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Directed evolution of Actinobacillus succinogenes for high succinic acid
production
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Abstract: Succinic acid, an important high-value platform compound, is widely used in chemical,
food, and medicine fields. The chemical production of succinic acid has the defects of high
pollution and high carbon emissions. Therefore, the fermentation method has become the main
direction of succinic acid production at present. Actinobacillus succinogenes, a naturally succinic
acid-producing strain, is praised for the high titer, high osmotic pressure tolerance, and short
fermentation time, thus serving as an ideal strain for industrial production. Improving the succinic
acid titer of A. succinogenes and thus reducing the production cost is an urgent need for industrial
production. In this study, we developed a simple high-throughput screening method by combining
bromothymol blue with atmospheric room-temperature plasma mutagenesis to direct the evolution
of wild type A. succinogenes. A high-yielding mutant strain, A4-K74, was screened out. After
72 hours of anaerobic fermentation in a shake flask, this strain accumulated a maximum of 56.3 g/L
of succinic acid, which represented a 40.8% increase compared with that of the wild type strain.
Moreover, A4-K74 demonstrated good genetic stability. The transcriptome analysis revealed that
the enhancement of sulfur metabolic pathway and amino acid (such as cysteine) synthesis pathway
was the potential reason for the increase in succinic acid titer, which provided a reference for the
future metabolic engineering of A. succinogenes and was conducive to the further promotion of the
industrial production of succinic acid by bioprocessing.

Keywords: Actinobacillus succinogenes; succinic acid; atmospheric room-temperature plasma
mutagenesis; high-throughput screening; transcriptome analysis
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Pl 775 /% £} (Saccharomyces cerevisiae)®™ ™ & fi# ig
HREC B (Yarrowia lipolytica)®- 1045, & 4
T T ZRET R B AR RAR G
T RO, a0 3% R ik 4R AT
(Actinobacillus succinogenes)!'' "2 7= 38 FH R 5
G AT (Mannheimia succinicproducens)!*- 1414 |
XL A Y B 7 i . e ) J i v 2
GO, I EAESE TIA W, Hr,
A. succinogenes & —F A= 198 B H 43 2515 3
P22 [RBATETE, RRRE R 2 R G T —
iRt I HonT [G] B A Fo il RS il , B
)15 T R R AL A succinogenes
S PPV, A A T AT DR E A
K, TEEHA COMIRESM T KRR =S
BT R, i A s T R ERZ .
Xi SGEUIE R SR IE P IS N 21 2% J5 E AT R 1, W
Jin 50 g/L #&E AT 37.9 o/L TR, A7
HKikF 0.75 g/(L-h). Gonzales FE1'R FH 251 4y
[KF- 511 (fractional factorial design, FFD)A1H
U B A e % 52 1T (central  composite rotatable
design, CCRD)X | R Al 1. 2S804k,
WERS T T R e, REHFTT R AR
AR T BT, BAR T AR
Te R TI T iR H 25K k. ik, 4k
S A succinogenes (1 T R R L FEARA
BRCAS 2 2 T R AR AR 2R 4 ) A

SR, HETE X A succinogenes iS4
il A, (R e 6 DR g T, BRI T
XPH AT TGS, FEE =T, Emif
{2 b = A, succinogenes #Y T R R Y
S A A T o e R O A T R A ) )
B DGR . MBI T RSB T
TR, FESMARCE B4 A T R, W]
AEMERER T YO R, B AR ST =
R 1 59 R R/NLIE o BE ik — i 3
TR ARSI A ) H A A R IR R R/
SETT R R TR AR Y e O Uk o AR
R i AR A 2 H R B 22 0k, IR
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il e 3 R FORE B . bAh, Sun SRR T
— T AR LR R U A I i, R
T 1% 38 J i (fumarate reductase) Fll i3 4846 W) il
(peroxidase)FAT iyl BTk o (H G AR AR A
AW BAEE S, RIS A I T R Y
i o EEXT K — (A, ABFFE AN TR
] {58 1 e 2 O R i, AT S B R LA 1)
RAFSCE R T IR m T R AR
J 2 i 45 % F 1K (atmospheric room- temperature
plasma mutagenesis, ARTP)iF5AS () 7k, & W i
1k THF4E R A succinogenes, SLERL T T R
iR 5 e S R e | L2 45 T
M, AR R R AR m TR R R AR T
TR R Y B

