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biosurfactants. The ratio of mono-RL to di-RL plays a significant role in determining its
performance. Therefore, strains whose production of mono-RL and di-RL are manuplable, have
advantage on applications in various scenarios. In this study, we developed a rhiC deletion
mutant strain in Pseudomonas aeruginosa PAO1, which produced primarily mono-RL.
Subsequently, we generated two complemented strains by integrating the arabinose-induced
Ppap-rhlC gene, either directly into the chromosomes or expressing it on plasmids. Our results
indicate that the ratio of mono-RL to di-RL synthesized by the complemented strain gradually
decreased as the concentration of arabinose (the inducer) increased. Consequently, there was a
decrease in emulsification ability and an increase in surface tension and critical micelle
concentration (CMC) of the corresponding rhamnolipids. The complemented strains without
inducer can produce a small amount of di-rhamnolipids, which enhanced the surfactant
properties. Notably, the rhamnolipids induced by 0.10% arabinose exhibited the most potent
antibacterial effect.

Keywords: Pseudomonas aeruginosa PAO1; ratio of mono- to di-rhamnolipid; rhamnosyltransferase

IT (RhIC); arabinose induction
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FLEFL R 1 (rhamnosyltransferase 1, RhiB)ffEfL
R-3-$2 5L 8 72 (R-3-hydroxyfatty acids, HAAs)
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(thamnosyltransferase 11, RhC)MERH T 5% —
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AT 5 i HL 7 PR AR

C A WF 5T 3 B B2 0 i W) 22 9 B9 1L 431 A
[, WAL A TR . Alves %P5
S B LA BB AR B A 3 B B AR R A (96%
mono-RLs/4% di-RLs), #AH T X ZEREE A 3
(28% mono-RLs/72% di-RLs)FIEA | XURH X - £
Y RSB NS A 5 (61% mono-RLs/39% di-RLs) H.
A SR L RASE T AN R S R
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R 1A I3 1 L 5 R T A ) T b 22 TR R A 1
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HER . OUR A B AR O HO7 R A bl g . R
WL RN Peap JA 8 FIREE T rhIC S, F1IH
AN [) e B2 %) TR AFT AR SR 75 5 rhl C SR ) 3k
T FE SRR RE AR B i, AR RTR B L
BRZ A B 18] T R 45 14 TR Pk B A 7 B2 A R
it o R BSPI E ELAT AN ) B 80 B 2 W i L B 7
B A B i BRAL R o ST RE T, O B b
JG 1 J5 22 0 R LB S AR . ASWFFE i — 2
Poap Ji3 B FIATE T HY rhiC L34 % rhiC
RRASRRIFLIRN A attB {7 5 b, #7510 B Bk ke
B TPUERMME, S TSR AR
A G LS FNG Sy SR A2 S5 ) L 15 BRI 1Y)
AR RN RS AR S, R
NG 7 Ml v F T o T

F1 XPRAEMERR

AR

1.1 #8
1.1.1  E R kL

AR AR AN R 1 FrR . A S B
I# (Pseudomonas aeruginosa) PAO1., K#HHT
(Escherichia coli) DH50 F1 S17-1Api. J&i ki
pRK2013. pK18Gm. pHERD20T., pSW196 #i
pFLP2 A AR SEI0 S MR AT o i A1 B L P R
I FF R A LB 15372k (g/L) (GE R 10, BEh)
FEHUY) 5, NaCl 10, [EMAREFRIEESM 15 ¢/L 1Y
EREA AT EE SR . KIAAT R AP A 2 1l vk &
e KRKEE 10 pg/L, & FEHEZE 100 pg/L;
i R A TR A P AE R A MR R . KRR
100 pg/L.

