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Abstract:
pathogenic strain and not suitable for future industrial development. In order to develop a relatively safe microbial strain for

Rhamnolipid biosurfactant is mainly produced by Pseudomonas aeruginosa that is the opportunistic

the production of rhamnolipid biosurfactant, we constructed engineered Escherichia coli strains for rhamnolipid production
by expressing different copy numbers of rhamnosyltransferase (rhlAB) gene with the constitutive synthetic promoters of
different strengths in E. coli ATCC 8739. We further studied the combinatorial regulation of rhlAB gene and rhaBDAC
gene cluster for dTDP-l-thamnose biosynthesis with different synthetic promoters, and obtained the best engineered
strain—E. coli TIB-RAB226. Through the optimization of culture temperature, the titer of rhamnolipd reached 124.3 mg/L,
1.17 fold higher than that under the original condition. Fed-batch fermentation further improved the production of
rhamnolipid and the titer reached the highest 209.2 mg/L within 12 h. High performance liquid chromatography-mass
spectrometry (LC-MS) analysis showed that there are total 5 mono-rhamnolipid congeners with different nuclear mass ratio
and relative abundance. This study laid foundation for heterologous biosynthesis of rhanomilipd.

Keywords:
regulation, Escherichia coli

rhamnolipid, rhamnosyltransferase, rhaBDAC gene cluster, constitutive synthetic promoter, combinatorial
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S AKRIAFH E. coli W3110 AR45-3 25485,
4 rhl AB JE K AT rmI BDAC (i SR A1 200 B L 20
HRIEREE) FERRE AR, R0E " it
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Fig. 1 Rhamnolilpids biosynthetic pathway in engineered E. coli. rhaBDAC: dTDP-L-rhamnose synthesis gene
cluster; rhlA: rhamnosyltransferase A; rhalB: rhamnosyltransferase B; rhlC: rhamnosyltransferase C; FASII: fatty acid de
novo synthesis.
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1 "B57%
1.1 #H
1.1.1 Bk

P. aeruginosa TIB-R02 £ [K 4] DNA H{E 7
B rhlAB JE R Y54 . E. coli ATCC 8739 JE 4
77 R IE KT B 0 R bk . A SR T
AR 1 TR .
1.1.2 FERFH

AYNERR, 45K, MR FBERBA

*1 AMRHEN
Table 1 Strains used in this study

VAT A TRERSARAE; Bkt
RO & 3 35 [# Axygen /A F]; DNA [A]
WA &5 A B 28 /0 w5 TransStart Fast Pfu
DNA & . DNA marker, pEASY-Blunt Zero
Cloning Kit &M Ak 2N EAS
FRZS A5 FRIGIPE N UM . T4 DNA iE#:0l . T4 £
RETTIRMEEE A NEB A#]; AP0 I, Wik
AT BRASARR UE I 1 24 4R AR AR
A RRAT] A3 R ok

Strains

Relative characteristics Source

E. coli ATCC 8739
Strain for rhlAB gene cloning
P. aeruginosa TIB-R02 Wild type

Wild type

Lab collection

Lab collection

Engineered E. coli strains for expressing different copy number of rhlAB gene

PSY164 ATCC 8739 harboring pEASY-164Rh1AB This study
PSY230 ATCC 8739 harboring pEASY-230Rh1AB This study
PSY346 ATCC 8739 harboring pEASY-346Rh1AB This study
PET164 ATCC 8739 harboring pET-164Rh1AB This study
PET230 ATCC 8739 harboring pET-230Rh1AB This study
PET346 ATCC 8739 harboring pET-346Rh1AB This study
PGE164 ATCC 8739 ack-pta:: P164RhIAB This study
PGE230 ATCC 8739 ack-pta:: P230RhIAB This study
PGE346 ATCC 8739 ack-pta:: P346RhIAB This study

Engineered E. coli strains for native promoter of rhaBDAC be replaced with synthetic promoters of different strengths

Rha-164 ATCC 8739 with the replacement of synthetic promoter P164 This study
Rha-230 ATCC 8739 with the replacement of synthetic promoter P230 This study
Rha-346 ATCC 8739 with the replacement of synthetic promoter P346 This study

Engineered E. coli strains for combinatorial regulation of rhIAB and rhaBDAC with synthetic promoters

