; purH; purK-N; purQ; purS; pyrAA; pyrAB; pyrB-F; pyrK; prs

B. subtilis 168%™

Short-chain alcohol dehydrogenase

LVIS-0378

L. brevis ATCC3672%"

Transketolase

NCgl1512

]***

C. glutamicum ATCC130321%

yoaDCB for metabolism of carbohydrates
ygeGH-aroD-yqelJKLM

ackA; yoaB-D
aroD; yqeG-K; ygeL-M

B. subtilis 168%™

TE: 1A 241 3N 570 71378 DNA R A RNA-Seq AT R AL, 1A 2 A =M 5 0 AR BRI B DN B e B 1 2k (K Dh RE X 2E [ - Note: One,

two, and three asterisks indicate DNA Microarry, RNA-Seq, and proteomics. One and two triangles indicate the identified gene by overexpression or disruption. .
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5.4 WRIE RN P4 Yol BE o< s L R T s

PR SR | 420 8 A P e | 088 ) = L3R 2 — , LR B A 5 H IR
(HMF), L5 23 A e 1 R (0 AR A AR R . BIH ATV IR, BRI
TR BT R PO AU AL B U 745 EL Ay 28 104 ROy A 4 — K, PRIR R A A 5
) R At L3 A P BRAR B AR AL S = B A 42 (18 5.2). 1 H., BT
M A R 18 e R IR P AL ) B L ik T SR LR B 1 B L e, AR
WFFER A 1 2R I BN B TR PO I A4 1 P 2B P 25 ) S B DR e B B (R
5.2),

(a)

NAD(P)H  NAD(P)* NAD(P)H NAD(P)*

R \Q/COOH : Oxidation/ R \O/CHO \ Reductioz R\Q/CHZOH
Furan acid Furan aldehyde Furan alcohol
l i
Central Carbon Metabolism Excretion without further metabolism
Aerobic Anaerobic
(b) Off (c) o On
> No furan aldehydes R e

U ’—> Furan aldehydes
LA > B > c > D ——[A>B > c>b
® © . ©

©
Effector genes: @ @ @ @
A: Furfural Oxidase/reductase @@ @

B: Anti-oxidative stress proteins
C: Transporter (such as polyamino transporter) @ @
D: Regulator (such as chaperonins) Furan Detoxification

Bl 5.2 BRMEEINEIYIED B R KRS Hong
R e S J5 )60 2 A e PRI R 1 28 e AR  BRTRE A7 AE I, R T R B , BN AKX
RIS 5 35, R JE BRGNP Rk o RN R K R IA B AR DRI e ) T 1. R AR
RIEHE. (a) WRMEE ARV (0 RO (D) ANIRINRRIGREE, SRR SCH; (c) ik
MR, ARk 3 PRI T
Fig. 5.2 The integrated biodetoxification system of furans. The integration of the furan
aldehydes responsive promoter and multiple effector genes into the chromosome. The operon is
inactive and effector genes are not expressed, and furan aldehydes activating the responsive
promoter induce the expression of effector genes. The expression of effector genes contributes to
the toxicity of furan aldehydes. R indicates hydroxylmethyl group. (a) The common
biodetoxification pathway of furan aldehydes; (b) The expression of effector genes without furan
aldehydes; (c) The expression of effector genes with furan aldehydes.
B H BT LR, BT s 4R 5 2 BRI N 5 - PR R 2 ) i B O L )
WHFE LB LA BB E . WTFURIL, EJEBEXS Z mobilis ZM4 3& JFUHERE
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SRR EEPY, IREFEIRRE R . AANEES 5T C thermocellum
ATCC27405 HEALHERE AL R . T pseudethanolicus 39E 6 JFURE RS i F2
FEW LA E . FAD/NAD" (K5 84 A0 IE TR B« Hwe A% 1 Bt BRI Ji g AT
Fe-S & (218 it S B2 TV S. cerevisiae 3 J5 BRI (1 S5 B 1201, S, cerevisiae
T2 8 JE MRS 3= T e Ik 3 0 i S0 - NADPH 44 5 74 B 356 H yli % 08 )5 . NADPH
@z%i%&u% [N TRUN k- ShUREER 8 /L =% i i N s S ey e 2 A

P e T it 2 O T S P S G RIS (ADHY). SIS S (ARIL). 3%
RHEMZERRM NADPH KM (1) E A6 R B (OYE3). 3-F 2 T g id J5 g Al
NADPH & 8 FH 36 H il 04 R i (GRE2) FIEEILJREE (ALD4) /& S. cerevisiae
NRRL Y-12632 i J5 5-$2 B R () S e i >0 Wt Sy 28/ 30 Jo T s ik
A W25 LI A, resinae ZN1 7 S5k REHIARI 07 A WK I RS ) S by,
M 2 LB A, resinae ZNT 4L ETRIIRE ST 7 A I R ) S S
i_i_fli’ﬁz: I%Iji, E;ég\:ﬁEEﬁ T @aﬂg‘alﬁ:@i[ﬂ& 135, 259, 301, 302]741:[] FUO/FFR i_J? Ei[lll, 117-120,
303 = J\_E nﬁuﬁ@%m%%ﬁ @%Hﬁ j‘@i[% 97, 100, 138, 141, 192, 304] Eﬁﬁ@*ﬂ,ﬂzgﬁ[m 107, 305]
A 5-3% FR S B s SR A A L2 B 5 SEC AR AT 5-3 FR SRR A SR S % 1k R 82 1) f
P o L, R B R A Ak S SR AR S M G, 1% yghDBY, pntAB
A1 sthAL 1pcAl?? zwr1B9 | ADH1 %05 fdh2481,