Table 1  Strains and plasmids used in this study
Strains and plasmids Description Sources or references
Plasmids
pRK2013 Helper plasmid for mobilization of non-self-transmissible Lab
plasmids
pK18Gm Suicide vector used for generation for markerless deletion Lab
strain in Pseudomonas aeruginosa, Gm'
pHERD20T For gene complementation in P. aeruginosa, Carb" Lab
pKrhlCGm For rhIC deletion in P. aeruginosa, Gm' This work
pRhIC Plasmid pHERD20T with rhIC, Carb" This work
pSW196 Mini-CTX lacZ with Pgap promoter [11]
pFLP2 FLP recombinase expressing plasmid, Ap" [12]
Strains
Escherichia coli strains DH5a F—, ¢ 80dlacZ AM15, A(lacZYA-argF)U169, deoR, recAl, Lab

endAl, hsdR17 (rK-, mK+), phoA

Escherichia coli S17-1Apir

Pseudomonas aeruginosa strains
PAOI1

Wild type (WT) strain

thi pro hsdR hsdM+ recA RP4-2-Tc::Mu-Km::Tn7 Apir, Gmr [13]

[14]

ArhiC
ArhlC/pRhIC
ArhlC/attB:rhiC

PAO1 with deletion in rhiC
rhiC in frame deletion with pRhIC expressing araC-Pgap-rhiC

rhiC in frame deletion with araC-Pgp-fur inserted at attB site
of PAO1 chromosome

This work
This work
This work

Ap", Carb" and Gm" indicate resistance to ampicillin, carbenicillin and gentamycin, respectively.
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1.1.2 EEiRFH

FALE . BIREW . B%IEFER . Ffb
B R A BERE MR ORI A
e T A RTHEAR ;. oK OB B Kt
o RBHER A R A A5 L-(+)-B b r o
R B _EEERRL T A AR I A B F
KM A #3157 R E B ARAR,; DNA
REWE A% HBEEWERAC)ARAR ;
REL 12 P D it I PG 24 SRS A W R A BR
YNGR
1.1.3 EENHEE

BDAL. ML PCR AL CEA
fE( )L =R A R A e iR G 4
(BUIHKRRA A BR S |l ) s PRG540 (11 5
RAER A IRA A, A 3 R Gt (Agilent)
1.2 BERFWESHERIEERSE. W
REERE SR EKIWE

DRUAR ) 2 Pt FH 2 AR R DT DL 2% 1. SE et i
B BB L G RRIC, W] LAGRAS H = A 8a
FRABERR TR PR . R G BT et T Rk rhiC
FEA) B R MEFCRL pKrhlCGm: DL g S5 26 i
B PAOL P& & 19 3L 4 BE A, 49 %1 DA
thiCup-F. rhlCup-R # rhICdown-F . rhICdown-R
JE1 P I C IR Y b R B, Illial
1&J5 4351/ BamH 1/Xho 1 1 Xho I/Hind TI#EFT
YD, il s 5 BamH I/Hind I
VI iy pK18Gm #1714 4%, %4k E. coli
DH5o, FIFHF % PCR IRiE A P44, 551
M & Bk pKrhICGm., FIfH PAO1. BhEk:
pRK2013 il H A1 kL pKrhlCGm #E47T = 3545
4, f£ PAO1 Wtk 2 WInlE 4508
rhiC JERI AR ER . B JE7E PIA+LB+Gm' fiiiik -
M b A B RS R AR, SRJFE T 20% FEREAR
EAT R I 0 3, 45 BN & Pt i g e e AR
PR, % PCR BGiFA5 3] rhlC I R i B 1 #

&: 010-64807509

Pgap Ji 81 F A LATE B R BS540 T 4
FEIER B R, I AR rhiC LA &
F Poap B BN FIRFEZ T, 2L AS[R]HR BE ) BT s
fARES S 4= h rhlC SR A R IR, DA TIT 42 il WL RS
RENR A B, ARAS AT P AR ORI BR . R
IR S A AR, T RiEx — A
BIrTATHE, BT Peap-rhiC FER Rk
A, BILUHR SRR PR TR PAOT TR Bk B 3L R 4N
¥i#, pHERD rhlC-F I pHERD rhIiC-R A75|
Y, PCR ¥ #4584 rhiC A DNA K
B, Bz b Bl 4lifh J5 5 pHERD20T Jihs 43
A EcoR I/Hind NI4T *UHGYT, %4z, 1k
E. coli DHSa, A4 PCR 56 UEANM 7447,
1333 F KRR prhiC, Tk pHERD20T H
A BT 09 Peap A 817, PRIHOKE rhlC 2
K 5E [ 2 pHERD20T (1) Ppap it 8+ 2 )5, %3
B rhl C 3L R Rk Az BT A5 = . A
FH 150 mmol/L MgCl, il 75 5 £ flx B Jifd 1 rhl C 2k
DR il B3 T R 1 R 3z A A e, o RO R R K
Ppap-rhiC B i FRIKHAA prhlC % A BBk
PRZ M, EEEAKRKRERDN LB it
Ik F ek b7, i PCR 3G EFS 2 BH M54 1k
-, ML T AR5 S Ak b i i Bk 3Rk 7
AKXt rhiC FEHHFT5 S

