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Fundamental analysis of Escherichia coli mutant S17-3 capable of
high-density growth
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Abstract: [Background] When Escherichia coli K-12 mutant S17-3 carries high copy number plasmid
pBHR68 expressing the gene cluster for synthesis of poly-3-hydroxybutyrate (PHB), it presents some
special physiological features, such as high-density growth, low pH tolerance, and high yield of colonic
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acid (CA) at low pH. [Objective] To systematically explore the molecular mechanism of high-density
growth that related to strain (E. coli S17-3) and plasmid (pBHR68), and to reveal the coupling mechanism
between the high-density growth and the anabolism of PHB or CA. [Methods] We dissected the plasmid
composition and the gene structure for CA synthesis pathway that might have caused high-density growth,
searched for key mutations by multiple genome alignment analysis. The transcriptomic data of E. coli
S17-3 and its growth performances in different media were scrutinized, the functions of the verified genes
were analyzed by gene knockout. [Results] The high-density growth of E. coli S17-3 was related to the
overexpression of the whole gene cluster for PHB synthesis, as well as the multi-site mutations within
rhsA4; RcsA may play as a key factor that not only regulates the production of CA but also mediates the
channeling of carbon flow during E. coli S17-3’s growth; The knockout of key enzymes in CA operon led
to the increase of biomass at low pH; In addition, the high-density growth of E. coli S17-3/pBHR68 may
also be related to lactose metabolism, since /acZ null mutation abolished the capability of CA synthesis as
well as the high-density growth. [Conclusion] We analyzed the factors that may link to the high-density
growth of E. coli S17-3, and found out some important clues which laid a research foundation for studies
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to remold E. coli S17-3 as a chassis cell for production of oligosaccharides.

Keywords: Escherichia coli, high-density growth, poly-3-hydroxybutyrate, colanic acid
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Table 1 Strains and plasmids used in this study

Strains/Plasmids Characteristics and description References

E. coli strains

DH5a F~ #80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(x, , my") phoA supE44 thi-1 Lab stock
gyr496 relAl A~
BW25113 F, A(araD-araB)567, lacZAT787(del)::rrnB-3, LAM , rph-1, A(rhaD-rhaB)568, hsdR514 Lab stock
S17-3 A mutant strain derivated from E. coli S17-1, with mutations at cyad, csrA, pgi, rhsA, etc Lab stock
S173T7 S17-3 rrsG::Pp4-lacl-T7 RNA polymerase cassette Lab stock
S17-3 Augd S17-3, Augd This study
S17-3 Awcaj S17-3, AwcaJ This study
S17-3 AresA S17-3, AresA This study
BW25113 ArhsA BW25113, ArhsA This study
S17-3 ArhsA::rhsA ~ S17-3, mutated rhsA replaced in situ by WT rhsA from BW25113 This study
S17-3 AlacZ S17-3, AlacZ This study
Plasmids
pKD4 A template plasmid for fi+-flanked kan cassette, Kan', Amp" CGSCP!
pKD46 A temperature-sensitive Red recombinase plasmid containing A-Red genes (gam, bet, exo), CGSC
oriR101, Amp"
pCP20 A temperature-sensitive plasmid containing FLP recombinase, 0riR101, Amp", Cm" CGSC
pBHR68 pBluescript II SK(-) derivated backbone with PHB synthesis gene cluster phaCAB A gift from
CHEN
Guoqiang
team!®!
pBHR68-Ptac Backbone of pPBHR68 with phaCAB under Py, This study
pBHR68-PxylA Backbone of pBHR68 with phaCAB under P4 This study
pBHR68-T7 Backbone of pPBHR68 with phaCAB under T7 promoter This study
pBHR68CABec Backbone of pPBHR68 with codon optimized PHB synthesis gene cluster phaCABec This study
pBHR68AT pBHR68 with the deletion of CAB terminator This study
pBHR68-C pBHRG68 with the deletion of phad and phaB This study
pBHR68-AB pBHR68 with the deletion of phaC This study
pBS+CAB Vector pBluescript II SK(+) with PHB synthesis gene cluster phaCAB This study
pBS-CAB Vector pBluescript II SK(—) with PHB synthesis gene cluster phaCAB This study