i R

1.1 #M#H
.11 FEAFNSNEHE

WA . SALE . RE AR BRI
BERRE B . RO ERR. BERE . iR
AN, SAKAEEREE . ZKAEEMES . oK
IR . BRIREE . FOKRIKEG A 254K 1L
IR FNARAF . ARTP B4 B ML L TR E
RARAYRHABRAF), pH it (Mettler-Toledo
NFED, DIRERFFR{Y (BioTek Instruments, Inc.Zzy
Al), AN AT 2 AR (A
B, HARIE-80 °CUkFE (Reveo 23 Al), HIE
B IR (R BT 2RI ST T A R /), R A0
FH A3 HPLC [ (Agilent 22 )0
1.1.2 E#HRAERE

BBR . 7 3% FRR i Z6 A B (Actinobacillus
succinogenes) A A 5 i & O Bk, T T 2R
FHE™ . R TSB Hig: 3% A. succinogenes [
P19, FIHE G REESRIEITT T R A

TSB 35570 MMM 17 ¢/L, KROHEN
R 3 /L, Hj%NE 2.5 g/L, A5 g/L, BER
A 2.5¢/L, 115°C KFE 30 min; TSB [#{4
B R R AE BB SERE F AL R 2% A Bl
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J&, TSBG & 2xTSB, K Jo Il ALK He 1k %)
50 g/L W EiZ0E, JFFHZKANE .

BAKERFEE. BRI 10 gL, BRI
10 /L, BER A48 1.01 g/L, BERE M
031 g/L, S4kEN 1.0 gL, AKEFEEE 02 gL,
TOKEEAES 02 g/L, ZEREN 1.5 g/L, BRIREE
100 g/L, Fi%H% 100 g/L, fEITCRHE 100 ul/L,
H R R AR 200 mg/L, MR
200 mg/L, Hif%ZX 500 mg/L, X 500 mg/L,
HHER 500 mg/L, iZMR 500 mg/L, Xf4&FEIK H R
500 mg/L, #i*FH2 500 mg/L, VB, 10 mg/L,
VBs 1 mg/L, 37K RUEMIBR T .
1.2 EFRFE
1.2.1 E#HREF

WA e HHIM A 19 A succinogenes #:F &
A 3 mL TSB K375 5 mL EP 4+, 37 °C
Fig% 36-48 h {Efk, AR, H—H
Pl 94 2% AP 2 2 54 100 mL TSB
BRFREE 250 mL =i, 37 °C. 250 r/min
KR % 12-16 h 349 9 Fh T .
1.2.2 %REHEFR

A. succinogenes 7E 5 A3 100 mL &2 & & BEL:
FRIEM 250 mL MLVE R P HE T IR E R BE . B JE,
) A ML TP AR I MgCOs K 2xi B A R %
e, KW G P B, FF LIS K AR
JE 100 mL. #% 10% 2R il — 0P 7 i /b
BEARFEIF, 37 °C. 250 r/min REH;
72 h,
1.2.3 ARTP BT 5%

BUE R X PHOU R PR A A B KR 2 1K,
Bifi J5 A R A B R K BB B R H ODgoo 7E
0.6-0.8 Z b, LRI TFH 10 pL FEHERY
S TaRE A L, 17 ARTP . %
ATHESELE N 100 W IR | 4isiimisE N
10 NL/min, FESFIEES 2 mmPY, RJ5LL 10,
20, 30, 40, 50, 60, 70. 80, 90, 100 s (¥
SR B ) (AT PR E A T ARTP 3545, 0s HXT iR, i
LR S, A TS 490 pL TSB A RS 3%
Hiy EP B4R 10 min, BA{EER A A EIA