PR 9 HSP I GrpE 435l 72 C. thermocellum ATCC27405%°F1 C.
beijerinckii NCIMB80528 44 (i (1) B B i 2K 11 BEUE & 1 (Trxlp AN
Trx2p). MR E (Hspl2p) A S EALES (Sodlp) & TV ER A REIE i A
[ S ERe = 5[299] tﬂ%%ﬁzﬂcﬁ (Sod1p). AW H kit EALYIEE (Gpx2p).
AL E A (Trxlp). ZETEMEEEE (Qorlp) MiLA LA (CaTlp) A& P.
stipitis Y7-1 BB fict FE’JEZ;JJJL.%E[[?’OG]O RPN T (Yapl. Yap5
A1 Yap6) 7E S.cerevisiae NRRL Y-12632 ¥4t 5-¥% FH L BRIE 1 i FE b 2 38 22 5
k28 gl TARAH 4k R I Yapl B 1281 groeSLI?, s121%%9, GSH1/GLR11!
A1 GCSGSM 45 iyt i} 52 AH 5% 2 (1 8 B I 52 P Il 5 SR AR B2

fFiREIE B (0 Z. mobilis ZM4 Ak AT 324 ok i 10 3 32000, #2352 E. coll
LY 180 fiif 52 ke Jie it [ 28 FEHL 1%, ABC #5121 . AMIESE R MFS #5558 8 (12
C. glutamlcum ATCC13032 AL AN 52 b 1) SE 2 ML, ABC #4382 E%n i

L IE R (12 C. thermocellum ATCC27405 44k I ik 1) = FE 4% 12 5 1129,

ABC Hl MATE & C. beijerinckii NCIMB8052 ## {k, i (1) # % i 12 15 11190,
pseudethanolicus 39E [FIAEIE 1k 34 & P-%! ATPase. RND #MEFE . IV /M/%?}E
MR R RS (PTS) &#tizE M, ABC #iz& [ (Pdrl 1 Pdr3) # S.
cerevisiae NRRL Y-12632 #44k, 5-3% P 3L AR (1) 3= B A%z 2 (120, i i o
RPN, 2 W38 R 1 X i A A A AR T 5 e s ok 1 7R 210240
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MU S, ArsR #2432 5 T C. glutamicum ATCC13032 fiif 52 # &
(A 2 FEBOT) SRR I S5 e I ) i 53 BB T rex #& C. thermocellum ATCC27405
A A 1 7R B Y 42 1281, C. beijerinckii NCIMB8052 Ak i ()i 72 v 4 S 1R
Zif¥E 7, 1 GroES. MerR. GntR. MarR HiI XRE 25E%], T pseudethanolicus
39E (VUMERE S AL K 1 A% B 1A 43 T AR A DeoR #7458, RPN4 2 S.
cerevisiae NRRL Y-12632 #ill 88 [ /1M & [K 2% 34 [ 5 ¢ R 10200, i il s TR,
CHkEE T yafct, g3 128 Mmsn2l81 | yghc™®l, rpnal®?, LysRE®!
psfB/psfFLIA o O31O0a 48 0 - 15k e s % A AT 52 4 5%

SRR, WG A Hh1) 0 2 A 8 B0 T A SR B A o e s R 4%

55 ZBRAEYIIEREBER TS FE

PRI RE R 73— 2R3, HIR T RA4e R 12 Omtfn, =™
I A A o) B R ) A KRR B o 24 TR AR DA TR R e — B A K Zﬁaﬂﬁﬁ
FEALHE QBRI IR AR, 500 K OB A II0E A S BERR G 2R [F1 b .
LR BSOS B R B LS LTRSS (Acetate kinase, ACK). W% g % £ Wik 3 i
(Phosphotransacetylase, PTA). ZEEFR G AT B2 & g (Isocitrate lyase, ICL)
FSERIR A1 (Malate synthase, MS). 4488, #izMiAEE S5 T 4RI, &
PR TR, FEWALLR 24T (1) @ TE&EE?HEE@H%ﬂ?HEE’@E*E’J?H
SHIEZFRHBEA M : (2) BRI SRR IR - it H-ATPase ¥4 218
ZTQEHE@Wﬁ%@ﬁﬁ%ﬁxﬁlﬁiE‘JEEE?&LE%'J?HE@Ij\]EI"J HY, 2 Ao iR
AW BE AR (& 5.3). AWFFLEE T8 A AL, Mg 7 A B AR BRI
LR B G AR A (R 5.3),
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Table 5.2 The device library of the key genes for the biodetoxification of furan inhibitors

Enzyme Gene Strain

Furan aldehyde + NADH + H" — Furan alcohol + NAD"

Adenylylsulfate reductase Cthe 2535 C. thermocellum ATCC2740538" ™
Arz_1653 T1; Arz_2180 T1; Arz_3236_T1, Arz_4549 T1;
Arz_7751_T1; Arz_8436_T1; Arz_10735 T1; Arz_11558 T1; A. resinae ZN 108

Alcohol dehydrogenase Arz_11749 T1; Arz_14225 T1; Arz_15626 T1; Arz_15907 T1;
Adhlp; Adh2p; Adhdp; Adh5p; Adh6p Industrial strain S. cerevisiae?*"™”
Chei_1464 C. beijerinckii NCIMB80525%"
Arz_1621 T1; Arz_3860 T1; Arz_7295 T1; Arz_8147 T1,

Aldo/keto reductase Arz_10923 T1; Arz_13395 T1; Arz_14857 T1; Arz_14938 T1; A. resinae ZN 108"
Arz_16490 T1; Arz_17182_T1; Arz_17370_T1; Arz_17920_T1
Teth39 159741118 T. pseudethanolicus 398"
Arz_13663 T1; Arz_137_T1; Arz_15150_T1; Arz_18349 T1,

Aldehyde reductase Arz_3141 T1; Arz_3976_T1; Arz_7271_T1; Arz_7657_T1; A. resinae ZN 10
Arz_8367_T1

Anaerobic ribonucleoside-triphosphate Chei o [308]*

reductase ei_0068 C. beijerinckii NCIMB8052

Catalase cg0310 C. glutamicum ATCC130325"

DSBA oxidoreductase Chbei_2058

FAD linked oxidase domain protein Chei_0312 C. beijerinckii NCIMB80525%"

Glutathione peroxidase Chbei_0389

Hydrogenase, Fe-only Cthe_0430

—— C. thermocellum ATCC27405111" ™
NADH dehydrogenase (ubiquinone) Cthe_0428
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NADPH-dependent FMN reductase Chei_3354 o [308]*
- - C. beijerinckii NCIMB8052
Nitroreductase Chei_3948
Oxidoreductases AAD4; AAD14; AAD16; GRE2; OYE3; PRX1; GCY1 S. cerevisiae T2
Redoxin domain protein Chei_2680 L [308]*
- - - - - C. beijerinckii NCIMB8052
Ribonucleoside-diphosphate reductase Cbei_0194; Cbei_0195
_ o ZM01025 Z. mobilis ZM4P"
Ribonucleoside triphosphate reductase -
Chei_2522 L [308]*
- - C. beijerinckii NCIMB8052
Short-chain dehydrogenase/reductase SDR Cbei_3904
Predicted butanol dehydrogenase Teth39_1597 (BdhA) 18] T. pseudethanolicus 398"
Sulfite reductase (hemoprotein cg3118 .
, : (hemop ) J C. glutamicum ATCC130321%"]
Thioredoxin €g3299
Thioredoxin reductase Chei_2681 C. beijerinckii NCIMB8052E!

