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Abstract: By secretion and detection of a series of signaling molecules, bacteria are able to coordinate gene expression as a
community, to regulate a variety of important phenotypes, from virulence factor production to biofilm formation to symbiosis
related behaviours such as bioluminescence. This widespread signaling mechanism is called quorum sensing. There are several
quorum sensing systems described in Serratia. Serratia marcescens AS-1, isolated from soil, had the LuxI/LuxR homologues
called Spnl/SpnR. S. marcescens AS-1 produced two kinds of N-acyl-L-homoserine lactones, N-hexanoyl-L-homoserine lac-
tone and N-(3-oxohexanoyl)-L-homoserine lactone as signal molecules, which involved in quorum sensing to control the gene
expression in response to increased cell density. By gene replacement method, the spnR mutant was constructed, named S.
marcescens AS-1R. SpnR acted as a negative regulator for the production of prodigiosin, swarming motility and biofilm for-
mation, which were regulated by quorum sensing. Halogenated furanone, known as a natural inhibitor of quorum sensing,
could effectively inhibit the quorum sensing of S. marcescens AS-1 but without interrupting AHL-SpnR interaction. All results
will be helpful to understand the mechanisms of halogenated furanone inhibition on quorum sensing and the potential applica-
tion of halogenated furanone in effectively preventing infection disease caused by Serratia strains.
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1 INTRODUCTION

reported that halogenated furanone could accelerate

the turnover of LuxR ) or compete with the AHLs to

1

Quorum sensing is a regulatory system for con- bind LuxR homologues ).

trolling gene expression in response to increasing cell Serratia marcescens is a gram-negative and op-

density. N-acyl-L-homoserine lactones (AHLs), pro-
duced by gram-negative bacteria, are used as quorum
sensing signal molecules. LuxI protein family synthe-
sizes AHLs and LuxR protein family binds AHL to
regulate expression of many genes responsible for the
expression of virulence factors, the secretion of ex-
tracellular protease, pectinase or rhamnolipid, and the
biofilm formation '), Thus, interfering with AHL-
mediated quorum sensing could be an effective means
of preventing infection disease. As a natural inhibitor,
halogenated furanone (Fig.1), produced by the red
algae Delisea pulchra, could inhibit quorum sensing in

[3~3]

a wide range of gram-negative bacteria . It was

portunistic human pathogen which is responsible for
an increasing number of serious nosocomial infec-

tions ¥

. S. marcescens also produces a red pigment
called prodigiosin (2-methyl-3-pentyl-6-methoxypro-
digiosin), regulated by quorum sensing ), showed
antifungal, antiprotozoan, and immunosuppressant
activities ). S. marcescens AS-1, isolated from a soil
sample, had the LuxI homologue (Spnl) and produced
two AHLs, which were N-hexanoyl-L-homoserine
lactone (C4-HSL) and N-(3-oxohexanoyl) -L-homose-
rine lactone (3-ox0-C¢-HSL) (Fig.1) ", AHLs pro-
duced via Spnl interacted with LuxR homologue
(SpnR) resulting in the de-repression of the production

Supported by the National Natural Science Foundation of China (20677008)
" Corresponding author. Morohoshi Tomohiro (Japan): Tel: +81-28-689-6176, Fax: +81-28-689-6176, E-mail: morohosi@cc.utsunomiya-u.ac.jp;
Zhuang Huisheng (China): Tel: +86-21-67792548, E-mail: huishengzhuang@]126.com

Received: 14 August 2007/Revised: 25 October 2007

© FERZERMEDHARFATIKSHELL http://journals. im. ac. cn



392

Yinlu Tao et al. /Acta Microbiologica Sinica (2008) 48(3)

H 0 H O
C,-HSL 3-ox0-C,-HSL
H
Br
Br
) 7
0}
(6]
Halogenated furanone

Fig. 1 Structures of AHLs produced by AS-1 and quorum sensing
inhibitor.