Z&: 010-64807509

I DL el 2 3G S5 b o R 3RS B R B
AT Z A BB R, A AR A T TSBG [ {4 ks
FRHE b 37 CCAMETFRIFR 2-3 d, BHEK
3 14T, ARTP LR (%)=[(R 75484 FE Y
TR 7% B — 175 748 Ak B S 1) TR 7% 280)/ AR 175 72 b B
R 75 £1]%<100%
124 EREHMLEFE

JE [a] AL —FP BT 1 F SR 2E Ak
R EOR , I A 51 A G2 I it e £
J1, PR B R e s R AR AR
YA REI AR5 SR B LSS A8 (ARTP 15
AN F DA R AR SR . B, SO R Pk ik
KA AR B B TR 7, #4296 fLAR
BigR 12 he BEFRIE IR FIRPE A RS 2 mL
REERE IR RN 48 fLAkr, SRATIRAE I . K
SERE . FIFTR AL W FL AR & AR A T
A R L o WD RAS BB b i — 20
PR R M AT R0, SR &M i S0 AH 83
(high performance liquid chromatography, HPLC)
X A e AT w0, DA S O
TE TR PR
1.3 NG A
1.3.1 EFRENE

B 2 A HCL 3E Y B UL L BR ik R
B, HAHKmERAIEER, HESTIL
H IR BEFR UG E ODeoo 30 1H , 1524K
IFidsk .
132 REERPEHEE~SENE

X & BEREAT B O AL B, B 500 pL g
I 10 mmol/L Fifi FRF B S5, FH 0.2 pm 7K &R
VBT UE . VB &4 M RO A A3 (HPLC) &
AT A LR ™ BRI E o SO A (L% (Agilent
S ENDAL % T HPX-87H 43% 4 (Bio-Rad A ),
G 00 85 Sy 78 2 A6 0 8 B 58 A G I 4% (210 nm), i
AR 5 mmol/L AR, i A 0.6 mL/min,
WL 50 °C, #EFETE R 10 pL.
133 EREABEENF

A. succinogenesif; A% B Ak A4-K74 7E 37 °C,
150 r/min }55% 10 h j5 4B H 240 DNA H T4
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A LD EE I T o DU A Hh 95N 4 MER A
YR R F e, SEEE R A 4% 7Y 55 K 41
DNA f#il#& T Mlumina™ —fCIFF-5 4 DNA
SCHE L e 58 U B A B A 7 B DA = e
RRE TR, 52 AN A succinogenes
130Z (GenBank #35%%: GCA_000017245.1)i
FTEEXt, f#FH Fastp (v0.23.0) 5Bk T #:3L 741
PCR 5% \N Tl AEEC T 14 1 Q20 1K T 40%
B4 . di ] Sentieon (V202112.02)%5 5 € )5 (1
s T2 SN, LBREE P TS
¥ 7 1R A8 5+ UL 4 A/ Bt 2% (single  nucleotide
variant, insertion/deletion, SNV/InDel) &Gl , 18 i
Annovar (v21, 2018 4 4 H )B4 K 51 i)
SNV/InDel #47IHE: ¢
1.3.4 BFRESH

A. succinogenes AT AS-1 FIFEAR B Ak
A4-K74 7£ 37 °C. 150 r/min 5/ F 5595 10 h )i
PEHC RNA H T 5 s (A 2l . e T
VE Fh 70 P e ME R A BB R ) 58 i e 9% o
KA A% B RNA #EAT SCEM &, FEfE H T
Nlumina HiSeq “F & #E4 754 S5 o ) 58 i
J& B e R IR RO AT B AL O A R
Cutadapt (v1.9. D)7 08, EBRisY. #L)7
G AR5 5 FP 41 %%, F A Samtools (v0.1.19)%k
43R SNV/InDel 455, F Annovar (v21, 2018 4
4 FOEAF 5y AT R . HE R R IR T
Htseq %1 (v0.6.1)i8 i 5 T LS AR A 7
He X EE 80 Y F BB s (fragments per kilobase
per million reads, FPKM)P2 -5 KL [ i) 2 ik &,
HHF EdgeR (v3.28. 1) F70 A 52 3 41 -5 % iR
2l ) 2= 5 1k it [N (differentially expressed
genes, DEGs). & & ¥l & (false discovery rate,
FDR)FIAZ 1E J5 ) P {H(adjusted P-value, Pug)3/~
A X, Q H(Q-value) W& 5T P {H ™A% 1Y
FDR 11757 . DEGs R 5511 Jy 28 SR
k78l 2 504 H Q-value (FDR, P,)<0.05, &
— T HERRBIRENNIIGE, 1T GO &
T F KEGG 18 B B 55704
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1.3.5 XREEHFR PCR