Furan alcohol + NAD(P)H — Furan aldehyde + NAD(P)*

Alcohol dehydrogenase

Arz 962 T1; Arz_3236 _T1; Arz_6148 T1; Arz 9386 T1;
Arz_9803 T1; Arz_12928 T1; Arz_13908 T1; Arz_15224 T1,
Arz_17261 T1

Fkkk

A. resinae ZN 18

Furan aldehyde + NAD(P)" — Furan acid + NAD(P)H

Aldehyde dehydrogenase

Arz_7774 T1; Arz_11689 T1; Arz_15746_T1; Arz_18463 T1

Hokkk

A. resinae ZN 18

Oxidase

Arz_6529 T1; Arz_14616; Arz_16317 _T1

A. resinae ZN 108"

Transport during furan aldehyde conversion

ABC-type dipeptide/oligopeptide/nickel
transport

€g2678

. glutamicum ATCC13032B7

O

ABC transporter related

Cbei_3693; Chei_3300

O

. beijerinckii NCIMB8052E!

Additional arsenite efflux pump or related
permease

cg1661°E7

C. glutamicum ATCC 1303287
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Large conductance mechanosensitive channel  cg1001

MATE efflux family protein Chei_2222 C. beijerinckii NCIMB8052E*"
Membrane protein ZMO0055 Z. mobilis ZM4F°T
Multidrug resistance ICT1; Hsfl; PDR5; PDR15; SNQ2; RSB1;TPO1; TPO4; YOR1 S. cerevisiae NRRL Y-126321%2

Oligopeptide/dipeptide ABC transporter,

: Cthe_2962; Cthe_2963 C. thermocellum ATCC27405381" ™
ATPase subunit

Permease of the major facilitator superfamily ~ cg3399*(") _ (3077
C. glutamicum ATCC13032

Putative integral membrane transport protein ~ ¢g0501

Putative galactoside ABC transporter Chbei_3298

Phosphotransferase system PTS Cbei_2907 C. beijerinckii NCIMB80525%"
Secretion protein HlyD family protein Chei_2923

Sulfate ABC transporter Cthe_2532; Cthe 2533; Cthe_2531 C. thermocellum ATCC2740558"
Type 11 secretion system protein E Chei_4218 C. beijerinckii NCIMB8052E%" ™

Teth39_0231; Teth39_0278; Teth39_0282; Teth39_0333; Teth39 0334;
Teth39_1033; Teth39_1765; Teth39 2232

]***

T. pseudethanolicus 39M®

ampG; araF; argT; aroP; artl-J; artM; artP-Q; blc; btuF; cusA-B; cycA;
Transporter cysA; dcuC; dctA; emrA; gabP; glpT; glpF; gltl-K; hisP; hisJ; hisM;
kgtP; livH; lysP; manX; mdtM; mglA-C; mntH; mtlA; mtr; nagE; narK;  E. coli LY 1808%"
narU; nikA-E; pstA-C; pstS; proV-W; proX; pitA;ssuA; ssuC; sbp;
sufA,; sufC-D; tauA-C; thiP-Q; tyrP; xylE; yahN

Regulation during furan aldehyde conversion

Bacterial ArsR regulatory protein cg1032 C. glutamicum ATCC 130327
Chaperonin GroEL Chbei_0329
Chaperone protein DnaJ Chei_0831 C. beijerinckii NCIMB8052E%"

Co-chaperonin GroES Chbei_0328
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DEAD/DEAH box helicase ZM01417 . ol
: Z. mobilis ZM4F"!
DNA repair ATPase ZM0O1536
DNA replication, recombination, _ . . _ [83]
e - . aidB; fliA; recG; rhB; yjiD E. coli LY 180
modification, and repair
DNA reparing DOI1; MAGL; Pdrl; Pdr3; RAD16; RPN4**"?%: yap1: Yap5: Yap6 S. cerevisiae NRRL Y-126321%°1"
GNtR regulatory protein Cbei_1885 C. beijerinckii NCIMB8052E%"
Heat shock protein Hsp Cthe_3125 C. thermocellum ATCC27405%%"
Heat shock protein GrpE Chbei_0829
MarR family transcriptional regulator Chei_2838 L [308]*
: — 5 C. beijerinckii NCIMB8052
MerR family transcriptional regulator Chbei_3973
Molecular chaperone DnaK Chbei_0830
Oxidative stress response (ADH7; ALD4; ARI1; GRE2; OYES3; Pdrl; Pdr3; Yapl, 5, 6) 2228 S. cerevisiae NRRL Y-126321¢1"
Proteins related to stress responses Sod1p; Gpx2p; Trx1p; Qorlp; Catlp P. stipitis Y7-16%""

adiY; ArcA; ArgR; BirA; bolA; cadC; cbl; CR; crl; cspG; CysB; DcuR;
. evgs; fis; fInC; FINDC; FliA; galS; hcaR; His; MetJ; metR; NagC; : [83]*
Regulatory function E. coli LY 180
pdhR; PhoB; PhoP; phoU; PurR; RpoH; RpoN; RpoS; rssB; RutR; SF

sbmC; sdiA; suhB

Redox-sensing transcriptional repressor rex Cthe_0422 C. thermocellum ATCC2740538" ™

Actlp; Hspl2p; Kar2p; Lsplp; Rps3p; Sodlp; Ssbilp; Ssb2; Ssclp;
Sszlp; Trx1p; Trx2p; Stmlp; Pkclp; Rholp; Pho2p; Zeolp

