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Abstract: Proteobacteria use quorum sensing to regulate target gene expression in
response to population density. Quorum sensing (QS) is achieved via so-called signalling
molecules and the best-studied QS signalling system uses N-acyl homoserine lactones
(AHLs). This study aimed to identify and characterize the production of AHLs by a
bacterium ND03 isolated from a Malaysian tropical rainforest waterfall. Molecular
identification showed that ND03 is a Pantoea sp. closely related to Pantoea rodasii. We
used Chromobacterium violaceum CV026, an AHL biosensor for preliminary AHL
production screening and then used high resolution triple quadrupole liquid
chromatography-mass spectrometry, to confirm that P. rodasii strain ND03 produced
N-(3-oxo-hexanoyl)-L-homoserine lactone (3-oxo-C6-HSL). To the best of our knowledge,
this is the first report for such a discovery in P. rodasii strain ND03.
Keywords: cell-to-cell communication; mass spectrometry; triple quadrupole
liquid chromatography mass spectrometry; quorum sensing; N-(3-oxohexanoyl)
homoserine-lactone (3-oxo-C6-HSL); Pantoea rodasii
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1. Introduction
Many bacteria in association with plants or animals utilize cell-to-cell communication to monitor
their virulence determinants [1]. The discovery of bacteria cell-to-cell communication (quorum sensing
(QS)) started at the late 1960s, when Vibrio fischeri was the first organism discovered to coordinate
luminescence by cell-to-cell communication [2]. QS was later confirmed as a bacteria communication
system in response towards population density whereby when the threshold level of a signaling
molecule is obtained [3,4], then a battery of QS-mediated genes will be regulated by QS [5].
Two major QS system signaling molecules namely autoinducer-1 N-acyl homoserine lactone
(AHL)-based system commonly used by most Gram-negative bacteria and autoinducer-2,
oligopeptide-based system used by most Gram-positive bacteria [6,7]. The formal has been widely
studied where LuxR is a transcriptional activator protein that binds to specific AHL produces by LuxI,
the autoinducer synthase (Figure 1) [6,8]. When a critical threshold of population density concentration
is achieved, the signal transduction cascade will be activated and allow the target genes to be
modulated and a collective behavior adaptation will occur [9,10].
Figure 1. Autoinducer type 1 quorum sensing signal system in Gram-negative bacteria that
employ LuxI/LuxR complex for communication.