¥ AS-1. A4-K74 iG55 44557 10 h,
it FHVL 935 B Sk 22 28 W) B4 0 A BR 2wl 1Y
RNApure Bacteria Kit . HiFiScript gDNA
Removal cDNA Synthesis Kit #£47 mRNA $#2H
ZBRILF L] DNA K S 5% 4 i, cDNA IR
W S 2H A BEZH 19 cDNA BRI 50 ng/uL
feAi, W 16S rDNA 1E NS HH, ]
UltraSYBR Mixture X A [R]Ff f (1) 22 A~ 3 R g
A7 52 I i i s RS BB EE XV (real-time
quantitative reverse transcription PCR, RT-qPCR)
Wi, AR 278G P PR IL R A ik i
5190 e 7 4 ME R AR IR RS 75 A
(#* 1.
2 BREHM
21 BT ZEBESFEMKNSE
%777k

REERIFEh 2Pt KR T R R W )
pH R, A St pH 4878 B9 7 @y &
7T R AR Y e A R O % v . pH R R AR
AW pH 440 F HA B A2 RG5Ok
FEER, b pH 8- FET T
TR TR RIATI . A TS IS pH 48
AR, B G R R R AR S AR T
TR B TR(20, 30, 40, 50, 60, 70, 80,
90 g/L), BN A LS oI5 R AW pH 1B DL . &
iF 10 FHR RIS, 43I ¥ WY pH EL (T 1A).
RIFEE T R ER T, KWK pH (HIZ
WIREAK, 0-90 g/L T M B 10 f5)5 1) pH
EYE R 8.47-5.62, P& T R MIFH &,
BT IR EE T 1E  pH A AR b & i AR
N B, HEFE pH I EE R B AR L
R pH H/RF B XELE, HRfRE R
W s 1Y pH F5 /R VLA 6.0-7.6, 24 pH iZ#i A
7.6 FEARE] 6.0 0 €523 A (0 2 2 4078 g v

Y

i

Hlillﬂ
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F1 ERREEELK RT-qPCR 3|H1F7
Table 1

Differentially expressed genes and RT-qPCR primer sequences

Locus tag Gene name Prime sequence (5'—3") Product size (bp)