R2 FHAREMASIY

Table 2 Primers used in this study

Primers name Primers sequence (5'—3")

pBluecirF TTGCGGCCGCACTCGAGACGCGCCCTGTAGCGGC

pBluecirR TCCTTTCCATAGGCTCCGCCCCCC

CABF CGGAGCCTATGGAAAGGATCCCCCCGGGCAAGTACCTTGCC

CABR CTCGAGTGCGGCCGCAAAGCGAATTCTTCTGAATCCATGACCAGCTGCTT
lacZ Ant HAF CCGCTTGCTGCAACTCTCTCAG

lacZ Ant HAR GCAGCTCCAGCCTACACAATCGCTCAGCTGTTTCCTGTGTGAAATTGTTATCCG
lacZ Pos HAF TATTCATATGGACCATGGCTAATTCTAATAACCGGGCAGGCCATGTCTG
lacZ Pos HAR CATGCCGGTAATAATCCACAGCAGG

fkanF GAGCGATTGTGTAGGCTGGAGC

fkanR GAATTAGCCATGGTCCATATGAATA
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Tanon EPS300 HiVK{X, FiREREERMHEA AR
NanoDrop 2000c 43 %% it . GeneRuler DNA
Ladder Mix: FEBRCHRBHE A5 fHIREE IR
. MR TS EIRREEM, SRR
il 3 A7 FRAF

1.2 A%

121 BFREREABEH

FF KGR A I R B 35 97 560 LB 55557
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¥ 5.0, ¥ pH & 7.0, 1x10° Pa EEZEA KA
20 min. fAHPTA RGNS, 2EHFRIE AR
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MR FAPE R 50 ug/mL, FEE R 25 ug/mL,

B IR R SR BB URAE LB R SR B A T
KWRE R 20 /L (A HE SO AR IR, i
FLMESE . LBG Ri#h LB WiRK:FRIEHmA
20 g/L #i%ghli. KRIGHFRTIRIE T ™ CA WIREFR 5%
4 500 mL $EHH A 50 mL & Bk I EE 573,
FIIH 3 mol/L () HCL ¥ W 55 7 BE A ) 4y pH I 45
F 4.5, KRIHFFHEAE 37 °C. 200 r/min 1HIF$E KR
VAR
1.2.2 FRHRMERKETERET

AW ST, b R TR R e R R
ClonExpress II One Step Cloning Kit, 4457 ' PCR
P13k 0525 SCHR[ 7] LA pBS-CAB 4 22 4 41,
AR IR B B BEnT LU ] EcoR V/BamH 1 XL
pBluescript 11 SK(—)Jiih, LLiIEHHEE K . #E
g |l 345 5 s fili A pBluecirF/R 51 #)%F, DA
pBlueScript 11 SK(-)BTki Atk PCR 43 5k15 .
1/ A Bt PHB 4890775 {fi | CABF/R 54¥%T,
Pl pBHR6S Ji ki A # PCR ¥ 143545 . PCR 1
() DNA h Bt Zid Dpn 1 BGUITHBRBN, B -4
R AL S BURBAYE . 384 PCR ¥ A &4l
0I5 D AR AR BV B, 158t A D AR R
Bl P AR G 1 B S B AR 1 R N AR R
RN BHR A EEAL E. coli DHSa JEZ 25400, T
7% PCR P24 20N - 30 3 1E W , % pBS-CAB JFiki

P 5E A

E. coli S17-3 Hl E. coli BW25113 (4L fdi ]
LRI OB LA TR BN SR LR
FEWE PR EC2 By, it LA 2 500 V.,
BN DNA F- Beali ok (1) 852 245 40 i 55 7% 21 v
AR AR B A, FLT S S22 700 uL LB
WA RSP, R E] 1.5 mL EP &, 37 °C,
200 r/min [EIRFERPIEE 1 h J5 IR A RLPUEF
WRi e, PRECREE & UE T PCR, Jf%F PCR F=#ilt
A7 Bk o
1.2.3 EEFERK

KIGHF R A FE A i {5 B Red T RGE5E
B, ZRGAE Bk pKD4, pKD46, pCP20Y,
BI A 25 1 R R 2 1 K A TR 35t AL AR g o
(The Coli Genetic Stock Center, CGSC).

