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Abstract: Bacterial cell-to-cell communication (quorum sensing) refers to the regulation of
bacterial gene expression in response to changes in microbial population density. Quorum
sensing bacteria produce, release and respond to chemical signal molecules called
autoinducers. Bacteria use two types of autoinducers, namely autoinducer-1 (Al-1) and
autoinducer-2 (Al-2) where the former are N-acylhomoserine lactones and the latter is a
product of the luxS gene. Most of the reported literatures show that the majority of oral
bacteria use Al-2 for quorum sensing but rarely the Al-1 system. Here we report the
isolation of Pseudomonas putida strain T2-2 from the oral cavity. Using high resolution
mass spectrometry, it is shown that this isolate produced N-octanoylhomoserine lactone
(C8-HSL) and N-dodecanoylhomoserine lactone (C12-HSL) molecules. This is the first
report of the finding of quorum sensing of P. putida strain T2-2 isolated from the human
tongue surface and their quorum sensing molecules were identified.
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1. Introduction

Proteobacteria communication is commonly known as quorum sensing (QS) which regulates
diverse bacterial phenotypes including those regulating virulence determinants [1-6]. QS usually
involve production and sensing of the signaling molecules which will then bind to a cognate
receptor [7]. The signal molecule-receptor complex will then be able to moderate a myriad genes
regulation. Most Gram-negative bacteria produce a type of autoinducer molecule called N-acyl
homoserine lactones (AHLs) which are produced by AHL synthase. Autoinducer-2 (Al-2) is a
signaling molecule which is a product of the luxS gene [8-10] and Al-2 represents the only QS
mechanism found in both Gram-negative and Gram-positive bacteria [11-13]. Both AHL and Al-2 are
important signal molecules among different species in a polymicrobial community [14-23].

The oral cavity is a very unique environment where the oral microbiome consists of several
hundreds of bacteria genera [24]. It has been reported that bacteria can be found in new orthodontic
buccal tubes [25]. In spite of the microbial abundance in the oral cavity, it is noteworthy that nearly all
these oral bacteria exhibit Al-2 QS instead of the AHL-based system. In our recent work, we isolated
two AHL-producing oral bacteria namely Enterobacter sp. and Klebsiella pneumoniae [26,27]. It has
been reported that Al-2 is vital for the biofilm formation in K. pneumoniae [28]. Similarly, Al-2 also
regulates expression of virulence factors [29-31].

AHLs are QS signalling molecules in Proteobacteria, and are produced by an AHL synthase (Luxl)
so that when signaling molecules bind to LuxR protein, this AHL-luxR complex will be used to
regulate QS-based gene expression [31-34]. When the concentration of these AHLs reaches the
threshold level, the AHL-luxR complex will regulate a set of genes which occur in a population
density-dependent manner, leading to population driven changes in several functions including
virulence determinants, antibiotic production, bioluminescence, and biofilm formation [35]. QS
bacteria have been isolated from various sources and habitats, including the human body [36—45].

2. Experimental Section
2.1. Bacterial Strains

In this work, Escherichia coli [pSB401] [46] and Agrobacterium tumefaciens NTL4 (pZLR4) [47]
were used as short and long chain AHLs biosensors, respectively. While the former produces the
bioluminescence in the presence of exogenously supplied short chain AHLs, the latter turns blue on
AB agar supplemented with X-gal (60 g/mL, final concentration) and medium and long chain AHLS.
Routinely, A. tumefaciens NTL4 (pZLR4) was cultured in AB medium or AB agar (solidified with
bacto-agar at 1.5 ¢/l00 mL), supplemented with gentamicin (150 pg/mL) and glucose (0.5% w/v)
according to previously reported work [47]. To detect AHL molecules with A. tumefaciens NTL4
(pZLR4), AB agar without gentamicin was supplemented with X-gal. All other bacteria were routinely
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cultured in Luria—Bertani (LB) medium (in grams per 100 mL.: tryptone, 1; NaCl, 0.5; yeast extract, 0.5),
broth or agar (solidified with bacto-agar at 1.5 ¢/l00 mL), buffered to pH 5.5 with 50 mM
3-(N-morpholino)propanesulfonic acid (MOPS) to prevent lactonolysis due to basic condition [48].
Where necessary, growth media were supplemented with ampicillin (100 pg/mL). A. tumefaciens
NTL4 (pZLR4) was grown at 28 <C, whereas E. coli DH5a, E. coli [pSB401] and oral bacteria were
grown at 37 <C.