of prodigiosin, swarming motility and biofilm forma-
tion "%, It was reported that halogenated furanone
could affect swarming motility in S. marcescens
(liquefaciens) MG1"!. However, inhibitory effects on
the other features in Serratia strains, such as prodigi-
osin production and biofilm formation, were not iden-
tified. In this study, we constructed the spnR mutant
named AS-1R, in which the chromosomal AHL-re-
ceptor gene (spnR) was disrupted, and it was revealed
that SpnR acted as a negative regulator of quorum
sensing related to the production of prodigiosin,
swarming motility and biofilm formation. We also
investigated the inhibitory effect of halogenated fu-
ranone on quorum sensing of S. marcescens AS-1 and
found that halogenated furanone didn’t interrupt
AHL-SpnR interaction. These results would be helpful
on the further research about the inhibition mecha-
nisms of halogenated furanone to the bacteria quorum
sensing.

2 MATERIALS AND METHODS

2.1 Bacterial strains, plasmids, compounds
and growth conditions.

The bacterial strains and plasmids used in this
study are listed in Table 1. All the bacterial strains
were cultured in Luria-Bertani (LB) medium "', §.
marcescens strains were grown at 25°C for testing
prodigiosin production, swarming motility and biofilm
formation. Escherichia coli was grown at 37°C and
Chromobacterium violaceum CV026 was grown at
30°C. AHL standards and 4-Bromo-5-(bromomethyl-
ene)-3-butyl-2(5H)-furanone (halogenated furanone)
were synthesized by previously described meth-
od "> 1 Antibiotics were added as required at final
conditions of 100 mg/mL ampicillin and 10 mg/mL
chloramphenicol.

2.2 Disruption of chromosomal SpnR gene

Chromosomal DNA was extracted by the standard
protocol "'l Then, the DNA was amplified by PCR
using the following primers, 5'-GATCCGAGGCTC-
AGCAAACA-3" and 5-AGTGTGGTTTAACGTCA-
GCGC-3', digested by Sacl and Spkl, and then inserted
into the EcoRV site of pGP704Sac38 for construction
of pGP704IR. The 0.9-kb chloramphenicol cassette
(Cm") was cut-out by Sacl digestion from pKRP10 and
inserted into the pGP704IR digested by Sacl. Disrup-
tion of chromosomal spnR gene in AS-1 was per-

formed by the bacterial conjugation !'>

. Conjugation
was conducted between E.coli S17-1 Apir with

pGP704IRC and AS-1. The chromosomal disruption of

Table 1 Bacterial strains and plasmids used in this study

Strains or plasnids Description Source or reference
Serratia marcescens
AS-1 natural isolate Labpratory—maintained
strain
AS-1R AS-1 spnR::Cm" This study
Escherichia coli
S17-1 Apir thi pro hsdR hsdM" recA RP4 2Tc::Mu-Km::Tn7 14
Chromobacterium
Mini-Tn5 mutant derived from C. violaceum
violaceum CV026 ATCC31532, Hg', cvil::Tn5 xylE, Kan', plus 15
Spontanegous Sm', AHL biosensor
Plasmids
PGPT04Sc3S Polylinker from M13 12131 contsning sacBiA 16
pGP704IR pGP704Sac38 containing spnR This study
pGP704IRC pGP704Sac38 containing spnR::Cm" This study
pKRP10 Cloning vector; Cm', Ap" This study
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spnR was checked by PCR using the primers of
5'-TTCCACTTATTCTGATGAATGGGTTGAGCT-3’
and 5-AATGGGTTTTACCATATCCATATGATGT-
CG-3' and this mutant was designed AS-1R.