[299]***

Stress response Industrial strain S. cerevisiae

Transcriotional reaulator Teth39_0115; Teth39_0150; Teth39_0757; Teth39_1109; Teth39_1292; T pseudethanolicus 39E41"
P g Teth39_1392; Teth39_1796 P
Two component transcriptional regulator Cbei_2951

C. beijerinckii NCIMB8052E%"

XRE family transcriptional regulator Chbei_3616

Metabolism during furans aldehyde conversion




B HRE T RFHLF %121 7
. L . . argA-D; argG; aroH; aroL; asnA; cysM; dadA; dadX; dapB; idcC; i [83]*
Amino acid biosynthesis and metabolism . . . E. coli LY180
metA-C; metL; tyrB; ilvA; ilvC-D; ilvM; trpD-E; thrA-C; sdaB
Amino acid metabolism AGP1; LYS9; LEU9 S. cerevisiae T2
Carbohydrate metabolism Teth39_0611; Teth39 0744; Teth39 1512 T. pseudethanolicus 398
Carbon compound metabolism acnB; aldB; amyA; dhaK-L; fucO; gcd; tauD; treF; xdhA-B; ygjG
. . . aceA-B; aldA; acnA; cysC; cysH-I; cysN; cysQ; dcyD; dkgA; fumA-B;  E.coli LY 1808
Central intermediary metabolism
gabD; gloA,; glpK; glpD; mqo; poxB; pykF; pyrH; ppa; sdhA-D; tktA
Acolp; Adhlp; Adh3p; Adhdp; Adh6p; Citlp; Enolp; Fum2p; GIk1lp; L o
EMP/PPP/TCA P P P P P P P P P P. stipitis Y7-16%!
Gnd1p; Gre2p; Idhlp; 1dh2p; Mdhlp; Tallp; Tdhlp; Pgklp
Energy metabolism aceE-F; ackA; atpC; cyoA-E; fdoG-H; frmA; hypB-C . .
o — . i/ P E. coli LY 180"
Fatty acid and phospholipid metabolism accB-C; fadl
[299]***

Glycerol biosynthesis

Gpd1p; Hor2p; Rhr2p

Industrial strain S. cerevisiae

Glyoxylate cycle

CIT2; ICL1; MLS1

S. cerevisiae T2

Nucleotide biosynthesis and metabolism

carA-B; guaB; pyrB; purD; purE-F; purH; purK; purN; pyrD-E; xdhC

E. coli LY 180%%"

PPP

Gnd1p; Tallp; TKI1p

TCA cycle

Acolp; Aco2p; Citlp; Idhlp; Mahlp

Industrial strain S. cerevisiae!®¥™"

Cytoplasmic transhydrogenase

SthA2E!

Proton-translocating transhydrogenase

PntABAE

E. coli LY 180"

1N 2N 3N S48 DNA S A RNA-Seq. 2 A 411 qRT-PCR. 1 /M1 2 AN = MFF 5 43 AR I B R IA B R R BRUEBH 1 & K Thg 1) 3
[Al. Note: One, two, three, and four asterisks indicate DNA Microarry, RNA-Seq, proteomics, and gRT-PCR, respectively. One and two triangles indicate the

identified gene by overexpression or disruption.



A

#5122 7 LY 8 i 3 e A ATNS e

- 2
CH;CO0O” CH;COOH
.ol Transporter| ~ <~
e \\\\
2 - +ﬁ:\ATPase .
e Acetyl phosphate CH;COO0+H" ——~<—>H
2l CoASH Ack . N
7 ADP ATP | Acs ¢ NN
/:/ Pta Pi N RS
N
07 Acetyl-CoA Glu'tamate <.
‘7 ’ Lysine S
1l Arginine .
/ \
’ ,l Cs H W
' H,0 coasH  Citrate \\\
! \
1 ,’ Oxaloacetate A A
1
' * . - - . 1
I Man AP atp ISOcitrate y-Aminobutyric acid |1
i 1
H NAD+C A ADCO AD(P) Cadav?rlne ,| h
I Malate \, Acetyl-Co b Agmatine ,
"\ M Acetyl-CoA f 'I
S c
A H,0 CO,. Il
AN Fum Glyoxylate NAD(P)H+H* /)
AN} /
w“ a-Ketoglutarate ;7
AN NAD* .’
AN Fumarate Con ,
AN ,
NN FADH, Ogdh .
7z
s : ~ CO, . ,
AN Sdh NADH %
NS P
N FAD .
S .
N : Succinyl-CoA 2~
SSls Succinate y 2>
ARSI GTPCoA-SH  GDP+Pi .2z
T scs =T
N S --TTTTTTT-=-"-" )

E5.3 ZmRBREN 1
ACK: ZT2ils; ACS: ZMt-CoA&TNE: PTA: WERRH: LIEIERG . HALLE S M 42 7% W
K15,
Fig. 5.3 The predicted acetic acid metabolism pathway.
ACK: Acetate kinase; ACS: Acetyl-CoA synthetase; PTA: Phosphotransacetylase. The other
abbreviated enzymes were noted in Fig. 1.5.

AR CIRBIBETE,  H T3 EAR AL LB -CoAR BB LR NG . &35
LA ERE AN & QNG B O ARG Heis B AR AR S5 5 T A BRI A
To T AR, IR HE (ZMO1963) I H i 2 3- B IR i = M (ZMO1905)
%$Z. mobilis ZM4 (ACR) il 52 2. 2 i A= B A Sk i AR F 2O oo S ity . SR b —
PRIRIE 4 i A B 2 5 T E. coli O157: H7ACH Z BRI FEE®), M H., ZMR¥
By ATERIR G, B SROKE M. HIEES-BR A N . AT IR, SR
P82 Pt 2 il AT 5 P 1 P S < o o AR S IR 2 5 T C. glutamicum
ATCC13032/ R L FR I AR HeF itk TR R I, CIRMmE!> ), Z8k-CoA
LSO A AR A SRR RN 25 T 2Rt kAl i, 2
R 5 OB AR TR

HETH R, AN FEE. coli 0157: HTA I 2R i E B & 1B, Bajwa
i NPPOLG B, S. cerevisiae T2HIRILIRILIZ R A mk FERI TE NI i R 1
R a s ER . 2RECEANZERKIZEASS T oA . 3
T TR, FRAEHRIABCHIZEN (ptSCAB)CIHINATH" S %
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ZEA (ZM00119)%2 5T 2R .