Rhal64-RAB164 Rha-164 harboring pET-164RhIAB This study
Rhal64-RAB230 Rha-164 harboring pET-230RhIAB This study
Rhal64-RAB346 Rha-164 harboring pET-346RhIAB This study
Rha230-RAB164 Rha-230 harboring pET-164RhIAB This study
Rha230-RAB230 Rha-230 harboring pET-230RhIAB This study
Rha230-RAB346 Rha-230 harboring pET-346RhIAB This study
Rha346-RAB164 Rha-346 harboring pET-164RhIAB This study
Rha346-RAB230 Rha-346 harboring pET-230Rhl1AB This study
Rha346-RAB346 Rha-346 harboring pET-346Rhl1AB This study

cjb@im.ac.cn
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1.2 7%
1.2.1 3E3EH

FF+ LB KSR 34046 10 g BREE I, 5 g
BEEREUYIFD 10 g SEALEA (&K LB A 1.5%(1
DERERY) s BN AR SR NI N R
2B R R AU WA 1% (WIV) 78
) LB i3kt ANERR. MR FBER.
FERLURE 5170 100 pg/mL., 50 pg/mL Fl
34 pg/mL,
1.2.2 RZEWEARR

SR FFHE i Pl UV B2 G o R AT G
W, % vk fAT e ik . BN (D=9 em) H?
JA 25 mL fEAK LB, R EFMA 1 mL
PR T YR 20 WM A W o R Il O 2 42
920 mm B, BIA 10 pL BRZEHERR & BER OO0
SRR HET B AR o AR PEHE B AR X (mm) 5
BEHENRVR L y (/L) ZIBIHYZ IR y=0.097 4x+
0.12, THE KB T BRAHER & . ARSI T
55 P B P 0 20 5 - M 1 . 32t
ATXF HLBSHIE, AR 7 45 R —E
1.2.3 BB REA BRI

AW ST BT P SOk . 514950 B 2 Al
& 3. 3 A A AN (] 2 Rk e B A T A U B
T 1% = 45 DUBUS R pEASY-XRhIAB (X fR 3
P164. P230 i1 P346 3 F ik, . mA[RFR KR
FERY AL A 307, Ji s F g 2k 31y A
LB DUKUR R pET-XRhIAB, 1E Hy B2 B SL 4675
it ZE R rhI AB 1 SR R IB 4K, M AT
1) pPEASY-XRhIAB JFik: () #4 # : LA P. aeruginosa
TIB-R02 JE[K2H DNA M5t , i PCR 4 33k
157 A7 A [ 3= 15 5 B 41 B RY )3 30 F- 1) XRhIAB
DNA H Bt (4r5I1LL P164A-5/T7tB-3, P230A-5/
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T7tB-3 Fl P346A-5/T7tB-3 N5 I¥I%}). ¥aifb)s
f) XRhIAB DNA F B¢ 5 pEASY-Blunt Zero %4 )5
3% pEASY-XRhIAB #iA#/A. 2) pET-XRhIAB
BRI . L pEASY-XRhIAB Wik, @it
PCR § 4354544 BamH 1 1 EcoR 1 BN 2 A
XRhIAB #:[H B, 45 pET-30a(+) #Hfk—L 4
Yl #5158 pET-XRhIAB ka4,

A B BN P ) XRhIAB DNA By
wr . A EARAEFE P51 XRhIAB B, %
XRhIAB hBealifb . B ibab S5 5 pEASY-ap
(i AT ack-pta M4 500 bp [F]IEE 51 kD)
J K % AR AR AT A 500 bp 6] VR B ARG SR R
pEASY-XRhIAB-ap. L pEASY-XRhlAB-ap #I
pEASY-cat-SacB-ap (ack-pta i 45474 500 bp
[ 4, [ Z 8 5 A cat-SacB ik
R BRn) ot , F5I9 PL A P2 43009
a5 [A] Y XRhlAB-ap # cat-SacB-ap
DNA F Bt. cat-SacB-ap. XRhlAB-ap DNA F Bt
ST — R A REEAWN A B,
XRhIAB DNA JyBoEEA R IGITRZEE A, 18
# ack-pta KA .

F T rhaBDAC JE K 7% J 8l 2 4 1 R Betl
R . PABKL pEASY-cat-SacB-ap A AR A1) FH
5|¥) Sens-cat-Sacb/Anti-cat-Sacb #EATP I, 3k
1574 50 bp [A] 5 A9 rha-cat-SacB DNA F B¢,
AFH—HFEEH, HEE I A s A
RN TE 2 AL S B 50 bp [R] IRV Y
P164-rha ., P230-rha il P346-rha F B T45
R 2 .