VAFE E. coli S17-3 MR EBE lacZ A, &
JefdiF lacZ Ant HAF/R | lacZ Pos HAF/R 5| 4%,
PLE. coli S17-3 W N, 737 PCR Y73 lacZ
{5 BN 300 bp MRS ; (1A fkanF/R 514
X, LA pKD4 Mfit, PCR #4544 Kan' i dhn
1CHY kan Cassette, L) I+ i Bt i Fusion-PCR #%4%,
Fusion-PCR J5 ik W52 SCHK[9] . #4& BE I 3i# [R) I
& —kan Cassette— I {li¢[R) IR 7 & 42, T T
aifbJ5f . ¥ pKD46 B A E. coli S17-3 W,
AR R LB Hi5R 0k, BT 30°C H53%, Wi
B RIS S5 b Red S BEAY AT R4
JRZ AN ; TR FIR Fusion-PCR %% DNA
R BAEAL RS2 SN, lacZ % kan Cassette i,
A% Kan' 4k B pCP20 7% A Kan" ) EE 4
Wrh, FIH pCP20 FRikfh Flp H A& IR
FRic; feJrilad 42 °C Y s 35 1 PR TR O sk
pKD46 F pCP20, 153 JCHLHY E. coli S17-3 AlacZ,
1.2.4 CA EZEN

MISRZHE CA %) B it 2 3 Ao o U bl 5 o
223 W B 5 A o BT S48 Tl b A B s v il
22 M50 pL AN R BE i B AR IR A, A 4.5 mL
14 mol/L #RIRIEWE , Bh/KIY 20 min, B HIZER)E
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S i e ODsos Fll ODyy7, FHIA 100 pL 11
1 mol/L Pt Z MR B PR ER I WL , PRI E H OD'306
M OD'47, HE H AODsgs (OD'396~0Ds3gs) Fll
AODyy7 (OD'427-ODup7) o VA BEME VR BE A Ry 1 A
bR, DA AOD3os—AODy7 VENIARR, 225wtk
WRE AR E 2, THE R R R
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MRS M LR g b T B R B RS
CA Iy !
125 ERENF LN REEREAF ST

E. coli S17-3 KA T {4 A 1llumina
W FE 5 % o DU A R 3635 A= A ml S8 . DI P A%
2 B 3 K4 ¥ 51 A BW25113 3 [H 4] (NCBI
Reference Sequence: NZ CP00927 3.1)Hexf, #4r
FARZ R 22 AN PR AR 58728 73 A

N T AT S AR B 3 b, 1 S T A
(IUESS . ¥ E. coli S17-3/pBHR68 Fl E. coli S17-3
BERP RN WIHA pH 435114 7.0 F14.5 i LBG 5553
ARKMARWVEREMIERZL 9 h B, E coli
S17-3/pBHR68 Fl E. coli S17-3 H5F# Ik 00 40 o 25 FiE
IR 225, I RS SRR 23 A T R ORAT
BRI FR AT 3 A S IR R R
il A8 FH AR TAE W) TR () e A A FR 2 7] 5 B
mRNA $& IS5 8L 5L s AN, A1 X 45
FE IR B R TR 1 25 F Ak 43 B

2 R4
21 RENESHNEEELEKSHA

pBHR68 J&—Ffm#5 DL ki, J& E. coli S17-3
B AR CA MRty —, ArR &
B, RIS DUk RIA R PHB #2401,
E. coli S17-3 H AV BRI R % B A KB4 k0,
I, AFIEET W% TR B 2546 9 T R 9T, 22
S JORINT R, %50k pBluescript IT SK(-)#k
A58, AE BamH 1 /EcoR 1 XUBEI 4 22 [A]

i Ak A % IR B3R W (Ralstonia eutropha)f) PHB
G AT, A6 LK 843 bp MYJS B IX I
CAB Promoter . phaC . phaA . phaB I F K 568 bp
A2 L X 3, CAB Terminator,