2.3 Extraction and bioassays of AHLs

Bacteria were grown for 15h, inoculated into
100mL fresh LB medium (a 1% inoculum) and incu-
bated for 20h. Cells were removed by centrifugation
and the supernatant was mixed with 100 mL acidified
ethyl acetate. The ethyl acetate layer was transferred
to the new flask, evaporated to dryness and added 10
mL distilled water to dissolve the residue, and then
mixed with 80 mL chloroform. The chloroform layer
was transferred to another flask and evaporated to
dryness again. Dissolved the residue with 1mL of di-
methyl sulfoxid, transfer into the microtube and con-
served under 4°C. For AHLs detection, 0.25mL of an
overnight culture of C. violaceum CV026 biosensor
was mixed with 25mL of 1.5% LB agar and poured in
a petri dish. The 8-mm-diameter paper disks were
placed on an agar plate and 10 uL of culture extract
was added and the plates were incubated overnight at
28°C. The area of purple pigment was measured as an
amount of AHLs. To confirm the species of the AHLs,
thin-layer chromatography (TLC) was used "*!.

2.4 Prodigiosin production assay

Prodigiosin production was determined using the
same method as described on [10]. Effects of inhibi-
tors were evaluated as the relative prodigiosin produc-
tion (A4s34/ODggp), of which the control value equals to
100%.

2.5 Swarming motility assays

LB medium was used for swarming motility as-
say and the swarming assay plates contained 25mL of
0.35% (w/v) agar LB medium. The bacteria were

planted on the center of the plates by the sterile tooth-
pick and the plates were incubated for 20h.

2.6 Biofilm formation assay

The biofilm formation assay used in this work
was a method of described on [10]. The polypropylene
microtiter plates were put on 25°C for 20h and biofilm
formation was analyzed at 570 nm by using a Spectra
Max 250 spectrophotometer (Molecular Devices).

3 RESULTS AND ANALYSIS

3.1 The validation of the spnR mutation
By using the primers of 5-TTCCACTTATT-

CTGATGAATGGGTTGAGCT-3' and 5'- AATGGG-
TTTTACCATATCCATATGATGT CG-3' a part of
the spnR gene, which about 370bp could be amplified
by PCR. As the chloramphenicol cassette inserted, the
length of this area would increase to about 1.3kb. Af-
ter electrophoresis, the image of electrophoresis
showed that the spnR gene from spnR mutation was
disrupted successfully (Fig.2) and the mutation was
just the bacterium what we needed.

bp M AS-1AS-IR

202
027 1300 bp

264 370 bp

Fig. 2 The images of electrophoresis of the spnR gene segment
from AS-1 and AS-1R. M: Marker.

3.2 Effect of the spnR mutation on the quorum
sensing system.

S. marcescens AS-1 was isolated from a soil
sample, the AHL-synthesis gene (spnl) and AHL-re-
ceptor gene (spnR) had been cloned from the AS-1
chromosome ). Using a gene replacement method, we
constructed the spnR mutant named AS-1R. At first,
whether the disruption of the spnR gene affected the
biosynthesis of AHLs was checked. AHLs were ex-
tracted from culture supernatant and visualized by C.
violaceum CV026 biosensor. As the result, AS-1 and
AS-1R showed obvious AHL production (Fig.3-A).
TLC analysis revealed that AS-1 and AS-1R produced
the same AHLs, which corresponded to 3-0x0-C4-HSL
and C¢-HSL (Fig.3-B). These results demonstrated that
the disruption of the spnR did not affect the biosyn-
thesis of AHLs.