2.2. Enrichment of Bacteria from Tongue Surface Debris

This study was approved by the Ethics Committee of the Faculty of Dentistry (University of
Malaya). A tongue surface debris sample was collected from healthy individuals in 2008 at the Faculty
of Dentistry. Samples from the posterior dorsum surface of the tongue were taken by gentle scraping
the tongue surface using a sterile stainless steel tongue scraper. The materials on the scraper were
quickly placed into sterile saline (300 L) containing in a sterile tube. Oral bacteria used in this study
were isolated as previously described [26,27] using KG medium [49]. To obtained single pure colony,
bacterial culture was spread on LB agar by repeated streaking. Bacterial colony labelled as T2-2 was
selected for further studies.

2.3. Strain ldentification

Bacteria DNA extraction, purification, manipulations and amplification 16S rDNA gene by
polymerase chain reaction (PCR) were carried out as reported [50]. We used universal primer pairs
27F and 1525R to amplify the 16S rDNA genes from the purified bacterial genomic DNA [51].
Universal primers T7, SP6, and internal primers previously designed to anneal to internal target
regions of the 16S rDNA were used as reported previously [52]. Nucleotide sequences were aligned
and phylogenetic analysis with 1,000 re-samplings was performed as reported previously [26,27] to
ensure robustness and topology of the tree constructed.

2.4. Extraction of AHLs from Bacterial Culture Supernatants

Overnight grown bacterial culture (1 mL) was inoculated into LB broth (100 mL) and cells were
grown to an ODggo of 1.0. The spent supernatant was extracted vigorously twice with ethyl acetate
(100 mL). After settling into two layers, the organic phase was collected in a separation funnel, dried
over excess anhydrous magnesium sulphate, filtered through filter paper, and the extract was
evaporated to completely dryness. To dissolve the extracted AHLs, 100 L of acetonitrile was added
to the extracts, mixed well and kept at —20 <C.

2.5. Measurement of Bioluminescence

To measure bioluminescence, we followed the method reported previously [26] where E. coli
[pSB401] was grown overnight and diluted with sterile LB broth to ODgy 0.01, and these cells
(200 L) were added to each well of a 96-well optical bottom microtitre plate. AHL extracts from oral
bacterium T2-2, AHL solvent (ethyl acetate) (control), PBS buffer (control) were added to the
wells containing E. coli [pSB401] cells, and incubated at 37 <C for 24 h and measured in
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luminometer-spectrophotometer. Bioluminescence was measured using a combined automated
Tecan luminometer-spectrophotometer (Infinite, Tecan, Mé&nerdorf, Switzerland) essentially as
reported before [26]. Growth measurements and bioluminescence were the averages of triplicate
experiments. Data were presented as graph Relative Light Units (RLU)/ODgy nm against time,
indicating approximate light output per cell.

2.6. Mass Spectrometry (MS) Analysis of AHL

High resolution mass spectrometry was performed as reported [27] using an Agilent RRLC 1200
system coupled with an Agilent ZORBAX Rapid Resolution HT column (100 mm <2.1 mm, 1.8 pm
particle size). Mass spectrometry was done using an Agilent 6500 Q-TOF system and mass
spectrometry ESI-MS and ESI-MS/MS analysis conditions (60 <C, flow rate 0.3 mL/min, with
injection volume 20 L. Mobile phases A and B were 0.1% v/v formic acid in water and 0.1% v/v
formic acid in acetonitrile, respectively and the mobile phases gradient profile; ESI-positive mode,
probe capillary voltage set at 3,000 V; desolvation temperature 350 <C; sheath gas 11 mL/h; and
nebulizer pressure 50 psi) were performed essentially as previously described [27]. We used nitrogen
gas as the collision gas in the collisionally induced dissociation mode for the MS/MS analysis
(collision energy set at 20 eV). To analyse the mass spectra results, we used Agilent MassHunter
software as reported previously [27].

2.7. Nucleotide Sequence Accession Number

The 16S rDNA sequence of strain T2-2 was assigned GenBank accession no. HQ907954. All other
rDNA sequences were obtained from GenBank.