HWK, 2% 83755 Rk o AE 78 R I e 2
TEAE T R AR 2=, R A 53 3 3 o
Hi pSW196 #4 Ppap-rhiC LR 45 rhiC LA
B G AR R YL iR b, DI SEBL T LR 15
TR O FRRE RN, ANEFEAER
KHERs . pSW196 kit HA W H i 3L [ 4%
AR Y AR B R R R PE attB A7 s Y iR
mini-CTX lacZ fii2ETk, BA BT A bEs S
() PeapJo 811 M4 rhl C 3 R K w5 ] 11 ) 57 i
115149 minirhIC-F Fl minirhlC-R, FF & PAO1
FER 4 MBH, PCRY 1 rhICILN B, %45
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F| pSW196 HAK Peap BN 205, 2T
& FEARIR R, mini-CTX lacZ #H363CHkH i
SCu T, FFHAIN G Y (attB2 FT CTX1
attB4 il attB5)UE4 T PCR I E, AR 8 Sk Fp i fit
P LI AE By RIS, BRI TR 2 A 7 A 2 {1 A
i T G o A attB 4y g

Fir il K5 |9y ik 2.
1.3 REEEMABSIER

AR 05 B K E LB il G R
] 2 A T TR 4301 A 3% ) HE A it B2 Pl 22 MS B
FEHE(100 mL —=ffjfii: 20 mL MS 35T
1.2 g REIMERRIE), 37 °C. 200 r/min 557
2 d, SEI RN K BRI, PR
DL 6% )42 b i A 257 1) = M (250 mL =
FA: 50 mL MS iR LTSN 3 g K, JFil
TS [] o B2 8 BT AP R (0% . 0.10% . 0.25% .
0.50%. 0.75%7%1 1.00%), 37 °C. 200 r/min ¥%
F% 4d.

BN OS2I B eHs 15 mL 15
A 50 mL &4, 10 000 r/min &0 10 min; Y
10 mL E¥%, F 6 mol/L i HC1 %= pH A 2.0
ATk, RIEMAERT IR g, i

WEZIEY 15-20 min J§ 8 000 r/min &0
10 min; W HAHUA, FXRIA 8 mL L2 L1k
e, &IF 2 iR A VLA, #EREAYLMH
J5 A% B AR RERE i o
1.4 BEBENERERERERE

¥ A HENEAE A T 10 mL 0.05 mol/L
1Y) NaHCO; # i Hr, AR HaAE il Vi BE A 7T 2 #
FeJE, HL200 pL #iReatt i 2 T s il b
1.8 mL & BEER(0.19% & By, R
53%MMER). Z i 20 min, WHISTE 421 nm |
W W SGAE, AR B bm o it 42 358K i
W B A WE I VR BE . A B 5 b ) RO 3 -
Ji i {% (liquid chromatograph-mass spectrometer,
LC-MS)I & PAO1 &5 7F K &2 I A h i i) 7= A 1
BB A N A 2E 8, AR R LA o3 He il
B RECN 2.3, B x2.3 Bl 4
TN Ay e g U
1.5 ERBWESMREERENEAS

HERERT CIROTEN 5 g/L 1Y RAHERE
Fedh, BME S TRER MR L, BIFFINA
P75 W 282 =6.5:1.5:0.2, BAAFH 5%HH
iR £ 0L,

F2 rhiC EEREARTHRNELFEREERKIERT A3

Table 2 Primers used in this study to construct and identify rhlC-deleted mutant and its complementary

strain

Primer name Primer sequence (5'—3’) Size (bp)
rhlCup-F ACGTGGATCCGAGAAGTTTCACTGGAGC 570
rhlCup-R AGCTCTCGAGTTCGCCAAGGTGTTCCA