ASUC _RS08750 cysG F: CGCACTTTTTGAGCTGGGAC 124
R: CCGGAATACCCGTTCGTTCA

ASUC_RS08755 ASUC_RS08755 F: AACGACAGGTTCACGGGTTT 178
R: ACCAGCTCAAAGTCGTCTCG

ASUC_RS08760 cysT F: TTATCAGCGGTGCCGGTATG 161
R: TAATGCTACGACCGATGCCC

ASUC _RS08765 cysw F: CGCTTGCTGCCATTTGGTTA 161
R: CACGGGCGAAATGGAAAAGG

ASUC_RS09545 ASUC_RS09545 F: GGCGGCGAATTTATCATCCG 152
R: CGTTCGTTGCCGTTGTGTAG

ASUC_RS10895 cysK F: AACACTTCGGTCAAAACGGC 151
R: CTGGTGGCGTCAACGATTTC

ASUC _RS08745 ASUC_RS08745 F: GGAATTGGCTTTCCGCGAAC 181
R: CTGTTTGACGGGTTTGGTGC

ASUC_RS03370 ASUC_RS03370 F: ATACTGTCGAAACCGCTCCG 187
R: ATTTGCACCACTTCGCGTTC

ASUC_RS08735 ASUC_R08735 F: AGCAAGTCACCGTTCGCTTA 174
R: CGGTTTGCGTGCCTTGTTTA

ASUC _RS08740 cysD F: CGTGACGAAGAAAAAGCCCG 172
R: TGTCGAGTTCCGTCCAGTTG

- 16SrDNA F: ACTGGAACTGAGACACGGT 187

R: GCTTCTTCTGTGGCTAACGTC

o, LI 60 i B AR, REAE RE T (R] N (G
HAE LA B ) 58 B e AR AL, i AR TS & & il
. WA RBIER pH fHRER ST 2R
BEEEVAS TR pH U A B S EAE, HEiM A
B . HFX5a, FERHEERNT Re
7 TR PR ey A O 3 AR S R

TE il R e L AR I AR IR R 48R
FI AT BE XA 5 SR A 2 AR A T R R
FERIFE /R FNAS IR, 76 96 TFLAH I A R He
FER) T RV, Bl S 3 I AR R AR AR
B s (ARFEL 43R - 17400, 1/300, 1/250,
1/200, 1/100., 1/50. 1/25)@A7M4, LA
FIVE TR AR TR E S 200 pl. 45 5RFEH, (AR
Ft ok 17100, BUANA 2 pL S BB A0 45 /R 57 BE
i o 2 b X A AR T R (& 1B). FIH
PRFLEL R 17100 B9 BLED AN T PRV R Y
gife, 2555 pH Z iR i a8 fb—30, Bt

Z&: 010-64807509

P P I 5 P ) o Y A A Ry 5 R M A 85 v
MR, e TERRIE S AR L . R,
FESZR S AR IR B AR T R A T
TR R g feoe i, B e
15 min PR 23 A2 B B AR A o 1A R A (4 B
R M il R AL T T S A I

JE T B A A 1) R A 7 3% I RE S 2k O
e, AEENGEE BRI T R, Hik, B
FR T H Y A S KRR AR R T R O AR
b, FFUASE AR b e dg s T R m ARk
HAEEE X, MRE B iEN i 74e
WA, S5 R R W A O KRR
AR —, HAp A B BAFIENER R 2, 3. 4, 5 g/L
TR FE I TPAE 615 nm 7E 615nm
WK TR E EmEsimr e, 7. 8 g/L T R
VSR TT B S W A, R D AT BB R TR A A I AR 1
TSRy E A, mEaSm pH &
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P R 0 RN 2% € i R R IS R — B, Rt
F 615 nm T G B AR IEIE(E 1),

Bl 5 4 R 2 G R B RG 97 JE O ) T 1R
WIRFREIG A 2 uL (R 1/100)R A
R W DU W GAEL, BCH pH R 5.0-8.0 MY ZZ i
TEAE B %] R (] 1D), 7 B A HPLC il %8 1%
WH T RS, XFH HPLC A gs AR G
HEEIENOCEIT R, 5RKRUE 1E), RE
HE I ERAE 615 nm AbRWOCE SEwh T
TRWE R LR, KEXLRTEN y=

RGN SERE , x [ NERP T R M
JEZTEAE T R IE R 2-8 /L il N R
R ARSI X I R A T
MR . B2, RTRAERHENAFET R
W R (I (S Ak W TR A 615 nm R WOGRE E
RO, BT B s e T R Rk
2.2 ARTPiEZE A. succinogenes i & 4
ik

W4 B 2 TR A succinogenes P 2% it 42 il
R TSB #5373, 430 F 55 5% 14 (250 r/min)