3. Results and Discussion
3.1. General Description and Molecular Identification of Strain T2-2

The bacterial colony labelled as T2-2 was purified and its morphology was observed by growing on
LB agar. Colonies of strain T2-2 appeared circular, with a size of 0.3 mm, with entire margin and
opaque, raised colonies and milky white colour. Strain T2-2 was stained as Gram-negative and
appeared as rod-shaped bacteria. Partial 16S rDNA sequences of strain T2-2 (1,529 nucleotides) were
determined and phylogenetic analysis of strain T2-2 showed that it clustered closely (96%) to P. putida
strain M16 (Figure 1). Hence, strain T2-2 was named as P. putida strain T2-2.

Evolutionary history was obtained by using Neighbour-Joining algorithm [53]. The percentage of
the robustness of the associated taxa clustered together is indicated by the bootstrap test (1,000
replicates) and is shown beside the branch (Figure 1). The evolutionary distance can be determined as
the tree is drawn to scale, and the evolutionary relationship of strains are indicated by the scale below.
Evolutionary distances were computed using the Maximum Composite Likelihood method. Units used
represent the number of base substitutions per site. Pairwise deletion is used in the construction in this
tree and all positions containing alignment gaps and missing data were eliminated only in pairwise
sequence comparison.
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Figure 1. Phylogenetic analysis of oral bacterial strain T2-2. 16S rDNA-based
phylogenetic tree showing the phylogenetic position of strain T2-2. A total of
1,529 unambiguously aligned nucleotides were analysed by using MEGA 5.2 as described
in Materials and Methods. The barrepresents evolutionary distance as number of changes
per nucleotide position, determined by measuring the lengths of the horizontal
linesconnecting the corresponding species. P. aeruginosa strain NO02 was used as
outgroup. Numbers in parentheses are GenBank accession numbers.

96 | strain T2-2 (HQ907954)

46 Pseudomonas putida strain M16 (JN596120)

Pseudomonas putida strain KT2440 (NR 074596)
76 — Pseudomonas putida strain 25 (GU828029)

Pseudomonas mosselii strain KDH-3 (JQ773432)
o Pseudomonas putida strain MG-Y2 (EU179737)
65 Pseudomonas putida strain MG-P1 ( EU018487)

Pseudomonas aeruginosa strain NO02 (JX035794)

0.005

To our knowledge, there are no studies to date that have identified P. putida as part of the
normal oral flora. Pseudomonas however can be normally found on the surfaces of plants
and animals. The complete genome of the toluene-degrading P. putida strain KT2440 has been
sequenced [54]. P. putida is non-pathogenic in nature due to the absence of virulence factors like
certain exotoxin genes and type Il secretion systems.

3.2. Detection of AHLs Production of T2-2 by Using Biosensor A. tumefaciens NTL4 (pZLR4)

Bacterial isolates (vertical streak) were cross streaked with A. tumefaciens NTL4 (pZLR4)
(horizontal streak) to detect the presence of AHL production. Strain T2-2 was able to induce synthesis
of B-galactosidase by A. tumefaciens, which is indicated by the hydrolysis of X-gal depicted as blue
pigmentation (Figure 2).

Figure 2. Cross streak of strain T2-2 colony with Agrobacterium tumefaciens NTL4
(pZLR4). Bacterial isolate T2-2 (vertical streak) were cross streaked with A. Tumefaciens
NTL4 (pZLR4) (horizontal streak) to detect the presence of AHL production. Blue
pigmentation indicated the presence of AHLSs production by T2-2.
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3.3. Measurement of Bioluminescence

To gain an insight of the type of AHLs produced, supernatant from strain T2-2 was extracted for
AHLs assayed with biosensors used in conjunction with TLC. The TLC result revealed one
well-resolved spot for strain T2-2 AHL extract. One spot had a relative migration factor (Ry) similar to
that of C6-HSL (data not shown). However, TLC is not a conclusive method to determine the exact
identification of AHLs present in the extract. To further verify strain T2-2 did produce detectable
AHLs, lux-based biosensor (Escherichia coli [pSB401]) was used to determine the AHLSs inducible lux
activity. Using E. coli [pSB401], it is shown that AHL extract of strain T2-2 induced bioluminescence
over 24 h (Figure 3).