It was reported that the mutation of spnl, in
which the chromosomal AHL-synthesis gene (spnl)
was disrupted, caused deficient in the prodigiosin
production, swarming motility and biofilm formation,
but could restore by adding exogenous AHLs ' To
investigate the role of SpnR in AS-1, those phenotypes
between AS-1 and AS-1R were compared. Contrary to
the spnl mutant, the disruption of spnR activated
prodigiosin production, swarming motility and biofilm
formation (Fig.4) and even more active than AS-1,
especially swarming motility and biofilm formation,
which were almost increased up to 200%. The effects
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(B)

M AS-1

AS-1R

Fig. 3 Identification of AHLs produced by S. marcescens AS-1
and AS-1R. A: Three pieces of 8-mm-diameter paper disks were
placed on the plates with culture extract (1), 1/10 concentration of
culture extract (2) and standard AHL solution (Ce-HSL, 10mmol/L)
(3), respectively. AHLs were visualized by C. violaceum CV026
biosensor. B: TLC analysis of AHLs produced by strain AS-1 and
AS-1R, and identified after comparison with the standards C4,-HSL,
Cs-HSL and 3-ox0-C4-HSL.

(A)
o 150
S
S _
S g E
£t 100
=
@ O
B S0
=
2
=™
5 . .
AS-1 AS-1 AS-IR  AS-IR
+AHL +AHL
©)

AS-1

AS-1 (+AHL)

of exogenous AHL (C¢-HSL) on AS-1 and AS-1R
were also determined. The results showed that the lev-
els of those phenotypes in strain AS-1 were elevated
by adding C¢-HSL, but no or just a slightly effects in
AS-1R. In S. marcescens SS-1, the LuxR homologue
acted as a repressor of quorum sensing "'\, On the
other hand, the LuxR homologue in S. marcescens
MGI1 acted as a positive regulator '*1. As a positive
regulator, the LuxR homologue-AHL complex could
activate the expression of QS-controlled genes, but as
the repressor, the existence of the LuxR homologue
would repress the QS-controlled gene expression and
the default of LuxR homologue could restore those
phenotypes. As inactivation of spnR in AS-1 caused
the constitutive expression of quorum sensing regu-
lated phenotypes, SpnR from AS-1 acted as a repressor
of quorum sensing in AS-1, same as the LuxR homo-
logue in SS-1.

3.3 Effect of halogenated furanone on prodi-
giosin production

It was reported that halogenated furanone af-
fected swarming motility in S. marcescens (liquefa-
ciens) MG1 ", which was regulated by quorum sens-
ing. Therefore, the inhibitory effect of halogenated
furanone on the quorum sensing system in AS-1 was
investigated. At first, the inhibitory effect of halo-
genated furanone on prodigiosin production was de-
termined. Various concentration of halogenated fu-
ranone was added to the culture of AS-1 and AS-1R
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AS-1
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AS-1R AS-IR

+AHL
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Fig. 4 Comparison of the phenotypes of prodigiosin production (A), biofilm formation (B), and swarming motility (C) with or without
exogenous AHLs (C¢-HSL) between AS-1 and AS-1R. Ce-HSL was added at Sumol/L.
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and the prodigiosin production was estimated. The
prodigiosin production of AS-1 was decreased by
adding halogenated furanone and the addition of 100
pmol/L halogenated furanone decreased the prodigi-
osin production rate almost down to 40% (Fig.5-A).
Interestingly, halogenated furanone inhibited the

120

g A
g=} 100
S =
T E 80
& o
g< 60
8 =}
s 40
BT 20
&

0

0 1 10 100 200
c(Halogenated furanone)/(umol/L)
140 B
=)
£ 120
g =
.§ £ 100
a:g 80
§ S 60
S 40
5 <
3 20
0 1 10 100 200

c(Halogenated furanone)/(umol/L)
Fig. 5 Effects of halogenated furanone on prodigiosin production

in AS-1(A) and AS-1R (B).

(A

0 1

prodigiosin production in AS-1R as well as in AS-1.
The disrupted of spnR gene made the prodigiosin
production of AS-1R increase to 120%, but the addi-
tion of 100umol/L halogenated furanone to AS-1R
decreased the prodigiosin production down to almost
the same levels as addition to AS-1 (Fig.5-B) and ad-
dition of C4-HSL didn’t affect to the ability of halo-
genated furanone (data not shown). Further more,
halogenated furanone showed no effect on the growth
of AS-1 and AS-1R (data not shown).