To date, there are different pathogens that possess QS activity where they could be either animal or
plant-pathogens. The species clustered in the genus Pantoea have been documented to show QS
properties, but their possible association with hosts and disease remain unclear, for example, the role
of QS in Pantoea stewartii that infects corn [11]. Another example is Pantoea agglomerans, which is
also known to possess QS properties and causes infections in wounds, blood and the urinary tract [12].
The pathogenic effect is believed to be influenced by regulation of virulence determinants throughout
the infection process and QS allows these pathogenic bacteria to make a concerted attack and produce
ample virulence factors to overwhelm the host defenses [13]. Hence, this triggered interest in our
group to extend this research in isolating environmental water-borne bacteria that possess QS
properties. In this study, we investigated the presence of QS bacteria in a Malaysian tropical rainforest
waterfall sample, and report the isolation of a QS bacterium, Pantoea rodasii ND03.
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2. Experimental Section
2.1. Collection of Water Samples
The sampling location was performed at Sungai Ampang waterfalls, Ulu Klang Selangor, Malaysia
(GPS coordinate: N03 12.69' E101 47.72') and the samples were collected in October 2013. The
samples were collected at a depth of 12–17 cm and stored in sterilised plastic tubes. Water temperature
and pH value were recorded. The water samples were kept in an icebox and transferred to the
laboratory for further analysis [14].
2.2. Isolation of Bacterial Strains
The water samples were subjected to tenfold serial dilution (100, 10−1, 10−2, 10−3, 10−4) and spread
on Reasoner’s 2A (R2A) agar [15], followed by overnight incubation at 28 °C. R2A was selected in
this isolation process due to the fact R2A is used to study bacteria which normally inhabit potable
water [15]. Pure colonies were obtained by streaking repeatedly on Trypticase Soy Agar (TSA) and
incubating at 28 °C for 24 h. Characteristics of the pure colony, for instance the shape, size, color and
others visual properties were recorded.
2.3. Bacterial Identification Using 16S rDNA Gene Sequencing
Bacterial genomic DNA was extracted and purified using The QIAamp® DNA Mini Kit (Qiagen,
Germantown, MD, USA) and has been used as a template for PCR. The forward primer 27F and the
reverse primer 1525R were used for PCR amplification [16]. PCR amplification parameters used were
performed as previously described [17]. The comparison of gene sequences was done by using
BLASTN program (GenBank databases) followed by sequence alignment and phylogenetic
analyses. This analysis has been done by using Molecular Evolutionary Genetic Analysis (MEGA)
Version 6 [16].
2.4. AHL Screening using AHL Biosensor
The presence of exogenous short chain AHLs ranging from four to eight carbons was detected by
using Chromobacterium violaceum CV026 [18]. Screening of AHL production by bacterial isolates
were performed on Luria Bertani (LB) agar. Positive control (Erwinia carotovora GS101) and
negative control (E. carotovora PNP22) [19,20] were included in the detection of AHLs as controls.
2.5. Extraction of AHL from Spent Supernatant
Bacteria was grown overnight in LB broth buffered to pH 6.5 by using
3-(N-morpholino)propanesulfonic acid (MOPS, 50 mM) with shaking (220 rpm) for 18 h at 28 °C. The
spent supernatant was extracted twice by using an equal volume of acidified (0.1% v/v acetate acid)
ethyl acetate [21]. AHL extracts were air-dried in a fume hood before proceeding to liquid
chromatography-mass spectrometry (LC/MS) analysis.
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2.6. Identification of AHL by Triple Quadrupole Liquid Chromatography Mass Spectrometry (LC/MS)
For the analysis of LC/MS, Agilent 1290 Infinity LC system (Agilent Technologies, Santa Clara,
CA, USA) equipped with an Agilent ZORBAX Rapid Resolution High Definition SB-C18 Threaded
Column (2.1 mm × 50 mm, with packed particle size of 1.8 μm) was used [7]. AHL extract was
resuspended in acetonitrile. The parameters for the identification of AHL by Triple Quadrupole Liquid
Chromatography Mass Spectrometry (LC/MS) were previously described [7]. The presence of AHLs
was confirmed by MS data analysis using the Agilent Mass Hunter software version B.05.00. Analysis
was based on the retention index and the comparison of the EI mass spectra with AHL standards.
3. Results and Discussion
3.1. Bacterial Identification
Pure colonies of strain ND03 was obtained after successive streaking on growth media several
times. Strain ND03 was identified analyzing its 16S rDNA nucleotides gene sequences and strain
ND03 showed 99% similar to Pantoea rodasii strain H11. The result obtained was based on BLAST
against the NCBI database and phylogenetic analysis of 16S rDNA nucleotide sequence (Figure 2).
The evolutionary history was inferred by using the Maximum Likelihood method based on the
Tamura-Nei model. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum
Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood
value. There were a total of 465 positions in the final dataset. Evolutionary analyses were conducted in
MEGA6. All positions containing gaps and missing data were eliminated.
Figure 2. Phylogenetics analysis of strain ND03. The tree with the highest log likelihood
(−917.0500) is shown. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site.
ND03
Pantoea_rodasii_strain_H11_16S_partial
gi|343526894|gb|JF295054.1|_Pantoea_rodasii_strain_LMG_26274_16S_ribosomal_RNA_gene_complete_sequence
gi|300713477|gb|GU204958.1|_Pantoea_stewartii_strain_Ast2_16S_ribosomal_RNA_gene_partial_sequence
gi|83616677|gb|DQ307453.1|_Pantoea_agglomerans_strain_MM2_16S_ribosomal_RNA_gene_partial_sequence
Yersinia_pestis_CO92_16S
gi|223557765|gb|FJ611861.1|_Pantoea_oleae_strain_CFBP_6632_16S_ribosomal_RNA_gene_partial_sequence