Figure 3. Measurement of bioluminescence. Bioluminescence and OD were measured
throughout growth for 24 h at 37 <C in the presence of PBS buffer (diamond) and ethyl
acetate (square) as negative controls, and AHL extract from strain T2-2 (P. putida)
(asterisk). Each point was the average of data obtained from three experiments. Horizontal
axis: time (hr, hour), vertical axis (RLU/ODgpo nm Where RLU: relative light unit, OD:
optical density at 600 nm).

Ohr 2hr 4hr 6hr 8hr 10hr12hr14hr16hr18hr20hr22hr24hr
=C==nSB401 + PBS  ==E==pSB401 + ethyl acetate T2-2

3.4. Mass Spectrometry Analysis of Oral Bacteria Spent Supernatants Extracts

Mass spectrometry was used for unequivocal detection of AHLs produced by strain T2-2, the result
of mass spectrometry confirmed the presence of C8-HSL (m/z 228.1534) and C12-HSL (284.2217) in
the spent supernatant of strain T2-2. The ESI-MS/MS spectrum of C12-HSL shows fragments (m/z
95.0822, 109.1003) typical of an AHL lactone-moiety (Figure 4) [55].

Our group has previously reported the isolation of K. pneumoniae and Enterobacter sp. from oral
cavity using KG medium [26,27]. Our previous work showed that these two oral bacteria exhibit QS
properties and have shown to produce AHLs. We have also shown that Enterobacter sp. produces
C8-HSL and C12-HSL [26]. Similarly, in this work, we showed that strain T2-2 also produced
C8-HSL and C12-HSL (Figure 4). Surprisingly, the AHL production profile of P. putida strain ATCC
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39168 is very different from our study. AHLs produced by P. putida strain ATCC 39168 included
C6-HSL, C8-HSL, C10-HSL and 3-oxo0-C12-HSL [55], whereby only C8-HSL is the common AHL
produced by both P. putida strain T2-2 and P. putida strain 39168 [55]. This is possibly due to the
different culturing conditions, where minimal medium was used in the previous study with glutamic
acid (130 mg/L) was used as the sole carbon source [55], while LB medium was used in this study.
It has been noted that using different culturing media would result in the production of differing
AHLs [56]. In other reported work, other strains of P. putida have been shown to produce
N-(3-oxo0-dodecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) [57,58]. However, strain T2-2 did not
produce any detectable long chain 3-o0xo0-C12-HSL under our experimental conditions. Note that in the
present work, bacterial strain T2-2 was grown aerobically in LB medium buffered with MOPS
providing acidic growth condition because AHLSs has a short half-life under alkaline conditions [48].

Figure 4. Mass spectrometry analysis of spent supernatants extract P. putida strain T2-2
Upper panel: mass spectra ofC8-HSL (m/z 228.1534) (marked by arrow), lower panel:
C12-HSL (m/z 284.2217) (marked by arrow).
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Reported work shows that P. putida strains WCS358 and IsoF [57,58] are beneficial rhizosphere
bacteria that possess Ppul/R which are orthologues and responsible for the synthesis of and response to
3-0x0-C12-AHL. Ppul/R share approximately 50% with Lasl/R of P. aeruginosa. Since P. putida is a
plant-associated bacterium, we speculated that our strain T2-2 is originated from the vegetable diet
consumed by the healthy individual before sampling. P. putida has been reported to produce AHL to
regulate biofilm formation [57,58]. Hence, it is postulated that strain T2-2 may produce AHL to form
biofilms on the tongue surface. Thus far, AHLSs are detectable in body fluids and have been shown to
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exhibit immune modulatory effects in vitro [59], but the long term effects of ingesting AHLs on the
digestive gastrointestinal tracts of human beings remain unknown.

This report represents the first documentation on the isolation of an AHL-producing P. putida strain
T2-2 from the human tongue surface. Together with the previous finding on the presence of
AHL- producing bacteria in the oral cavity, this work provides additional evidence to illustrate the
importance to work on the AHL-producing bacteria present in the human oral cavity. Not only has this
work expanded the scope of QS research in oral cavity, it also provides more evidence that QS bacteria
relying on AHL as signaling molecules should not be underestimated.