rhlCdown-F AGCTCTCGAGTCGGCGAAACGCATT 493
rhiICdown-R ACGTAAGCTTCGCCAACTGATGGAAATG

pHERD _rhIC-F ATCTGATAAGAATTCATGGACCGGATAGACAT 1095

pHERD_rhlC-R

GCCAGTGCCAAGCTTCGATTCGTTCTACTTCCTCG

minirhlC-F GGAATTCATCATGGACCGGATAGAC 988
minirhlC-R CCCCGGGTCGCCGACTAGGCCTTGG

attB2 GTCGCCGCCGGCGATGC 450
CTX1 CCTCGTTCCCAGTTTGTTCC

attB4 CGCCCTATAGTGAGTCG 950
attB5 CGCCCCAACCTCGCTGG

http://journals.im.ac.cn/cjben
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1.6 FBZ#EREHY HPLC-MS # 2l &

B A BHIE RS 0.05 mol/L NaHCO; %
WHEBRmBEE 500 pg/mL, H5ONEHER
G, HOREMLHRIE R 50%, £ 0.2 um gt
UEJE T LA
1.7 REEERREEEENNE

B 20 i 2 T 5K 7 N0 R T T 5K 7 A%
HEATIN G, JFAR I & R I b i B
WG EERR B 1 /L Y FRASAE B VA TR 2R A i)
i, (AR IR R s 2T RAUM RS, AR R
ANTRIHR B B A RE A i A R K O (EL, TR
i A i SRS AR B (CMO) L. B MR 1 L
R ] E24 AL R BORRAL, BUEFIRTRRY
1 g/L BRI 5 R, WiEdR% 5 min,
FE 24 s e LA T o R AR R E A el
1.8 REWEEHNHEERANE

IV 400 AT T 32 000 e A [] B A i e B 75
SAET P A 1 B R A R RE ) o Bl iR
PR — kR 22 FBAYE R K7 4T T (Escherichia coli)
DHSo HIPEBE 5 2% FCPH PR - A 28 ST 7R
(Bacillus subtilis)y A186 F 4 ¥ 4 % 25 3R #
(Saphylococcus aureus) RN4220., L2505 I ik
FER 1 gL, #ZfLEHTIE LR, AR
200 pL #63k 55 3k 7E 55 32 5£(60 mL LB+40 mL 7K
BENRTR ) R 4l AR B 2K E . FE
i 50 uL RAEFEARFE SN (1 g/L). IEE BT 37 °C
BRSO SR

2 HZRE5OM

2.1 ARIMHAEESREXRENERESE S
R

SR 1A BALEE 3 N SCHESEIA rhIA
rhiB FI rhIC, 4 rhiC 3R B JG, Wik HAES
MR R . 54 rhIC BT Peap
Ja s FREYE 2 R B9 SCRL pRhIC % A E) rhiC L X

&: 010-64807509

SR SRR, 38 AN ] 4 BRTRL AT FE (0%
0.10%. 0.25%. 0.50%. 0.75%F1 1.00%)i% S
B, BT rhiC JER P FRK AN, BT L™ A
AN [) B RUER A=W A LU ) 7 R (B 1)
WL 2 E T Hr AR B PAOL ., ArhIC R 748
B, AR ] BT R A A R 5 5 25 1 4R A5 1)
FRZEMERRFE S AR, 25K 1 iR, RefA
2978 0.9 PBE RS RENAE, RAELH 0.6 1Y
BEAUR SR A EAR!S, 7B E R AR PAOL
DI REIE 0 £ —), TMATE ArhlC A5k
o HUp A B R E IR (22—, BEE PR RE
S BEIEE N, 0%, 0.10% . 0.25% . 0.50% .
0.75%F11 1.00% (£ 2H ), BREMWEEN G
FL b o I HAEE U R 0% (B AR 15
FHY), B TR RE, K™ AR r R
ZEMENEAE ot BT D OB RR 2R, T
BT RLAFAE 0175 R B >0.25% I, 7 AR Y R4
BEREAE i LAOSUER AR o 3 .
22 REEEAZEMESRIE. WRE
PERERY R E M BEN ZE

SZWRRE S — R LR M R TEE PR, B

Arabinose  ArhlC ArhIC/pRhIC PAOI
concentrations 0% 0% 0.10% 0.25% 0.50% 0.75% 1.00% 0%
mono-RLs
R=0.9
di-RLs '
R=0.6 2 2 2 2