ST MR, BEREMERES 1% A1 AraC #5725 1 E. coli 0157: H7
Rt 2B i BB, S, cerevisiae T2 F%H: KT YAPL. NAD- ! it 2. 1 i
(HST2). 40ffiEE & A =T (SMIL). A E R (MIG2) M S EA
(ASH1) &5 7 Z AR, BTt TREABL, AM R BRI S 42 8 (/IR
LB (WHI2/PSRL)MA, 41 o AL EREAE (COX20)1%), LuxR BY4% i 45 1
(RamA)* | RNA B4 B T IHE/RNA BAHGM G K F (rpoB/rpoS)t™, &
LR 2 T (HAALPT RNA 45 (hfg)®. /N RNA 25 &8 1 (csrA)™o,
SN 2 LBt /PatA ZBEHE R/ (Ms-SrtN/Ms-PatA)™ . TonB 4% #i 1 52 14
(TonB)!®Y| #:tiffa T (RamB)™, Bt/ % M4 (RTC3/ANBL)!®I% 57,
FRARUA K.

HIUE AT UL, ZER AR R O AR g FiRiE 2 A 7

x53 LBREVRFRBERTHEE

Table 5.3 The device library of the key genes for the the biodetoxification of acetic acid.

Enzyme Gene Strain

Acetate metabolism

Acetate kinase ack

Isocitrate lyase aceA C. glutamicum
Malate synthase aceB ATCC1303281"
Phosphate acetyltransferase pta

Cytoplasmic glutaredoxin GRX2

Ferro-O,-oxidoreductase FET3 (161
Glyoxylate reductase GOR1 . cerevisiae
Alcohol dehydrogenase Il ADH2

Transport for acetate stress

Ammonium transporter MEP3

High-affinity inorganic phosphate transporter PHO84

low-affinity glucose transporter HXT1 S. cerevisiae T2B%%"
Polyamine transporter TPO2

Riboflavin transporter MCH5

Na/H" antiporter ZM00119%°" 7. mobilis ZM4EY"

Acetate transporter required for normal sporulation ADY?2
Component of the translocase of the outer membrane  TOMb5
High-affinity Pi transporter and low-affinity

PHO84
manganese transporter 161
. L S. cerevisiae
Na'/Pi cotransporter, active in early growth phase PHO89
Outer mitochondrial carnitine acetyltransferase YAT1
Proline permease PUT4
Spore-specific water channel AQY1

Regulation for acetate stress
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AP-1-like transcriptional factor Y AP1 YAP1 S. cerevisiae T2B%
Arylsulfatase regulator aslB E. coli 0157: H7B¥"
i i i Z. mobilis ZM4
CheD, stimulates methylation of MCP proteins ZM00080 [B1]F, *+
(ACR)
Proba_lble sigma* modulation protelr_1 yhPH | £ coli O157: 7B
Putative AraC-type regulatory protein yhiWw; yhiX
Regulation protein of cell wall synthesis SMiI1
Regulatory protein MIG2 S. cerevisiae T2
Transcriptional regulatory protein ASH1
Copper metallochaperone COoX17
Daughter cell-specific secreted protein DSE2
Major cell wall mannoprotein TIP1
Mannose-containing glycoprotein CIS3
Non-essential glycogen phosphorylase GPH1 S. cerevisiae!*®"”
Translation elongation factor elF-5A ANB1'!
Protein similar to cyclin-dependent kinase inhibitors ~ SPL2
Protein involved in RNA metabolism RTC3A!0!
Putative protein of unknown function YILO57C

H: 1A 24N 3 AR S54RI R DNA . RNA-Seq IS AR A, 1 4= M 5R_%
i PR PR UE B T B R T RE AR A
Note: One, two, and three asterisks indicate DNA Microarry, RNA-Seq, and proteomics,

respectively. One triangle indicates the identified genes by disruption.
5.6 KREAERKBEBRITERBER THIFE

FLSEAE Y K SR AN P R A B 4%, i B S0P 2 T A7 B [F) 4] o DRt
AR A4 Z K SRS ML RS U S A o B, ARBUAF 4 /K i Hiadi i 4
“EWE5E P M2 Z. mobilis ZM4. E. coli K12, C. thermocellum ATCC27405#1S.
cerevisiae T2, 5.4 A 513 T 2H 40 T PR A 0T 41 4 25 /K i o a0 226 R e 24
JE

R T HE S HIE0Hr, Z. mobilis ZM4 18T BRI B/K AR BUhE T i1 22
FREFER T ERBEIMEZE (ZM01429. ZMO1430. ZMO1431 1 ZMO1432).
S E kAR E A (ZMO0759. ZMO0760. ZMO1722. ZMO1723. ZMO1874
A1 ZMO1875). I (ZM00101. ZM00192 . ZMO0846 . ZMO0975. ZM01391 .
ZMO1490. ZMO1590 A1 ZMO1715) A= H (ZMO0100. ZMOO0774 F1
ZMO1404)#), it E ik HXIR % & A %Y (ZMO0100). LysR {4 & 4
(ZMO0774). FEMEEE (ZMO1722) FIHEHEEH (ZMO1875) 4w bE kK A IL
ZMO1875 I HE 1 T Z. mobilis ZM4 K 4T 42 LEERIRE ST . TER AT 4ERR A T
SEER I FOKRFEFF KA, E. coli K12 (Ol s, s, 2mihe. &
WL AL R 028 1 Joh i 5 A P R 24 2 2w )82 BY. €. thermocellum ATCC 27405
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TE AR AR B /K AR A TS P (R e R 3 R 1 R 2 R 1 1) i 3 o 2%
9, NS B AR R ANRARE ., EMAKERDRA T, B TR
Ak SRR A N AN, S, cerevisiae T2 I8 ¥E K B A IR IR R A5 . 4
R B R R i % O T B0,