—0.056 86x+0.473 96, REiLF] 0943 7, Hry(H  FMRHH (150 v/min)scE T AT 37 °ClE RS

A g B Dye concentration
8.5[ 0 [IRG TG
8.0 - 1/400 |-
75+ 1/300 r' k<
T 70} 1/250
6.5 1200 |
6oL 1/100 | :
551 1/50 & : R
ml T | e e
o 2 4 6 & 10 02 3 456 7 8 9,909,008
Suceinic acid (/1) Succinic acid (g/L) &Q\b&
C D Succinic acid (g/L) E
Lo —og 0234356780
i - -2g/L LRRe e 5, 04F  y=0.056 86x+0.473 96
0.8} 3L R*=0.943 7
—--4g/L 03k
0.6 ===43 gjL 5
Q i ~6g/L s
S | 7 g/L. 8 02t
04 -~ 8 gL .
02} 0.1+
N s e = 2 e e NS 00— 11
%QQ")"Q & ‘:“Q ‘;’Q S S oS '\?zsb?z?' 2 3 4 56 7 8
Wavelength (nm) MEENEN Succinic acid (g/L)

1 AR pH EREBEMEAART ZBRREFHTHREMBAETNL A LULBEIRENR
A TR BT R R pH I EAEL s B AR BR B 158 v L 1y o i 0 PR kT R Y B (7
ks C: I8 BB AR S FITEA R BE T IR P Aol D IR A B iR e A R T —
MR P S E L B WA BB EETEARIRE T BRSO 5 T R A RS .
Figure 1 Changes in solution pH and color and absorbance changes of bromothymol blue at different
succinic acid concentrations. A: pH measurements of different concentrations of succinic acid solutions
prepared in fermentation medium; B: Color changes of different volumes of bromothymol blue in solutions of
graded concentrations of succinic acid; C: Full wavelength scanning of bromothymol blue indicator in
succinic acid solutions of different concentrations; D: Color change of bromothymol blue indicator in
different succinic acid solutions; E: Linear fitting equation for the absorbance of bromothymol blue in
succinic acid solutions at different concentrations versus succinic acid content.
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35 . FEBE 2 h BUREIN 52 ODgoo 284k, 221 B A 774
FRRAAE R 2R (B 2A) R PRAR B4 o i T k2
KW EL T s s g8 . A, WRTERFE 4 h
A F A R T AT B R I, FERE R
6 h B PR A R B PR o Y B R A T X E5OI B R
20 DNA ST KRB ], % Bk
TR A o i AR A 4 B 5 IR AR
R, PR RE 9% 6-7 h Je A EFAE 7T AL succinogenes
YE ] 74T ARTP 15575,

TE ARTP 5780 [E] 5 1T, A< A5 AR H 2
ARBEL R 2 HR R T BUEE AR D, TR
B[] R ) 2 S BOR R R WA, 3
ik TAE R E K. UL e AR i E] X F J5 3
A. succinogenes & M dEfb G, MR
WA P Y BOFE 5 ph i T AE 15120 s Z [A]20,
VEBEFREE ARTP 3548 [H] (10, 20, 30, 40, 50,
60, 70, 80, 90, 100 s)X A= 7 G k21 iR
FE2 1 BF A4 I A, succinogenes [k AE 2 i1 45 .
ZEHRIT, ANZaE 10 s (7578 BVAT R A8 M
T0%HI Ak . it 20 s AR [B] 5 Bt R
80%, JfFifi 548 B B) (9 SE 2818 T, AR
50 s J7 BIERILF] 93% (K 2B). # &3S AY A
HVE R AT KL KD, ARTP 548 E5E

A
1.2 -
®— 250 r/min ®
oL —®-150¢/min e g
I [ =
0.8 - .
20,61 »
8 ™[ !
0.4 - /
02| P
| | | L | | | |

0 2 4 6 8 10 12 14 16
Time (h)

FIE 90%L AT, K G SRR R AR R A
FE R IE R IE P Rk, BT A
K 50 s () ARTP 5728 i} .
23 EEHKEESST ZBRH
A. succinogenes

DA e 8 o 0 3k vk O A, BRI X & ik
ARTP 1578 5 0 58 748 SCPE A7 B RS I 0 2
(K 3A). B EXTTERI#EAT ARTP 840 H 5,
B WOE R S VR A T TSBG Ftl, JREHR:
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Figure 2 Optimization of ARTP mutagenesis conditions in wild type A. succinogenes. A: Growth curves of

wild type; B: ARTP mutagenic lethality curve.
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(ASUC_RS11105) Fl filf Fix &% 5% ilf 72 Be 4 /0 PtsH
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AN P A BT BURCRP ) TP N-C
A AR AR R A B IR AN AR B IR 2R PO A
P IET SOS J2 i (SOS response) ) DNA i {715
I M SR DA AR WV RE T . TR MR A 2 ) e
SRR B 2] figiE 2k 22 T Y A M A G AR
TE 8 iR 0 P %) A= R0 S i R MR W],
R A M R A QU RN s i S G B g o T
R AR
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Table 2 Resequencing mutant site changes