4. Conclusions/Outlook

Here, oral Pseudomonas sp. strain T2-2 isolated from the human tongue surface has been shown to
produce AHLs as confirmed by biosensors and high resolution tandem mass spectrometry. This work
illustrates the importance of investigating the AHL-producing bacteria in the oral cavity.

Acknowledgments

We gratefully acknowledge the University of Malaya for the High Impact Research Grant
(HIR/MOHE Grant: A000001-50001) to Kok-Gan Chan. The author thanks K. Purmal for the help on
oral tongue scrub.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Chan, X.Y.; Chua, K.H.; Puthucheary, S.D.; Yin, W.-F.; Chan, K.-G. Draft genome sequence of
an Aeromonas sp. strain 159 clinical isolate that shows quorum-sensing activity. J. Bacteriol.
2012, 194, 6350, doi: 10.1128/JB.01642-12.

2. Chan, K.-G. Exochelin production in Mycobacterium neoaurum. Int. J. Mol. Sci. 2009, 10,
345-353.

3. Fuqua, W.C.; Winans, S.C. A LuxR-Luxl type regulatory system activates Agrobacterium Ti
plasmid conjugal transfer in the presence of a plant tumor metabolite. J. Bacteriol. 1994, 176,
2796-2806.

4. Nealson, K.H.; Platt, T.; Hastings, J.W. Cellular control of the synthesis and activity of the
bacterial luminescent system. J. Bacteriol. 1970, 104, 313-322.

5. Welch, M.; Todd, D.E.; Whitehead, N.A.; McGowan, S.J.; Bycroft, B.W.; Salmond, G.P. N-acyl
homoserine lactone binding to the CarR receptor determines quorum-sensing specificity in
Erwinia. EMBO J. 2000, 19, 631-641.

6. Williams, P.; Winzer, K.; Chan, W.; Céamara, M. Look who’s talking: Communication and
qguorum sensing in the bacterial world. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2007, 362,
1119-1134.



Sensors 2013, 13 13200

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

Fuqua, C.; Winans, S.C.; Greenberg, E.P. Census and consensus in bacterial ecosystems: The
LuxR-LuxI family of quorum-sensing transcriptional regulators. Annu. Rev. Microbiol. 1996, 50,
727-751.

Winzer, K.; Hardie, K.R.; Williams, P. Bacterial cell-to-cell communication: Sorry, can’t talk
now-gone to lunch! Curr. Opin. Microbiol. 2002, 5, 216-222.

Winzer, K.; Hardie, K.R.; Williams, P. luxS and autoinducer-2: Their contribution to quorum
sensing and metabolism in bacteria. Adv. Appl. Microbiol. 2003, 53, 291-396.

Vendeville, A.; Winzer, K.; Heurlier, K.; Tang, C.M.; Hardie, K.R. Making “sense” of
metabolism: Autoinducer 2, luxS and pathogenic bacteria. Nat. Rev. Microbiol. 2005, 3, 383-396.
Sun, J.B.; Daniel, R.; Wagner-D&bler, 1.; Zeng, A.-P. Is Autoinducer-2 a universal signal for
interspecies communication: A comparative genomic and phylogenetic analysis of the synthesis
and signal transduction pathways. BMC Evol. Biol. 2004, 4, doi: 10.1186/1471-2148-4-36.
Wuster, A.; Babu, M.M. Conservation and evolutionary dynamics of the agr cell-to-cell
communication system across firmicutes. J. Bacteriol. 2008, 190, 743-746.

Delisa, M.P.; Wu, C.P.; Wang, L.; Valdes, J.J.; Bentley, W.E. DNA Microarray-based
identification of genes controlled by autoinducer 2-stimulated quorum sensing in Escherichia coli.
J. Bacteriol. 2001, 183, 5239-5247.

Chong, T.-M.; Koh, C.-L.; Sam, C.-K.; Choo, Y.-M.; Yin, W.-F.; Chan, K.-G. Characterization of
quorum sensing and quorum quenching soil bacteria isolated from Malaysian tropical montane
forest. Sensors 2012, 12, 4846-4859.