W B T2, N-ZFEDSREE EGE R R (nemA) Jmhd B 1T RRIATR
5 T E. coli LY180 K B4l 4k % . g 1108, WIshER/A (Vrpl). JA IR KiAY
4HF (Pho85). V-ATPase (Vma8). mRNA BI#:8 4 (Bud31). W& iR & kil
(PRS3). RNAR G 11 (RPB4). AH[E 40 (Erg2). THO/TREXE A 14
(Hprl). RAVEE &K (Ravl) HURAITHAEE H (Ygl024w) Zihdh A Al i ik #2 5
T'S. cerevisiae BYA741 % B /K fRR (I B 7105 1081 4 53 B - SFPI R =5 7 S.
cerevisiae YC1 1% & g fig 11147,

b ] L, 5 B — U A 3 ) e SR 4 AR LG, 4 B 2 7K S 3
SAEI L S KR 2 AR FE A N o (BRI AAOR T, s AT R e AN [ A
2R Y 2K AR 3 ) S (] e S ATL )

5.7 Z.mobilis ZM4 21 [&fE BB Y KA Ehg R

PSS« IR R0 55 BRI 11 A2 It 25 O B ik IR T 2 R R vl L HE 004
YA R R A AR AR I A R N, T AR TR L s TR AL
A5 Fo, S R I A P A I B AL o R A ) R B A )
BRI FR (0 21 24 22 Bl s, (R B tih A B R 0 B AR A K AN 2 i R . BT,
SICEL Y 04100 1) 24 0 A e 2 AL 1) 52 4 B0 3. 56 - Z. mobilis ZM4 H & H g
e M 1) I R £ 0 0 SR A A B B e, T Ly B ) 0 SR I AR SR v T
Z. mobilis ZM4 K FELT4E R ZBEMIRE J1. (B, ToyRE ROAAE A B 44 40 it s 11 5 2
PETT ISR [R5 Z. mobilis ZM4 REELT4E R CE. R, ByBsm sy St =i
AT S S AW R AR BT o JE T Prather A1 MartintB# 2 A4 @42 10 & A
ARG, A FCHEN T Z. mobilis ZM4 247 [ filt By s 40k 7 i1 it 842 (1 5.5,
#55),
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Table 5.4 The device library of the key genes for lignocellulose hydrolysate tolerance
Enzyme Gene Strain
Oxidoreductase under hydrolysate stress
Class 111 alcohol dehydrogenase ZMO172240 Z. mobilis ZM4B
Aldehyde Dehydrogenase Cthe_2238
Dihydroorotate dehydrogenase Cthe_0948 C. thermocellum ATCC 2740551

Iron-containing alcohol dehydrogenase

Cthe_0101; Cthe_0423

Transport under hydrolysate stress

ABC transporter
Efflux
Major facilitator superfamily

Cthe_1018; Cthe_1019; Cthe_1605; Cthe_1821; Cthe_2573
ZMO01429; ZM01430; ZMO1431; ZMO1432
Cthe_1202

]**

C. thermocellum ATCC 27405*
Z. mobilis ZM4ET™
C. thermocellum ATCC 274058

Membrane

ZMO00101; ZM00192; ZM00846; ZM0O0975; ZM01391,
ZMO01490; ZM01590; ZM0O1715

]****

Z. mobilis ZM4E°

CSG2; EMC30; ERG2; ERG4; ERG5; SUR1; TSC3

S. cerevisiaeP®™™

Phosphate ABC transporter
Sulfate ABC transporter

Cthe_1603; Cthe_1604
Cthe_2531; Cthe_2532

C. thermocellum ATCC 27405511 ™

Transporter

aaeAB; acrAB; arsRBC; bcr; cirA; cusABCF; emrAB; fepA;
fsr; gntU; guaB; mdtEFG; mdtM; mdtlj; mtlA; srlA-B; srlE;
SugkE; yjiG-H

E. coli K-12B"

Regulation under hydrolysate stress

HxIR family transcriptional regulator
LysR family transcriptional regulator
RNA polymerase, sigma-24 subunit

ZM00100%E
ZMO0774
ZMO1404

Z. mobilis ZM4BT
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Regulator

AFT2; ARG82; DALSL; GAL11; GTR2; HT21; NBP2;
REF2; REG1; RPN4; STB5; YAP1

S. cerevisiael®™

Regulation

fliCc-D; fliZ; marA; marR

E. coli K-12B7"

Redox-sensing transcriptional repressor rex
Sporulation transcription factor Spo0A

AbrB family transcriptional regulator
Accessory gene regulator B

Cell envelope-related transcriptional attenuator

Cthe_0422
Cthe_3087
Cthe_2100
Cthe_1310
Cthe_3102

C. thermocellum ATCC 27405

Regulation of transcription

CLN3; CDC39; EGD1; SUBL; MPT5

S. cerevisiae T28%"

Stess response under hydrolysate stress

Stress response

DDR2

S. cerevisiae T2

Acetate stress
Ethanol stress
Osmotic stress

gadXW; hdeAB; metA; osmY; pfkB; slp
srIABDE; ibpAB; pspABCDE
betAB; otsAB; prop; yhcN

E. coli K-12B"

Glutathione related

ZMO0759; ZMO0760"F%: ZM01723; ZM01874:
ZM01875°E0

Z. mobilis ZM4BT™

Metabolism under hydrolysate stress

Acetate kinase

Alpha-ribazole phosphatase

Cthe_1028
Cthe_3153

C. thermocellum ATCC 27405811

Amino acid metabolism

alaA; amtB; ansB; argC; asnAB,; aspA; avtA; cysCND;
cysPUWAM; cysHIJ; cysG; gdhA; ginA; gInK; gltB; ilvE;
metQIN; metFLB; metC; metRE; serAC; trpEDCBA

E. coli K-12B7"

ATP synthase

Cthe_2602; Cthe_2603; Cthe_2604; Cthe_2605; Cthe_2606;
Cthe_2607; Cthe_2608; Cthe_2609

C. thermocellum ATCC 274058
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argA-D; argl; argF; artJ; citC-F; edd; frmA; frmR; gadB-C;