1.2.4 TRERHKME

¥ pET-XRhIAB Jiiki%% A E. coli ATCC

8739 1533 3 Firrp 545 DU FURL# Gk rhiAB KL
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*x2 AWRAETARER
Table 2 Plasmids used in this study

Plasmids Relative characteristics Source
pKD46 A-Red recombinant genes under ParaBAD promoter, temperature sensitive [15]
origin
pEASY-Blunt Zero Amp®, Kan®, pUC ori TransGen
pET-30a(+) Kan® Novagen
pEASY-ap Amp®, Kan®, containing 500 bp upstream and downstream homologous Lab collection

pEASY-cat-SacB-ap

pEASY-164RhIAB
pEASY-230RhIAB
pEASY-346RhIAB
pET-164RhIAB
pET-230RhIAB
pET-346RhIAB
pEASY-164RhIAB-ap
pEASY-230RhIAB-ap
pEASY-346RhlAB-ap

region of ack-pta
Amp®, Kan®, Cm®, containing 500 bp upstream and downstream homologous
region of ack-pta as well as cat-sacB selectable cassette

Lab collection

Amp®, Kan®, P164 promoter, rhIAB This study
Amp®, Kan®, P230 promoter, rhIAB This study
Amp®, Kan®, P346 promoter, rhIAB This study
Kan®, P164 promoter, rhIAB This study
Kan®, P230 promoter, rhIAB This study
Kan®, P346 promoter, rhIAB This study
Amp®, Kan®, P164 promoter, rhIAB This study
Amp®, Kan®, P164 promoter, rhIAB This study
Amp®, Kan®, P164 promoter, rhIAB This study

/) T #2 #H PET164 . PET230 ., PET346; ¥
pEASY-XRhIAB Jfi#i%% A E. coli ATCC 8739 1%
B 3 Fhs s DUESOR R rhIAB JE A Y TRE [
PSY164. PSY230. PSY346; H4k, it Wit
I 95 5 4 1 )7 U174 XRhIAB DNA H B4
| E. coli ATCC 8739 K 2 # 4 ack-pta F:[H
133 3 ARLLEYE DUECRIS rhlAB LAY TR
PGE164. PGE230 #11 PGE346, i 9 ¥k T
rhiAB Ji PR 5 5 35 5 B2 B IR 1 BT

# E. coli ATCC 8739 JE[H 41 rhaBDAC %
PRI 72 19 i 46 Ji 30 P 3R AS [R) 5 B 1) s 3l
e, FHELIRA] 58 B %5 rhaBDAC LK F£ 1) 1
T2 Rha-164 ,Rha-230 & Rha-346. 5 5ikL pET-
164RhIAB . pET-230RhIAB }% pET-346RhIAB
43 A Rha-164, Rha-230 & Rha-346,
33 9 el A PR (Rhal64-RAB164, Rhal64-

RAB230., Rhal64-RAB346, Rha230-RAB164.
Rha230-RAB230 . Rha230-RAB346 . Rha346-
RAB164 . Rha346-RAB230 #l Rha346-RAB346),
FHF rhlAB JEHFI rhaBDAC it [K % 21 4 i 5
W% .
1.2.5 TR RIE R R BER B AL

B TRFEM TSR TERR . M
MR RAREZE M LB 1, 200 r/min, 30 Ch;
7% 24 h, #E RGO RR TR
I 7 1645 3 1 B U TR E. coli TIB-RAB226
AT R IR 1Ak, K 1R PE E. coli TIB-RAB226
MR AEFP TR N 26, 28, 30, 32, 34 F1 36 C
P FE R IR P, 200 r/min, }53% 12 h, K
PR A 2R R K B AR W B 7 B A B A Y kT
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1.2.6  FZREIR MAMRER B R = ) i

BB NG i [ pH, FFAE 8 h IFZEAT M 1%7
N T AR RUERR B, SRR MRS fs BT 2 BOR. (AT &

HANEH 7 2 kK E. coli TIB-RAB226 #4T fE=2: 1) ZHUF WA HLE RIS 2] R 2

B R BESL S . PR TG IR R ODgoo=3, M

200 r/min X35 16 h, & 2 h I 40 g A= K 8358 3

*®3 AWMEETARSGIY

Table 3 Primers used in this study

Primer name

Primer sequence (5'—3")