1 FHAEBFE PAOL. ArhIC REHRURER
Bl AL A8 IE S K E TArhIC REKREIMEKRSE
BB REERNERERRA M

Figure 1 Thin-layer chromatographic analysis of
rhamnolipids synthesized by wild-type strain PAO1,
ArhlC mutant strain and complemented strains
induced by different arabinose concentrations.
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AR TR T R A SR AN P R AR . R
RN KEEW, YRR B — o BE R, )
PP FRAL 2 P RE R A AR 587, vk E IS {E R
PR “hy 2 TRTIG A 5910 A4 11 SR e vk B2 (CMIC) . R TH
T P ) 5 R VAR R S P, R THTK ) 2R
ik, Mik% CMC )5, BRI, Rk
TIPS 5 AR AR /N o AR X — AR 1 )
50-500 mg/L — RFNUREHE L A AT 3 451
TR REREIE RS, S5 R WL 4 P, WA
B CMC {HZ)K 28-39 mg/L, 1B Ffk ¥
T 5 P77 A9 SDS . SDBS I3 ER £} #Y CMC {H 43
Wk 2 200, 488, 365 mg/L. Al WL, FZASHEE
) CMC fERITAR T RIETEPER A, AR
VR EE 1 2 i B o] AR e e e A Y R 1 2 T
fE. TEBTHAABA T, RN RE R AR
ZEWERE Lz s, BREEHERE KSR ) CMC
(ERAEIE PAEE LI =5 R -
L AR A (3R 3), AR ZE BT hi A A 1
[ p B ke 2R B AR AR A R T 5K 7 . CMIC B
AT R 7L AL R RE . FLILBE ) 2RI R M
TR RGN 5 — 8, CHRE
B, B2l M rE 2 2 B Bk B L e &5
A 20 1 1 AU 52 0] o ASIF9E R 500 mg/L 14 B
ZEHENR I E LR fb e, Rk B dE i KT

*3 BREEEMENES
Table 3 The properties of rhamnolipids

RLs from Surface tension CMC Emulsifying
strain (mN/m) (mg/L) activity
ArhlC 30.3 30.1 70.8

0% ara 31.1 27.9 84.2

0.10% ara 31.8 31.6 75.0

0.25% ara 31.8 35.1 57.1

0.50% ara 32.4 36.5 57.1

0.75% ara 33.7 345 54.6

1.00% ara 36.1 39.1 54.2

PAO1 32.4 37.5 55.4

http://journals.im.ac.cn/cjben

FEAEY CMC B, DAHERR R B2 SR (952 00 FH It
HEM, o 0 SR A A Y S R A AR A
BT R R E MR
23 MEWEAEEKRERBIE. WRE
HE RS RO HN &= B M ZE

B 2 R A o P 00 R i ) R AR AR LA 7
IR/ FIWT Y o ASBIEFEE R FF R 4 8%
A0 7] 70 BR TR R B ZF R AT AR Sy T, 400
W5 WE AR RITE R PAO1L, rhiC & [RI Bk 28 A8 bk
Al 0%, 0.10%. 1.00%PFiHAFBHAE S 414 F 7=
A R R IR BB o &SRk 4 PR,
B 2B MR A i % 2% G B TR K R 1T TS T
PRIASCRS ,  T7T 0 AR 24 G B T 4 €0 7 25 BR 1A R
ity R ZE SRR R U] SR B T AT B B ROR o

R A P 1 AR /N R H T R 2
BT TR, 0 o7 P A i A i B e T
PR B A W A SRR - I P B ELAR>15 mm S
JEBUR; 10-15 mm S EHUR; <10 mm A%
FE U JC P T B A AR BT 0. 10% BT
BRI S 0 TR AR 7 26 1) B8 e 2 B SRR 1Y
PVTRROR , Al 27 A TR 0 4 40 7 2 IR T R
FEI T B A ROR A (R Bl TR AR

x4 BREERNERE
Table 4 Antibacterial activity of rhamnolipids

Rhamnolipids Inhibition  Inhibition Inhibition

(RLs) zone of zone of zone of
S.a(mm) B.s(mm) E.c(mm)