Fuqua, C.; Parsek, M.R.; Greenberg, E.P. Regulation of gene expression by cell-to-cell
communication: Acyl-homoserine lactone quorum sensing. Annu. Rev. Genet. 2001, 35, 439-468.
Hong, K.-W.; Koh, C.-L.; Sam, C.-K.; Yin, W.-F.; Chan, K.-G. Quorum quenching revisited-from
signal decays to signalling confusion. Sensors 2012, 12, 4661-4696.

Reading, N.C.; Sperandio, V. Quorum sensing: The many languages of bacteria.
FEMS Microbiol. Lett. 2005, 254, 1-11.

Schauder, S.; Bassler, B.L. The languages of bacteria. Genes Dev. 2001, 15, 1468-1480.
Thoendel, M.; Kavanaugh, J.S.; Flack, C.E.; Horswill, A.R. Peptide signaling in the staphylococci.
Chem. Rev. 2011, 111, 117-151.

Xavier, K.B.; Bassler, B.L. luxS quorum sensing: More than just a numbers game. Curr. Opin.
Microbiol. 2003, 6, 191-197.

Xavier, K.B.; Bassler, B.L. Regulation of uptake and processing of the quorum-sensing
autoinducer Al-2 in Escherichia coli. J. Bacteriol. 2005, 187, 238-248.

Pacheco, A.R.; Sperandio, V. Inter-kingdom signaling: Chemical language between bacteria and
host. Curr. Opin. Microbiol. 2009, 12, 192-198.

Chang, C.-Y.; Koh, C.L.; Sam, C.K.; Chan, X.Y.; Yin, W.F.; Chan, K.-G. Unusual long-chain
N-acyl homoserine lactone production by and presence of quorum quenching activity in bacterial
isolates from diseased Tilapia fish. PLoS One 2012, 7, e44034.

Aas, J.A.; Paster, B.J.; Stokes, L.N.; Olsen, I.; Dewhirst, F.E. Defining the normal bacterial flora
of the oral cavity. J. Clin. Microbiol. 2005, 43, 5721-5732.

Purmal, K.; Chin, S.; Pinto, J.; Yin, W.-F.; Chan, K.-G. Microbial contamination of orthodontic
buccal tubes from manufacturers. Int. J. Mol. Sci. 2010, 11, 3349-3356.



Sensors 2013, 13 13201

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yin, W.F.; Purmal, K.; Chin, S.; Chan, X.Y.; Chan, K.G. Long chain N-acyl homoserine lactone
production by Enterobacter sp. isolated from human tongue surfaces. Sensors 2012, 12,
14307-14314.

Yin, W.F.; Purmal, K.; Chin, S.; Chan, X.Y.; Koh, K.L.; Sam, C.K.; Chan, K.G. N-acyl
homoserine lactone production by Klebsiella pneumoniae isolated from human tongue surface.
Sensors 2012, 12, 3472-3483.

Balestrino, D.; Haagensen, J.A.J.; Chantal, R.; Forestier, C. Characterization of type 2 quorum
sensing in Klebsiella pneumoniae and relationship with biofilm formation. J. Bacteriol. 2005, 187,
2870-2880.

Barrios, A.G.; Zuo, R.; Hashimoto, Y.; Yang, L.; Bentley, W.E.; Wood, T.K. Autoinducer 2
controls biofilm formation in Escherichia coli through a novel motility quorum-sensing regulator
(MgsR, B3022). J. Bacteriol. 2006, 188, 305-316.

Yoon, Y.; Sofos, J.N. Absence of association of autoinducer-2-based quorum sensing with heat
and acid resistance of Salmonella. J. Food Sci. 2010, 75, M444-M448.

Ling, H.; Kang, A.; Tan, M.H.; Qi, X.; Chang, M.W. The Absence of the luxS gene increases
swimming motility and flagella synthesis in Escherichia coli K12. Biochem. Biophys.
Res. Commun. 2010, 401, 521-526.

Case, R.J.; Labbate, M.; Kjelleberg, S. AHL-driven quorum-sensing circuits: Their frequency and
function among the Proteobacteria. ISME J. 2008, 2, 345-349.

Tsai, C.S.; Winans, S.C. LuxR-type quorum-sensing regulators that are detached from common
scents. Mol. Microbiol. 2010, 77, 1072-1082.

Ryan, R.P.; Dow, J.M. Diffusible signals and interspecies communication in bacteria.
Microbiology 2008, 154, 1845-1858.