Primer for P164Rh1AB gene cloning with restriction enzyme cutting site of BamH I and EcoR I

Sens-petRAB-BamH [
Anti-petRAB-ECoR [

AATCGCGGATCCTTATCTCTGGCGGTGTTGAC
ACCGGAATTCTCAGGACGCAGCCTTCAG

Primer for integration of rhlAB gene at ack-pta site

Pl

P2
Sens-cat-Sacb-yz
Anti-cat-Sacb-yz
Sens-RAB-yz
Anti-RAB-yz

AAACGGATCGCATAACGC
CCGTATTTCGATCCTGAG
TAGCGGTGCGATGATAATG
TCGCTTGAGGTACAGCGAA
GGCAATATAGGTCACCAGGACG
CACAACCGCACAGTATCGCTTG

Primer for replacement of promoter at rhaBADC gene cluster site

Sens-BDAC-yz
Anti-BDAC-yz

Sens-cat-Sacb

Anti-cat-Sacb

Primer for XRhlAB gene cloning
P164A-5

P230A-5

P346A-5

T7tB-3

ATGGGTTATATGCAGGCGTTCG

CTGCATCGCAAATATCCGCATG

ACGGCAGTGAAGATTCGTGGCGAAAGTAATTTGTTGC
GAATTTTCCTGCCGTTGCAAAGCTGCGGATGATGACG

GACGAACTACAGCAGAACCAATAAATCCTGCGCCACCA

GTAACAAGTATCTTCATTACGCTCTATGGCTCCCTGAC

TTATCTCTGGCGGTGTTGACAAGAGATAACAACGTTG
ATATAATTGAGCCCGTGTTTTCCCATGAAAAGTTTAA
ACCAGGAAACAGCTATGCGGCGCGAAAGTCTGTTGG
TTATCTCTGGCGGTGTTGACAAGAGATAACAACGTTG
ATATAATTGAGCCTGAGGTGGCTTATTATTCGTTTAA
ACCAGGAAACAGCTATGCGGCGCGAAAGTCTGTTGG
TTATCTCTGGCGGTGTTGACAAGAGATAACAACGTTG
ATATAATTGAGCCTCTCGCCCCACCAATTCGGTTTAA
ACCAGGAAACAGCTATGCGGCGCGAAAGTCTGTTGG

CAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAAAGCT
TTCAGGACGCAGCCTTCAGCCATCG

The underlined is the sequence of synthetic promoter corresponding to the primer name.
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&S BFRSRIEENEMEHN AT RN SR

3.0 mm, 3 um), s A hK: Z0E=98: 2, B
HK: ZBE=10: 90, A Fl B H¥E 1%L K.

6 BE VR 454 0—1 min, 8%; 1-51 min, 60%;
51-61 min, 60%; 61—62 min, 8%; 62—67 min,
8%. ik A 0.5 mL/min, HFEAFH 10 pL.

T a5 s X BRI Ot SR FH BH A=

HL I 25 B AN WS LB HL R 4.2 kV, S5
THRABNAA, WESEIIN 1.0 Pa, TS
IR 180 °C . WA 5.0 L/min, JFig4IH
J3 100—1 000 (m/z).

2 BRE

2.1 rhlAB EFHFIRERIEE KR FEVERE
rhIAB i [K] 4 % fry B2 b ik 2 7% i I e 8
HEAL A B B-FRHEBE IR (HAAs), XBEKF HAAs 5
TDP-L- M 256 A R 20 e, 2 A4 B4
WEAG I OCEERE (B 1) [FIET, R A5 DL ECR
J 8 - R R e TR P A e A e )
HZ . ARSI IEOE AR KWAH 3
FEIRRE B Y rhIAB JE [R5l 3o 3[R 4% DL %
FUS B T3 BT rhl AB 3 [H 1) ek b7 8 8 , 3k
HEIEMRBIEA . LRLERME 2 PR, X
R 2 % T v oA A ) B2 E  (Bo B R )
o AN [EIHE DB 0] Y B R 7 it 25 00 W ks A
7] #% DU (8] AN [ 58 B2 S 33835 RhIAB Ji
DR 1) A i 22 0 4/ o DA RO e B S R 4
DUECAE rhl AB LR Rk b o 3= AR AT, T
B TR R/ o v SR DUBUTORL R A
rhlAB B[R R Ak, BRZSWEAR ™ 2 B I & T LA
PEDUBAESE N4 b 1k rhlAB JE[R A4 B R A0 L
5 LB #e K rhI AB 3 (K ) TR AR , 2% B vh 454
DU pET-30a(+) JikE B 35 A5 A ] 56 BE 1) 21
RS B T4 4 25 rhlAB JE A, Se IR R 2 i i