252 EHRASHER

R T TR A4-KT74 1T
R i = HL, ERE R AR AS-1 F1 A4-K74 it
17 Sy e b, EEES RNA U7
(RNA sequencing, RNA-seq) ;. % it & A
KIOEIE . Q20 F1 Q30 3 HIAE 98%A1 95%L)
(B RMAEDR =R P L, BF5:
NMDCX0002084), #H] RNA-seq 45 45 &
R G ST R T AT RE B B . A4-K74 5 AS-1
AHEE, £ Q-value (FDR, Padj)<0.05 B &4,
A 13 DEEFEA0 A EEEERF 3 AT REE )
£ A4-K74 HhRiRZFRE] 2 50 L. BIEP
FEN FEZALHE ABC Bz &1 . Alh& 2 n e
HAb PSS B PR BE R, T R S R D g 8 15
AR SlyX KiGE M (R 3).

Gene Locus Protein product Mutant amino acid
ASUC_RS01455 fusA Elongation factor G V539G
ASUC_RS03800 - Peptidylprolyl isomerase L110L
ASUC_RS04615 fabB Beta-ketoacyl-ACP synthase | G304G
ASUC_RS04730 rng Ribonuclease G R392H
ASUC_RS07820 nagK N-acetylglucosamine kinase T298A
ASUC_RS11105 ybfE LexA regulated protein T64fs
ASUC_RS05155 ptsH Phosphocarrier protein Hpr 40_42del
ASUC_RS05455, ASUC_ — 0mpA  FAD-binding and (Fe-S)-binding domain-containing protein; —
RS05460 (dist=286) Porin OmpA

ASUC_RS09280 (dist=652);  tolB; tolR Tol-Pal system beta propeller repeat protein TolB; Colicin —

ASUC_RS09290 (dist=532)

uptake protein TolR

fs: Frameshift; del: Deletion; dist: Distance.

#*3 ERREEENLARTEER
Table 3

Significantly differentially expressed up- and down-regulated genes

Old locus tag Locus tag Gene name logx FC Product

Asuc 1691  ASUC_RS08750  cysG 3.931 858 Siroheme synthase CysG

Asuc 1692 ASUC RS08755 ASUC_RS08755 3.390 545 Sulfate ABC transporter substrate-binding protein
Asuc 1693  ASUC RS08760  cysT 3.053 133 Sulfate ABC transporter permease subunit CysT
Asuc 1694  ASUC RS08765  cysW 3.097 264 Sulfate ABC transporter permease subunit CysW
Asuc 1843  ASUC RS09545  ASUC_RS09545 3.070 169 Transferrin-binding protein-like solute binding protein
Asuc 2108  ASUC RS10895  cysK 2.882 444 Cysteine synthase A

Asuc 1690 ASUC_RS08745 ASUC_RS08745 2.848 876 Phosphoadenylyl-sulfate reductase

Asuc_ 0651 ASUC_RS03370 ASUC_RS03370 2.716 543 Carboxymuconolactone decarboxylase family protein
Asuc 1688  ASUC_RS08735 ASUC_RS08735 2.680 606 GTP-binding protein

Asuc 1689  ASUC _RS08740 cysD 2.655 200 Sulfate adenylyltransferase subunit CysD

Asuc 0820  ASUC _RS04245 ASUC_RS04245  -3.034 370 Hypothetical protein

Asuc 0423  ASUC RS11280 ASUC_RS11280  -3.078 800 Hypothetical protein

Asuc 0680 ASUC RS03515 ASUC_RS03515 —2.693 860 SlyX family protein
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