Central carbon metabolism _ E. coli K-1287"
gntK; hep; pspD; sriD; yhjX

ech hydrogenase, subunit EchD Cthe_3021

Enolase Non-oxidative PPP pathway Cthe_0143

4Fe-4S ferredoxin iron-sulfur Cthe_3019 C. thermocellum ATCC 2740551

Formate acetyltransferase Cthe_0505

Fructose 1,6-bisphosphate aldolase Cthe_0349

. ADH1; ADH2; ADH5; ALD3; CDC19; FBAL; GND1; . [300]*

Glycolysis and pentose phosphate pathway S. cerevisiae T2
PFK2; PGI1; PDC1; TPI1

Hydrogenase accessory protein HypB Cthe_3017; Cthe_3018; Cthe_3013

L-lactate dehydrogenase Cthe_1053

[NiFe] hydrogenase maturation protein HypF Cthe_3016

NADH-ubiquinone oxidoreductase Cthe_3020

NADH/Ubiquinone/plastoquinone ATP synthase  Cthe 3024
Pyruvate flavodoxin/ferredoxin oxidoreductase Cthe_2796

Phosphate acetyltransferase Cthe_1029 C. thermocellum ATCC 27405541
Phosphoenolpyruvate carboxykinase (GTP) Cthe_2874
Phosphofructokinase Cthe_0347
Phosphoglycerate mutase Cthe_2449
Pyruvate/ketoisovalerate oxidoreductase Cthe_2794
Pyruvate, phosphate dikinase Cthe_1308
Redox-sensing transcriptional repressor rex Cthe_0422

W 1A 24N 3N E S35 78 DNA S F . RNA-Seq. & A F4LF DNA & 4. 1 =M 5 0 R E i ELEIEW T3 F 6. Note: One, two,
three, and four asterisks indicate DNA Microarry, RNA-Seq, proteomics, and DNA barcodes, respectively. One triangle indicates the identified gene by

overexpression.
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oy s F 1) P 4B A PR R 42 A S B Z. mobilis ZM4 2885 [ £ Ty J 4001 420 () 25—
WM (B 5.5), 1 H, ByEEsm ey S A 3 B ER AR A 58 S BT 1 R 241l %
fif. Horb, JE)LEIRM 3-O-HEKRE FIRS 4-FH RNl FREEAT FREsL
PR B SRR AR P2 o FEIIK) Z. mobilis ZM4 28 5% [ Aft Ty F 400 1) 7 () A Qi 42
o, AR RS A R I SR A A-FR ORI I D) . 4R AR
FR-3-FAINARE . FHIR O-LHRAE (RED. FHERBAIMEAR (). L
KR 45-FBUNAREE. PIEH RKHIR O-2% FIEIbEE. 233K -4- SR B R IR 2L
it S 2- b R -4, 6 - R IR K AR BRI RO ST M IR LA S A B R K A B
4% B -A- PP RE -2 IR, BRI 4 W R T A MR AR R bk Sphingobium sp. SYK-61%
R A4 B vk P putida KT24408%! (% 55),

FIHBTONLIE, AFFRAGED P. putida KT2440 KI5 KRS il &8 (PP_2680)5k
T RIS AR R RS YN L. 22, PP_2680 f£ Z
mobilis ZM4 ) 35 A SEILEYBE S0 40 ) S0 =R . DRI, S5 42 R 7 i My /s 17
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58 AE/NE

FEIE TR ARUE, AETWE THE. B ENmIS. PR 55
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(1) FER TR A, A7 7401 (B. subtilis. C. beijerinckii .
C. glutamicum. E. coli. L. brevis. P. putida. T. pseudethanolicus 1 Z. mobilis).
£} (Pichia stipites £l S. cerevisiae) fIZEEH (A. resinae) IS, BRIEE. 59
A 7 1) DG B BE DR JT AR A B o BT R I, By S 0 AR M it 2 1 O SR IR 2
BV RGAAGE R L R Ia PR, IR S0 ) 4 A M it B 1 o< R IR 32 22 AR Ak
R AAia ., s s, QRN EE I SR IR 3 LA
FeIs MR, By B2 AR R 5T 20 4E 30 /K U 2 U [ 22 07 T AR ad A2, (|
A RN 2 5 N [R) i 2R o 41 4 25 /K 38 1 3 R B L

(2) He TR KM VIR B St B R o deih P, ARBE S e 1
Z. mobilis ZM4 2l b fige Moy s 40 i P (R AR i A0 . B TR I, e 40 A A
& 1% 4% /2 Z. mobilis ZM4 2 A b5 figk My I 4705 470 1) D BRI 15 R
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Fig. 5.5 The predicted ultimate degradation pathway of phenolic aldehydes for Z. mobilis
ZM4. Plain arrow and grey shadow area indicate the existing metabolic pathway in Z. mobilis
ZM4; dashed arrow indicates the nonexistent pathway in Z. mobilis ZM4; dashed line and yellow
shadow area indicate the omitted pathway and ED pathway in Z. mobilis ZM4, respectively.

Reductases refer to the key enzyme for phenolic aldehydes reduction in Fig. 3.7.
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Table 5.5 The predicted key enzymes for the ultimate degradation of phenolic aldehydes in Z.

mobilis ZM4.
Enzyme Target gene Source
Benzaldehyde dehydrogenase PP_1948 P. putida KT2440
Vanillin dehydrogenase PP_3357 P. putida KT2440

PP_0545, PP_2487, PP_2585, PP_2589,
PP_2680, PP_2694, PP_3151, PP_3463,
PP_3646, PP_3948, PP_5258, PP_5278,

Aldehyde dehydrogenase

PP_5372, SLG_RS03570,
SLG_RS03750, SLG_RS03840,
SLG_RS04620, SLG_RS04675,
SLG_RS05595, SLG_RS05875,
SLG_RS10085, SLG_RS13405,
SLG_RS13470, SLG_RS13805,
SLG_RS13810, SLG_RS14020,
SLG_RS18880

P. putida KT2440

Sphingobium sp.

SYK-6

4-Hydroxybenzoate

3-monooxygenase

PP_3537, SLB_RS08320

P. putida KT2440

Vanillate monooxygenase (aerobic)

PP_1925, PP_2772, PP_3529, PP_3573,

ZMO1170, SLG_RS01875,
SLG_RS05520, SLG_RS17230

P. putida KT2440

Z. mobilis ZM4

Vanillate O-demethylase

(anaerobic)

AB006079

Sphingobium sp.

SYK-6

Protocatechuate 4,5-dioxygenase

PP_2518, SLG_RS00865,
SLG_RS01635, SLG_RS06125,
SLG_RS18585

Sphingobium sp.