Whitehead, N.A.; Barnard, A.M.; Slater, H.; Simpson, N.J.; Salmond, G.P. Quorum-sensing in
Gram-negative bacteria. FEMS Microbiol. Rev. 2001, 25, 365-404.

Chan, K.G.; Puthucheary, S.D.; Chan, X.Y.; Yin, W.F.; Wong, C.S.; See Too, W.S.; Chua, K.H.
Quorum sensing in Aeromonas species isolated from patients in Malaysia. Curr. Microbiol. 2010,
62, 167-172.

Gan, H.M.; Hudson, A.O.; Rahman, A.Y.A.; Chan, K.G.; Savka, M.A. Comparative
genomic analysis of six bacteria belonging to the genus Novosphingobium: insights into marine
adaptation, cell-cell signaling and bioremediation. BMC Genomics. 2013, 14, 431, doi: 10.1186/
1471-2164-14-431.

Chan, K.G.; Atkinson, S.; Mathee, K.; Sam, C.K.; Chhabra, S.R.; Cémara, M.; Koh, C.L.;
Williams, P. Characterization of N-acylhomoserine lactone-degrading bacteria associated with the
Zingiber officinale (ginger) rhizosphere: Co-existence of quorum quenching and quorum sensing
in Acinetobacter and Burkholderia. BMC Microbiol. 2011, 11, 51, doi: 10.1186/1471-2180-11-51.
Chong, T.-M.; Tung, H.J.; Yin, W.-F.; Chan, K.-G. Insights from the genome sequence of
quorum-quenching Staphylococcus sp. strain AL1, isolated from traditional Chinese soy sauce
brine fermentation. J. Bacteriol. 2012, 194, 6611-6612.

Yin, W.-F.; Tung, H.-J; Sam, C.-K.; Koh, C.-L.; Chan, K.-G. Quorum quenching
Bacillus sonorensis isolated from soya sauce fermentation brine. Sensors 2012, 12, 4065-4073.


http://www.mdpi.com/1424-8220/12/3/3472
http://www.mdpi.com/1424-8220/12/3/3472

Sensors 2013, 13 13202

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wong, C.S.; Yin, W.F.; Choo, Y.M.; Sam, C.K.; Koh, C.L.; Chan, K.G. Coexistence of quorum
guenching and quorum-sensing in tropical marine Pseudomonas aeruginosa strain MW3A.
World J. Microbiol. Biotechnol. 2012, 28, 453-461.

Wong, C.S.; Yin, W.F.; Sam, C.K.; Koh, C.L.; Chan, K.G. Characterisation of wetland quorum
quenching Pseudomonas aeruginosa strain 2SW8 and its 2-heptyl-3-hydroxy-4-quinolone
production. New Microbiol. 2012, 35, 43-51.

Hong, K.-W.; Gan, H.M.; Low, S.M.; Lee, P.K.Y.; Chong, Y.M.; Yin, W.-F.; Chan, K.-G. Draft
genome sequence of Pantoea sp. strain A4, a Rafflesia-associated bacterium that produces
N-acylhomoserine lactones as quorum-sensing molecules. J. Bacteriol. 2012, 194, 6610,
doi: 10.1128/JB.01619-12.

Hong, K.-W.; Koh, C.-L.; Sam, C.-K.; Yin, W.-F.; Chan, K.-G. Complete genome sequence of
Burkholderia sp. strain GG4, a betaproteobacterium that reduces 3-oxo-N-acylhomoserine
lactones and produces different N-acylhomoserine lactones. J. Bacteriol. 2012, 194, 6317,
doi: 10.1128/JB.01578-12.

Hong, K.-W.; Koh, C.-L.; Sam, C.-K.; Yin, W.-F.; Chan, K.-G. Whole-genome sequence of
N-acylhomoserine lactone-synthesizing and -degrading Acinetobacter sp. strain GG2. J. Bacteriol.
2012, 194, 6318.

Winson, M.K.; Swift, S.; Fish, L.; Throup, J.P.; Jorgensen, F.; Chhabra, S.R.; Bycroft, B.W.;
Williams, P.; Stewart, G.S. Construction and analysis of luxCDABE-based plasmid sensors for
investigating N-acyl homoserine lactone-mediated quorum sensing. FEMS Microbiol. Lett. 1998,
163, 185-192.