RLs from strain 17.5 14.5 0.0

ArhIC

RLs from strain 15.0 13.5 0.0

0% ara

RLs from strain 18.0 15.8 0.0

0.1% ara

RLs from strain 11.5 10.0 0.0

1% ara

RLs from strain 10.2 9.0 0.0

PAO1

S.a stands for Staphylococcus aureus, B.s stands for Bacillus
subtilis, E.c stands for Escherichia coli.
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WA FE R — 2P0, 7 A 1 BRI A TR &
B . AR RY, PR
HAB G K BARE G B R (CMO)
FEEAG 1Y) 2% 7K - 2 1l - 7 (hydrophilic lipophilic
balance, HLB), HEM% 5 A 50 BELAS 4 &1 ) A AR
A, NI EH A I B RE N, H 0.10%8
FAA RS 7 A2 0971 A S AU 2R Y 45 R
T2 S ZEHERE - RIE T R
BB ER AW AR LA L sk, IF HAE R
— PR AR R, B A R 4R

*5 RZFEMEEE HPLC-MS 53R
Table 5 The HPLC-MS results of rhamnolipids

BERE Lo B2 BERE L A SE5 T .
24 BREMEEAIZEMHSHRBE. WRE
¥EH54H 5> B HPLC-MS £ #f

3 )2 2 BT A SR () R AR M b 5
B MR ZERERE . DR AR B AT U — 2
HPLC-MS 434 T A [R] R4 B A b ) B2
43, FH0.75%F1 0% S AT S B 7 A= 1 B
BB R RE 5 43 IR 3% 22 DU 24 B AR o 0 22 P
IR FES, S5 EF A5 PAOL Al rhiC JE A
Jerkr= AL ) R BEIE E T X b . S5k 5 fr

793

Rhamnolipid Retention Pseudo-molecular Relative abundance (%)
time (min)  ion WT AThIC 0% 0.10% 0.75%
<mono-RLs>
Rha-C8-C8 10.84 447 0.03 0.10 ND 0.04 ND
Rha-C8 12.49 305 0.02 0.07 ND 0.07 ND
Rha-C8-C10 12.48 475 0.65 3.52 3.69 5.01 1.49
Rha-C10-C8
Rha-C10 13.84 333 0.22 2.35 ND 0.45 ND
Rha-C10-C10 13.92 503 14.59  76.20 69.90 66.60 32.61
Rha-C10-C12:1 14.96 529 1.92 6.11 7.33 6.12 1.64
Rha-C12:1-C10
Rha-C12 15.42 361 0.00 0.02 ND 0.29 ND
Rha-C12-C10 15.43 531 0.65 11.63 12.08 10.23  2.40
Rha-C10-C12
<di-RLs>
Rha-Rha-C8-C8 10.70 593 0.17 ND ND ND ND
Rha-Rha-C8-C10 12.04 621 3.61 ND 0.18 0.68 2.19
Rha-Rha-C10-C8
Rha-Rha-C8-C12:1 12.74 647 0.97 ND 0.03 ND 0.36
Rha-Rha-C12:1-C8
Rha-Rha-C10-C10 13.01 649 53.54 ND 5.98 3.88 52.89
Rha-Rha-C10 13.24 479 0.03 ND ND 2.42 ND
Rha-Rha-C12:1 13.91 505 0.61 ND ND ND ND
Rha-Rha-C12:1-C10 14.13 675 8.33 ND ND ND ND
Rha-Rha-C12-C10 14.45 677 12.66 ND 0.80 3.87 6.33
Rha-Rha-C10-C12
Rha-Rha-C12:1-C12 15.05 703 1.09 ND ND ND ND
Rha-Rha-C10- C14:1
Rha-Rha-C12-C12 15.62 705 0.88 ND ND ND ND
Rha-Rha-C12 16.23 507 0.04 ND ND 0.31 ND
<Ratio of mono-RLs to di-RLs> 15:68 100:0 93:7 89:11  21:34

ND stands for not detected.
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Figure 2 Schematic diagram of the construction of mutant strain ArhlC/attB::rhiC. The rhlC gene with a
Pgap promoter was inserted into the attB site of the chromosome of strain PAOL1.
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Figure 3 Thin-layer chromatographic analysis of
rhamnolipids synthesized by strains complementing
the rhiC gene at the attB site under induction using
varying arabinose concentrations.
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Figure 5 The concentration of rhamnosolipids in
the fermentation broth. t-test of unpaired unequal
variance was performed for testing differences
between groups. *: P<0.05.
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