3.2. Production of AHL by Strain ND03
Pantoea species members are normally plant pathogens and produces N-acylhomoserine lactones to
expressly control the pathogenicity against the plant host [22]. As reported previously by Morohoshi
and colleagues, the plant pathogen Pantoea ananatis produces N-hexanoyl-L-homoserine lactone
(C6-HSL) and N-(3-oxohexanoyl)-L-homoserine lactone (3-oxo-C6 HSL) as its signaling
molecules [22]. P. ananatis is reported as a common colonist of wheat heads during ripening and often
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causes ―centre rot‖ disease in onion plants that causes crop yield reduction and postharvest losses [22].
Another member of Pantoea, P. stewartii, causes soft rot diseases on many plants by induction of
various exoenzymes and plant tissue maceration by the production of signaling molecules such as
3-oxo-C6 HSL [23].
P. rodasii strain ND03 was screened for the production of AHLs using CV026 whereby this isolate
triggered violacein (purple pigmentation) production, suggesting our isolate produced short chain
AHLs (Figure 3). In this study, CV026 was employed due to its speed and accuracy in detecting
AHLs. This biosensor carries a defective AHL synthase but contain a functional LuxR-family protein
(CviR) that is able to positively regulate the violacein pigment production [18]. The positive control E.
carotovora GS101 used in this study produces 3-oxo-C6 HSL that can be detected by CV026 [20]. In
order to identify the AHL produced, high resolution triple quadrupole LC/MS system was used. Using
LC/MS, it is confirmed that P. rodasii strain ND03 produced 3-oxo-C6-HSL (m/z 214.0000)
(Figure 4).
Figure 3. Detection of AHL production by Pantoea rodasii strain ND03. E. carotovora
GS101 (Positive control) and E. carotovora PNP22 (Negative control) was used as positive
and negative controls, respectively. The formation of purple pigmentation shows the
production of short chain AHLs.

Figure 4. Mass spectrum of AHLs extracted from the spent supernatant of Pantoea rodasii
strain ND03 by Triple Quadrupole LC/MS. Strain ND03 produced 3-oxo-C6-HSL
(m/z 214.0000) (boxed).
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The detection of the AHL 3-oxo-C6-HSL in P. rodasii is the first report in this finding. According
to research done by Brady and colleagues, Pantoea rodasii is a novel species which is closest related
to Pantoea dispersa, Pantoea eucrina and Pantoea cypripedii based on partial sequences of gyrB,
rpoB, infB and atpD using multilocus sequence analysis (MLSA) [24]. Hence, there is limited
information about QS of these bacteria species. Overall, the knowledge about mechanism of QS in
Pantoea sp. is still at its infancy. Further research in this area should be conducted in order to
understand the QS circuits in this isolate.
4. Conclusions/Outlook
The identity of strain ND03 was confirmed as P. rodasii by 16S rDNA nucleotide sequencing
analysis. This bacterial strain also showed positive QS activity by producing a short chain AHL,
namely 3-oxo-C6-HSL which has been confirmed by LC/MS analysis. This is the first documentation
of this fact nd it will pave the way to understanding better the QS circuits in this bacterium. Our future
plan is to sequence the entire genome of this isolate in order to identify its luxI and luxR homologues
and the QS circuit.
Acknowledgments
This work was supported by the University of Malaya for High Impact Research Grant
(UM-MOHE HIR Grant UM.C/625/1/HIR/MOHE/CHAN/14/1, no. H-50001-A000027) awarded to
Kok-Gan Chan.
Author Contributions
NY Muhamad Yunos, WS Tan, NI Mohamad, PW Tan, TGS Adrian and WF Yin performed the
experiments. KG Chan analysed the data, applied the funding and supervised the whole project. All
authors read and approved the final manuscript.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.

3.
4.

De Kievit, T.R.; Iglewski, B.H. Bacterial quorum sensing in pathogenic relationships. Infect.
Immun. 2000, 68, 4839–4849.
Eberhard, A.; Burlingame, A.L.; Eberhard, C.; Kenyon, G.L.; Nealson, K.H.; Oppenheimer, N.J.
Structural identification of autoinducer of Photobacterium fischeri luciferase. Biochemistry 1981,
20, 2444–2449.
Fuqua, W.C.; Winans, S.C.; Greenberd, E.P. Quorum sensing in bacteria—The LuxR-LuxI family
of cell density-responsive transcriptional regulators. J. Bacteriol. 1994, 176, 269–275.
Atkinson, S.; Williams, P. Quorum sensing and social networking in the microbial world. J. R.
Soc. Interface 2009, 6, 959–978.

Sensors 2014, 14
5.
6.
7.

8.
9.

10.
11.
12.

13.
14.

15.
16.
17.

18.

19.
20.