RISk RERE I % E. coli S17-3 5% & =
K FHLEE, X%} pBHR6S HIFEIATCIFHEAT T4
PealBiok, WA )5 871X 3 CAB Promoter
Gy SRR R B RIS ST Prie Pagua A1 T7
Ja ¥ ; % phaCAB B, 15T T KT
HE T4, ¥ phaCAB 545 i phaCABec;
Xf & PHB M58 8T, /0lEk phaC.
phaA-B. CAB Terminator J3 41 ; X J5UA Uk 244 1)
, B R a5 IR pBluescript 1T SK(+)F1
pBluescript II SK(-), WK 1A 7R, 3 FHEHSE
U5, ¥ pBHR68-T7 HLEZ AL E. coli S173T7 Witk,
E. coli SIT3T7 N E. coli S17-3 Wbk, HAE
KIZH%E 5 T T7 RNA SRG R FIRE , HoAh Ok 3
HHEAL E. coli S17-3, £ AE A FMRI T IES
3%, 72 h J5 I Z AR ODeooo WK 1B PR, &
Xof TSR AN ) G 1A 3264 7 1 At 230 A [) i s A1
T E. coli S17-3 BRI LB W), #4F% PHB
FRY\ - v 4o DR (e R e 2 R AR ORI 2

745 520 pBHR68 LA pBluescript 11 SK(-)
B EE, A pBS-CAB #LTARERN ODgoo #1 2
EEAL . S — 2T S X & B, pBHR68 Al
pBS-CAB )74 s FEARRL, (HAE 4 NMifik
A R SR A, o 3 AN TR £ SO 6 A
b, kb S ARAE R S A LR LS ori Y
(148C>T). Mehbh, BrRiFE B KB, 7E [F—fit 5
R A O AR v, R TR (WD 45 AR ) A Y 40 M
pBHR68 1) Jot b $12 HC i 4K SR 2 J53 bz R /INAH [ 1)
PBS-CAB 1y 3 {5 LA I, HEULHENIAL F ori A7 451
LR AR T T pBHR6S A5 DLEL,
TRGFE PHB & MBgHYRIA G, SmifeisT
E. coli S17-3 BRI M & EAK

e
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EcoR 1
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. ampR \ > > _ >
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Figure 1 Analysis of pBHR68-induced high-density growth

CAB promoter

" BamH 1

pBHR68-PxylA
pBHR68-Ptac

P, P
pBHR68-T7 ik

T7

Tac>

Note: A: Plasmid maps of pBHR68 and its derivates plasmids; phaC: Encoding poly(R)-hydroxyalkanoic acid synthase; phaA: Encoding
acetyl-CoA acetyltransferase; phaB: Encoding acetoacetyl-CoA reductase. B: Cell density of E. coli S17-3 transformants harboring

different plasmids

22 2EFABRWHSW

X} E. coli S17-3 e BT E. coli S17-1 i
T YRR RN AN R N 7R |
BW25113 #47HX53#r, K E. coli S17-3/S17-1
5 E. coli BW25113 (W25 MK, 1l 2 BRI &4
E. coli BW25113 A3 B HTWE AT 51 s AH L E. coli
S17-1, E. coli S17-3 WAFTEZ AL 57, 95 FMEA T |
W2 1 RNA B85 88 i, 3k 3 iR,

Hor, csrd. pgi. fruk 530 Ko A &
R g REs , FA TR HIT R T 908 i s,
{H RhsA WHEAYIREMSED . RhsA J&T Rhs

#3 SEFBPENFREEX SR

Table 3 Comparative analysis of whole-genome scan
sequencing
KEGG Annotation Mutation type
gene name
csrA Carbon storage regulator 1 SNP
pgi Glucose-6-phosphate isomerase 1 SNP
galP D-galactose transporter 1 SNP
frukK 1-phosphofructokinase 1 SNP
rbsK Ribokinase 2 SNP
recG ATP-dependent DNA helicase 1 SNP
rhs4 Rhs element protein Multi-site
mutations

Note: SNP: Single nucleotide polymorphism
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FIEWE, R, W3Rk rhsd F57 750 45 2%
S 210 6 7%) B 1 R A R, AR A A 1 A K
WHEMY, T E. coli S17-3 WY rhsA FEAEZA R4S,
I o L5 AF N B J& 2L E. coli S17-3/pBHR68 5
BEAKNERNZ —.