Luo, Z.Q.; Su, S.; Farrand, S.K. In situ activation of the quorum-sensing transcription factor TraR
by cognate and noncognate acyl-homoserine lactone ligands: Kinetics and consequences.
J. Bacteriol. 2003, 185, 5665-5672.

Yates, E.A.; Philipp, B.; Buckley, C.; Atkinson, S.; Chhabra, S.R.; Sockett, R.E.; Goldner, M.;
Dessaux, Y.; Cémnara, M.; Smith, H.; et al. N-acylhomoserine lactones undergo lactonolysis in a
pH-, temperature-, and acyl chain length-dependent manner during growth of Yersinia
pseudotuberculosis and Pseudomonas aeruginosa. Infect. Immun. 2002, 70, 5635-5646.

Chan, K.-G.; Yin, W.F,; Sam, C.K.; Koh, C.L. A novel medium for the isolation of
N-acylhomoserine lactone-degrading bacteria. J. Ind. Microbiol. Biotechnol. 2009, 36, 247-251.
Chan, K.G.; Tiew, S.Z.; Ng, C.C. Rapid isolation method of soil bacilli and screening of their
quorum quenching activity. Asia Pac. J. Mol. Biol. Biotech. 2007, 15, 153-156.

Chan, K.G.; Wong, C.S.; Yin, W.F,; Sam, C.K.; Koh, C.L. Rapid degradation of
N-3-oxo-acylhomoserine lactones by a Bacillus cereus isolate from Malaysian rainforest soil.
Antonie van Leeuwenhoek 2010, 98, 299-305.

Lane, D.L.; Pace, B.; Olsen, G.J.; Stahl, D.A.; Sogin, M.L.; Pace, N.R. Rapid determination of
16S ribosomal RNA sequences for phylogenetic analyses. Proc. Natl. Acad. Sci. USA 1985, 82,
6955-6959.

Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic
trees. Mol. Biol. Evol. 1987, 4, 406-425.



Sensors 2013, 13 13203

54.

55.

56.

57,

58.

59.

Nelson, K.E.; Weinel, C.; Paulsen, I.T.; Dodson, R.J.; Hibert, H.; Martins dos Santos, V.A.P.;
Fouts, D.E.; Gill, S.R.; Pop, M.; Holmes, M.; et al. Complete genome sequence and comparative
analysis of the metabolically versatile Pseudomonas putida KT2440. Environ. Microbiol. 2002, 4,
799-808.

Sauer, K.; Camper, A.K. Characterization of phenotypic changes in Pseudomonas putida in
response to surface-associated growth. J. Bacteriol. 2001, 183, 6579-65809.

Wang, H.; Cai, T.; Weng, M.; Zhou, J.; Cao, H.; Zhong, Z.; Zhu, J. Conditional production of
acyl-homoserine lactone-type quorum-sensing signals in clinical isolates of enterobacteria.
J. Med. Microbiol. 2006, 55, 1751-1753.

Bertani, I.; Venturi, V. Regulation of the N-acyl homoserine lactone-dependent quorum-sensing
system in rhizosphere Pseudomonas putida WCS358 and cross-talk with the stationary-phase
rpoS sigma factor and the global regulator GacA. Appl. Environ. Microbiol. 2004, 70,
95493-5502.

Steidle, A.; Allesen-Holm, M.; Riedel, K.; Berg, G.; Givskov, M.; Molin, S.; Eberl, L.
Identification and characterization of an N-acylhomoserine lactone-dependent quorum-sensing
systemin Pseudomonas putida Strain IsoF. Appl. Environ. Microbiol. 2002, 68, 6371-6382.
Pritchard, D.l. Immune modulation by Pseudomonas aeruginosa quorum-sensing signal
molecules. Int. J. Med. Microbiol. 2006, 296, 111-116.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Sauer%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Camper%20AK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://aem.asm.org/search?author1=Iris+Bertani&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Vittorio+Venturi&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Anette+Steidle&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Marie+Allesen-Holm&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Kathrin+Riedel&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Gabriele+Berg&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Michael+Givskov&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=S%C3%B8ren+Molin&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Leo+Eberl&sortspec=date&submit=Submit