34 Effects of halogenated furanone on
swarming motility and biofilm formation

In order to investigate whether the halogenated
furanone inhibit other phenotypes regulated by quo-
rum sensing, biofilm formation and swarming motility
in AS-1 were also determined. For swarming motility
assay, halogenated furanone were added into the plates
at the various concentrations. As the result, the
swarming area of S. marcescens AS-1 was decreased
on the swarming plate containing halogenated fu-
ranone (Fig.6-A). The swarming motility of AS-1R
was also inhibited by halogenated furanone (Fig.6-B).
And at the concentration of 100pumol/L, the swarming
areca of AS-1 and AS-1R was obviously decreased to
less than half.

10 100

Halogenated furanone/(pumol/L)

B)

10 100

Halogenated furanone/(pumol/L)

Fig. 6 Effects of halogenated furanone on swarming motility in AS-1(A) and AS-1R (B).
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Biofilm formation was tested on the polypropyl-
ene plastic surface. By adding halogenated furanone,
the adhere biomass of AS-1 (Fig.7-A) and AS-1R
(Fig.7-B) was decreased in a dose-dependent manner
and the half inhibition was happened when 100
pmol/L of halogenated furanone was added.
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Fig. 7 Effects of halogenated furanone on biofilm formation in
AS-1 (A) and AS-1R (B)

4 DISCUSSION

In this article, we demonstrated that the SpnR
acted as a repressor in S. marcescens AS-1, and halo-
genated furanone inhibited the prodigiosin production,
swarming motility and biofilm formation, which were
regulated by quorum sensing, in AS-1 and AS-1R. Our
work is firstly to report about the inhibition of halo-
genated furanone on prodigiosin production and
biofilm formation of Serratia strain.

In Serratia sp., it has been widely reported that
the LuxR homologue acted as a repressor of quorum
sensing, such as SpnR of S. marcescens SS-1"""  and S.
marcescens AS-1, SmaR of Serratia sp. ATCC
30096, SprR of S. proteamaculans B5a!"”! and SpIR
of S. plymuthica RVH1"!. These data indicated that
negative control of AHL-regulated phenotypes might
be a more general trait in the genus Serratia.

S. marcescens causes nosocomial infections in-
cluding respiratory tract, urinary tract and wound in-
fections, as well as meningitis, septicaemia, and
pneumonia. For the Serratia infections treatment, the
drug-resistance problems may become increasingly
important. Here, we approved that the halogenated
furanone could effectively inhibit the production of

prodigiosin, swarming motility and biofilm formation
of S. marcescens AS-1, which were considered the part
of major virulent factors. And for the half inhibition,
the concentration of halogenated furanone was about
100 pumol/L. In the future, halogenated furanone might
be able to be applied to antipathogenic drugs for Ser-
ratia infection, as a substitute for current antibiotic
drugs.

In general, it was thought that halogenated fu-
ranone inhibited the quorum sensing by mimicking the
native AHL signal and occupying the binding site on
the putative regulatory protein LuxR homologues [*.
We found that the sprR mutant, in which SpnR was
deleted, was still influenced by halogenated furanone.
These interesting findings showed that the halogenated
furanone might affect the quorum sensing without in-
terrupting AHL-SpnR interaction in S. marcescens
AS-1. It was reported about a novel protein component
of the quorum sensing regulon named SpnT in S.
marcescens SS-1, that spnT and spnl formed an operon
and SpnT was involved in the negative regulation of
prodigiosin production and sliding motility ') In S.
marcescens AS-1, except the SpnIR, there might be
another protein or even another system to regulate the
prodigiosin production, swarming motility and biofilm
formation. So the quorum sensing of AS-1 can still be
inhibited when SpnR absence. In a word, quorum
sensing in AS-1 is complicated and the inhibition
mechanism of halogenated furanone to quorum sens-
ing in AS-1 is still worth to research deeply.
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