SYK-6

2-Hydroxy-4-carboxymucoate

semialdehyde dehydrogenase

AB035122, M34835

Sphingobium sp.

SYK-6

PDC hydrolase

SLG_RS06155, SLG_RS15495

Sphingobium sp.

SYK-6

4-Oxalomesaconate tautomerase

SLG_RS05680, SLG_RS06150

Sphingobium sp.

SYK-6

4-Oxalmesaconate hydratase

SLG_RS06130

Sphingobium sp.

SYK-6

4-Hydroxy-4-methyl-2-oxoglutarate

aldolase

SLG_RS09400

Sphingobium sp.

SYK-6

Tetrahydrofolate-dependent
O-demethylase

AB110975, AB186750

Sphingobium sp.

SYK-6

Protocatechuate 4,5-dioxygenase

PP_2518, SLG_RS00865,
SLG_RS01635, SLG_RS06125,
SLG_RS18585

Sphingobium sp.

SYK-6
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FEZE®R
BT ST DA By FE A0 P 1) AR DM B 9 U R, JE I RNA-Seq HARFT DNA & 4R

RN T L B AV 2R B A. resinae ZN1 F7= Z. W40 Z. mobilis ZM4 B4k iy i
FFEIE T AL BT TR, @i ik Z. mobilis ZM4 [ & B 2% 5 i #6148
JRARUT AR M E R Z. mobilis ZM4  F & B 2% 1 By B 4 ) M A AR R A2, SEBL T Z
mobilis ZM4 F£AL GBS MHI VIR K BELT 4k 2% CREWVRE G AN 1T 3 B3 T 5% 4 3
PR T 4N A T BE AN B B BN SS . RIS RN 55 IR 28 A6 W 0 B 1) B S R e ae F e . R
WL

(1) T RNA-Seq £iR, A5 K IAMNIEEFNH12 72 A, resinae ZN1 F Ak By i
FOHID) By AL o BN ORI N S A I )R 2 A resinae ZN1 i 5%
NI P BEAC AR I OCHER, TE EURE 2 A. resinae ZN1 A e 0 47 7 R A
AR RS . ABC #iz® A MFS %25 1 /& A. resinae ZN1 F ALy EEHI #1911 3=
BAIZE . K, AT YRR (B os R T A A T A

(2) Z. mobilis ZM4 14 J5 By 0 1 P 7= AR AH S IR I, T ELAS Re 4k SR i Ah i .
T DNA B EAR, BJE. BiEFHEE 2 2. mobilis ZM4 i J5 By B 40 41907 A By e i &
TR I SR A R e AR B, 272 N ER FEIAEEA 560 ME R T IHE
IR 73 P B 36 ANNHERI R 63 M IEFE . AWK E T Z. mobilis ZM4 34 Ji7 193 1 41
HIVI OB R , HEW T Z. mobilis ZM4 34 J5 By 1 0 i AR 18 42 . Z. mobilis ZM4 %4k,
Py P H0 A L EE () B B, 5 AT Z. mobilis ZMA4 T 52 By T 401 1 ) 38 it

(3) It AL TR, AR 5010 Z. mobilis ZM4 [ £ 4% (1) s 3 3k JR AR
B A E A Z. mobilis ZM4 5 B B2k 1y i 0 4 A A AR g 42, LAUEFR =5 Z. mobilis
ZM4 ALY EEAMHIYIRE 1. WU R IL, P. putida KT2440 KI5 NAD ™ 5 7Y i il &
fiff (PP_2680) & $2Em 7 Z. mobilis ZM4 #5 ALK INHI) AR BELT 4E K LRI RE ST Z.
mobilis ZM4::pHW20a-PP_2680 4 Bk 1E 15% (Wiw) [l & & 5 KRS FT /K R K % 24 h
[ RS CREP= 20 2B AR 26 50 il Bont IR B PR3 1 T 63.7%. 100.0%F1 106.3%.
PP_2680 & FATE B AR TR %A LAE)), HAKH NAD(P)" Ak 4R H K HEE, &
B RN 5-FR F R AR A 4-FREOR WG . A LR L WA 2,5-PR IR T H I . (HE,
PP_2680 EAAHE 1 Z. mobilis ZM4 AV K HNH| WA R Be4F 4t 32 ZBERIRE /1, (HRZIF
RS T T R M I 7 AR AR LR . SR 3R0A PP_2680 (NAD'-ALDH) 1 ZMO1696
(NADH-ADH) & Hi, #HEE 1 [ 4b 2 PP_2680 /%5 Z. mobilis ZM4 #5 AL EESRAM kI AN &
FEA YRR COlERe I E RN . — DA R IZ, PP_2680 £ Z. mobilis ZM4 ) 7 i
iR T EB AR (ZM01236 f1 ZMO1596) 1 H'#4iz ATPase (ZMO0667 Al
ZMOO0671) JmhdRE AR L. Bk, ABFFEHEN PP_2680 K A4 1 Z. mobilis ZM4 1)
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(4) FERTH A, AUTFHE 740R (B, subtilis, C. beijerinckii, C.
glutamicum. E.coli. L. brevis. P. putida. T. pseudethanolicus 1 Z. mobilis). E#+} (Pichia
stipites £ S. cerevisiae) 121 (A. resinae) MMy, WIS, 59882 AW N 75 1) oo 2L
BRITC A e o BIFFT I, Py AT 1) P A 0 i 7 1) O B R = 28 R SR TR L B is A
P R SRAN S A V) R O B R DR 208 SRR SR B . s AR 59
R AN BN AW B 1 SC E DR E 2208 S b AR L FRIs FES s i BAR IR BT 41
Y F KRR 2R WS Je 2 5 TH AW 2200 FE e 1a AR5 2 A (R Fh R o 4 4 257K R T
(3L EI T ML o B, ASHF FEHEN T Z. mobilis ZM4 245 B fif By B 100 6 P O A Ui 4%
AR 5T £ 44 3R RS A 8 P A 0 Mot B 1) O B TR TR e A PRI R S, e DAy A P M) T o ) 471 1
YA TR USRS BAEY 22 T R . [, Z. mobilis ZM4 2% % fig Iy i 40 H1 4 A%
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