9151

Williams, P.; Winzer, K.; Chan, W.C.; Camara, M. Look who’s talking: Communication and
quorum sensing in the bacterial world. Phil. Trans. 2007, 362, 1119–1134.
Schauder, S.; Shokat, K.; Surette, M.G.; Bassler, B.L. The LuxS family of bacterial autoinducers:
Biosynthesis of a novel quorum-sensing signal molecule. Mol. Microbiol. 2001, 41, 463–476.
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.
Asad, S.; Opal, S.M. Bench-to-bedside review: Quorum sensing and the role of cell-to-cell
communication during invasive bacterial infection. Crit. Care 2008, 12, 1–11.
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.
Roux, A.; Payne, S.M.; Gilmore, M.S. Microbiol telesensing: Probing the environment for
friends, foes, and food. Cell Host Microbe 2009, 6, 115–123.
Roper, A.M. Pantoea stewartii subsp. Stewartii: Lessons learned from a xylem-dwelling pathogen
of sweet corn. Mol. Plant Pathol. 2011, 12, 628–637.
Holden, M.T.G.; Chhabra, S.R.; De Nys, R.; Stead, P.; Bainton, N.J.; Hill, P.J.; Manefield, M.;
Kumar, N.; Labatte, M.; England, D.; et al. Quorum-sensing cross talk: Isolation and chemical
characterization of cyclic dipeptides from Pseudomonas aeruginosa and other Gram-negative
bacteria. Mol. Biol. 2002, 33, 1254–1266.
Verschuere, L.; Rombaut, G.; Sorgeloos, P.; Verstraete, W. Probiotic bacteria as biological
control agents in aquaculture. Microbiol. Mol. Rev. 2000, 64, 655–671.
Parida, S.; Jena, R.C.; Samal, K.C.; Chand, P.K. Isolation and identification of pathogenic
bacteria from brackish waters of Chilika Lagoon, Odisha, India for pharmaceutical use. Malays. J.
Microbiol. 2012, 8, 197–202.
Stetzenbach, L.D.; Kelley, L.M.; Sinclair, N.A. Isolation, identification and growth of well-water
bacteria. Groundwater 1986, 24, 6–10.
Chen, J.W.; Koh, C.L.; Sam, C.K.; Yin, W.F.; Chan, K.G. Short chain N-acyl Homoserine
Lactone Production by Soil Isolate Burkholderia sp. Strain A9. Sensors 2013, 13, 13217–13227
Wong, C.S.; Koh, C.L.; Sam, C.K.; Chen, J.W.; Chong, Y.M.; Yin, W.F.; Chan, K.G.
Degradation of bacterial quorum sensing signaling molecules by the microscopic yeast
Trichosporon Loubieri isolated from tropical wetland waters. Sensors 2013, 13, 12943–12957.
McClean, K.H.; Winson, M.K.; Fish, L.; Taylor, A.; Chhabra, S.R.; Camara, M.; Daykin, M.;
Lamb, J.H.; Swift, S.; Bycroft, B.W.; et al. Quorum sensing and Chromobacterium violaceum:
exploitation of violacein production and inhibition for the detection of N-acylhomoserine
lactones. Microbiology 1997, 143, 3703–3711.
Lau, Y.Y.; Sulaiman, J.; Chen, J.W.; Yin, W.F.; Chan, K.G. Quorum sensing activity of
Enterobacter asburiae isolated from lettuce leaves. Sensors 2013, 13, 14189–14199.
McGowan, S.; Sebaihia, M.; Jones, S.; Yu, B.; Bainton, N.; Chan, P.F.; Bycroft, B.;
Stewart, G.S.A.B.; Williams, P.; Salmond, G.P.C. Carbapenem antibiotic production in Erwinia
carotovora is regulated by CarR, a homologue of the LuxR transcriptional activator.
Microbiology 1995, 141, 541–550.

Sensors 2014, 14

9152

21. Zhu, H.; Thuruthyil, S.J.; Willcox, M.D.P. Determination of quorum-sensing signal molecules
and virulence factors of Pseudomonas aeruginosa isolates from contact lens-induced microbial
keratitis. J. Med. Microbiol. 2002, 51, 1063–1070.
22. Morohoshi, T.; nakamura, Y.; Yamazaki G.; Ishida, A.; Kato, N.; Ikeda, T. The plant pathogen
Pantoea ananatis produces N-acylhomoserine lactone and causes center rot disease of onion by
quorum sensing. J. Bacteriol. 2007, 189, 8333–8338.
23. Von Bodman, S.B.; Majerczak, D.R.; Coplin, D.L. A negative regulator mediates quorum-sensing
control of exopolysaccharide production in Pantoea stewartii subsp. Stewartii. Proc. Natl. Acad.
Sci. USA 1998, 95, 7687–7692.
24. Brady, C.L.; Cleenwerck, I.; van der Westhiuzen, L.; Venter, S.N.; Coutinho, T.A.; De Vos, P.
Pantoea rodasii sp. nov., Pantoea rwandensis sp. nov. and Pantoea wallisii sp. nov., isolated
from Eucalyptus. Int. J. Syst. Evol. Microbiol. 2012, 62, 1457–1464.
© 2014 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/).