TERIGHF R B A . B, SR A [
JABhFRRIE IS rhIAB JE D i A 25 55 DL Kok
pET-164RhIAB .pET-230RhIAB 7l pET-346RhIAB
YE rhlAB BE[R (% Rk 2 AR TF 21T i — 2P 3R
2.2 rhIAB #E 5 rhaBDAC A KW BEF
HEEE

rhaBDAC Jit A 2 4 il 2 1K (1) TDP-L- il 24
S SR G G i A o R B ] R R
ARSI R IRATHIA R 58 J5 3+ K35 rhaBDAC
FERME I I SR RS 30719 rhiAB R K i
TGRS, SCRgsRunE 3 s, Xf Bk
J PET164, PET230 &% PET346, 2B F1Y
PR 71, 62 Al 56 mg/L. fEAAR ST
£ P230 Jizh T rhaBDAC FEIN #4515
pET-164Rh1IAB . pET-230Rh1AB #
pET-346RhIAB J5ifi k47 2H & 45 21 1 &tk

Rhamnolipids
—_ N W s W

J“ (= elel ool e

‘Ob‘ %Q b‘b bb‘ q)Q b“o bb‘ %Q bﬁo
NPT P DD
S LI FTE

Strains

“p

E2 rhiAB EFEUAEHARAEARNBITEREMNREF
VERERY =8

Fig. 2 The rhamnolipid production in E. coli with
different Strains  with
high-copy-number expression of rhlAB: PSY164,
PSY230, PSY346; strains with medium-copy-number
expression of rhlAB: PET164, PET230, PET346;
strains with single-copy-number expression of rhlAB:
PGE164, PGE230, PGE346.

expressions of rhlAB.
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Rhamnolipids (mg

ﬁ@g’@g’@g’ﬁ@%&@g’ﬁ

S PN %”‘b(b
@5‘@5‘@*‘@5‘@5‘@*‘@5‘

Strains

B 3 AEREBRMFEAIBIENXKBITES KRR
FHERE BRI

Fig. 3
genes on rthamnolipid production in E. coli by synthetic
promoters with different strengths.

Effects of combinatorial regulation of key

Rha230-RAB164. Rha230-RAB230 FlI Rha230-
RAB346 FAHEIR ™ X8 T HA2H & 45 10
Wbk, UM P230 JE 37 s A rhaBDAC
B R R 8 3 5 pET-164RhIAB |
pET-230RhIAB , pET-346RhIAB Ji 4 #4175 K %)
HEPWE, S m BERERN 2. 9 FAHA T
Pk ' Rha230-RAB346 Y 7= & & & , ik
106.6 mg/L., Kk, #E£S P230 B3 +19
rhaBDAC 3 [K 7 Fl1 & P346 Ji3 35 11 rh 25 4% D1 %%
ki pET-346RhIAB [ &k Rha230-RAB346 i
T S5, If4% Rha230-RAB346 fir £
KA TIB-RAB226.

23 FRZFPERKMITE TIB-RAB226 %
mE MR
FRRTE L AR T I PR ) R 4 B
FEYE L E R R, (HJR LT A Y PR A
WA 2B E R, LHIE AR W
ARA, ANASCRE M AR I A R v A% A Sk R ) T
KRl =B R, i AR 5 SRS DU AR Ak
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BB, ik, FERRS R P TREERH—E
F18 Tk 4 T R s ke o AR W ) B R S R
208 A% K FF i TIB-RAB226 1 & i
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Fig. 4
rhamnolipid production in engineered E. coli.

Effects of different temperatures on
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Fig. 5  Fed-batch of E. coli TIB-RAB226 for
improving rthamnolipid production.
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Fig. 6 Relative abundance of rhamnolipid congener
produced by E. coli TIB-RAB226.
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stereospecific ~ pathway  diverts [B-oxidation
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