RATER X F R E. coli BW25113 HERR T
rhsAd , 7 H Wk E. coli BW25113
ArhsA/pBHR68 , ¥4 H AR E| W) i pH 24 7.0 /Y LBG
Regedirh | 37 °C 47 24 h BERIBE SR, N
ARER, HERFRIPRIEY S AL 4531
W 2 7w AH EEXT BR B RE E. coli BW25113 (E. coli
BW25113/pBHR68 LA K E. coli BW25113 ArhsA,
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KIEIRE (F 2A), 5 E. coli S17-3/pBHR68 B4 K
M (K 2B)fR#Zir, i H PHB = & i & Hn
(K 20). ZMEVIRIER R PR EMR L, Hd
TR ORIV BEN 0.9 /L, Ha 3 HR
PR SRR B 3278 4.0 g/L, Bk, rhsd
(%) R BB Y 2 Ul S R 5 B, DA T i R A AT
B AR A W R B RS B FE E. coli S17-3 Rl %h K
H E. coli BW25113 [IARRAE) rhsd Ji, BHER
WEARKTERHER, HAERREABEMN TR
(¥l 2B), PHB 7 HtL T FE(E 2C), KW rhsd J&58
e A=K B R 3R 2 —, I BLAE E. coli S17-3 IR AFTE
rhsA DA HAB R 2R S 8GR B ALK
23 CAERESRZEELEKMBEXEDT

E. coli S17-3 B BEVE AT AN 52 AR A pH 2%
1, i FLARR F A K BRI pH 5557 5L g
R KA CA, B4R R
Ah pH Xt 15 E 40 Y LA A K AT R R
M, ARHEHTIARE S, AT e SE CA A
3 A SKCHERF ResA . Ugd Al Weal JFJE T SRR
535 pBHR68, TEWI IR pH 4.5 J50F T G IR
72 h, KK ODgoo J2 CA =i, W 3 iR,
ResA S CA AR TEREN 7, EESZHAT A
Xt CA & B R IE R A E AT 1F i st 1. Ued
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Figure 2 Growth profiles of E. coli rhsA mutants
BW25113 (A) and S17-3 (B) and PHB content (C)

¥ UDP-D-# % B4 4L i UDP-D-#jZ BHEE IR, M
CA & AR RTIAIRY) . Weal J& CA FRIRL1IEE(T)
SN, BEER wead J5 KT CA A RUIEE
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40r == Cell density (ODiy) 1592 F4 BRAZHN
~ = Colanic acid concentration = Table4 Comparative analysis of transcriptome sequencing
Qé 30~ '§ S17-3/pBHR68, pH 7.0 vs pH 7.0, S17-3/pBHR68 vs
S 710 & pH 4.5 S17-3
Q
g‘ 20 g Gene name Log, (fold change) Gene name Log, (fold change)
5 ds = [ 3.25 e 5.41
—_— Q
3 107 X gapA 2.09 lacY 4.61
i g wf 1.87 lacA 3.28
0 - O
\5&6% ‘2@% 6°° Qb% cyad 1.44 ldhA 3.27
AP d\«z‘” \Q?’ 3\«2‘3’ P alE -9.05 gnP -3.67
P TR 8.91 InH 3.39
%\'\ %\’\' NG ) %\«\ D wza . gln .
gmd —8.26 waaS -3.20
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Figure 5 Demonstration of carbon flow channeling (A) and the composmon of the regulatory network (B) in E. coli S17-3/pBHR68
Note: GalE: UDP-galactose-4-epimerase; Ugd: UDP-glucose 6-dehydrogenase; Wcal: Undecaprenyl-phosphate glucose phosphotransferase;
ManA/ManB/ManC/Gmd/Fcl: GDP-L-fucose synthesizing enzymes of the de novo pathway; RcsA: DNA-binding transcriptional activator;
LacZ: Beta-galactosidase; PhaCAB: Gene cluster for synthesis of PHB; ris4: Encoding Rhs element protein; Pgi: Glucose-6-phosphate
isomerase; Zwf: Glucose-6-phosphate dehydrogenase
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