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a b s t r a c t
Tuberculosis is a dreaded disease and the current situation demands new anti-tubercular agent(s) for
the management of public health. Towards this direction, we obtained a contaminant organism on a
Mycobacterium smegmatis lawn having growth inhibitory activity against the later. In the current study,
efforts were targeted to identify this organism and characterize the bioactive compound from this isolate
that inhibited the growth of Mycobacteria. The result revealed that the organism is a strain of Pseudomonas synxantha. Biophysical analyses including 1 H and 13 C NMR, ESI-mass spectroscopy, FTIR showed
that the bioactive compound is a long chain aliphatic hydrocarbon with a terminal alyl bond and intermediate electronegative atom. The compound exhibited strong growth inhibitory activities against M.
smegmatis and Mycobacterium tuberculosis strains H37Ra, H37Rv and BCG. Further experiments showed
that both P. synxantha and its secretory metabolites are capable of inducing hemolysis of human blood.
Thus the results of this study clearly indicate that the bioactive compound produced by P. Synxantha has
biosurfactant activities as well as anti-myco-bacterial properties.
© 2013 Elsevier GmbH. All rights reserved.

1. Introduction
The epidemiological map of global diseases reﬂects tuberculosis has had a devastating effect on the human population, and
almost one third of the population has been affected by this
disease. Although, the disease is caused by a single bacterium
Mycobacterium tuberculosis, the situation has become increasingly
severe with the emergence multiple drug resistant (MDR) and
extremely drug resistant (XDR) strains (Multidrug and extensively
drug-resistant TB (M/XDR-TB): 2010 global report on surveillance
and response, World Health Organization, 2010). Moreover, the
co-infection of tuberculosis in HIV infected patients has made
it more difﬁcult to manage public health (Gandhi et al., 2010).
Among the widely practiced treatments, a therapeutic course
named Directly Observed Therapy, short course (DOTs), as recommended by World Health Organization, comprises of extensive
treatment with antibiotic combinations for 8–9 months. This
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prolonged tenure of treatment often leaves patient non-compliance
leading to drug resistance.
Despite the fact that this disease has adversely affected the
global population, there is no effective vaccine or new drugs for
the treatment of tuberculosis for the last 40 years (Lönnroth and
Raviglione, 2008; Lienhardt et al., 2012). Therefore new and potent
therapeutic agents have become the need of the hour to control this
disease. In order to achieve this, several sources of anti-microbial
compounds ranging from natural to synthetic are currently being
explored. It is an age old practice to ﬁnd novel antibacterial agents
based on the ability of an organism isolated from natural environment to inhibit growth of other microbes.). The strategy can well
be employed to ﬁnd new strains that have inhibitory action against
this dreaded human pathogen.
Towards this direction, we obtained a bacterium, as a contaminant on a lawn of Mycobacterium smegmatis mc2 155 that exhibited
strong growth inhibitory activity against the later. Therefore, in
the current study, we have also targeted our efforts to identify
this contaminant bacterium, as well as characterize the bioactive
compound produced by the bacterium that inhibits the growth of
Mycobacterium. We found the bacterium to be a strain of Pseudomonas synxantha and the bioactive compound that this strain
produces is effective against several strains of Mycobacteria. Extensive biophysical and biochemical analysis has revealed that the
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bioactive compound is a long chain aliphatic hydrocarbon with a
terminal double bond and intermediate electronegative atom with
activity similar to bio-surfactant molecule.
2. Materials and methods
2.1. Bacterial strains
Strains used in this study for anti-microbial assay are
categorized as Gram positive organisms like Bacillus subtilis,
Staphylococcus aureus (ATCC 25923); Gram negative organisms
like Shigella sonnei NK4010, Salmonella typhimurium B10827,
Escherichia coli DH5␣, Pseudomonas aeruginosa AKS9 and acid fast
bacteria of genus Mycobacteria such as M. smegmatis mc2 155, M.
tuberculosis H37 Ra, M. tuberculosis H37 Rv, M. tuberculosis BCG.
All Gram positive and Gram negative strains are maintained in
Nutrient broth, M. smegmatis was cultured and maintained in Middlebrook 7H9 broth or agar (MB broth or agar) (BD Difco, USA). M.
tuberculosis strains were cultured and maintained in Kirchener’s
broth supplemented with antibiotics Polymyxin B, Amphotericin
B, Carbenicillin, Trimethoprim (PACT) (Microexpress, India).
2.2. Culture media
Middlebrook 7H9 media was prepared in our laboratory according to the following procedure. A base media was prepared
dissolving 5 g ammonium sulphate, 15 g di-sodium hydrogen phosphate, 15 g potassium di-hydrogen phosphate, 4 g tri sodium citrate
and 5 g sodium glutamate in 100 ml water. For the preparation
of 1000 ml Middlebrook medium 10 ml of the base media, 10 ml
50% glycerol, 1 ml calcium chloride, 0.0425 ml sodium hydroxide,
0.004 ml 0.1 M magnesium sulphate, 0.007 ml 0.1 M zinc sulphate,
0.008 ml 0.1 M copper sulphate and 0.025% ﬁlter sterile bovine
serum albumine was added in total volume of 1000 ml medium.
2.3. Isolation of the bacterium
The bacterium obtained as a contaminant on M. smegmatis plate
was carefully picked by an inoculation loop and was repeatedly
streaked to obtain single colony in Luria agar plate with 50 g/ml
ampicilin. Plates were incubated for 18 h at 32 ◦ C. Single colonies
were picked and propagated in Middlebrook 7H9 agar plate. Its
growth inhibitory action was checked against M. smegmatis.
2.4. Characterization of the isolated organism
2.4.1. Isolation of genomic DNA
Bacterial genomic DNA was prepared by CTAB/NaCl method
essentially as described by Ausubel et al. (1992). Brieﬂy, 1.5 ml
of the saturated culture was centrifuged for 5 min. The cell pellet was resuspended in 567 l of TE buffer (10 mM Tris, 1 mM
EDTA, pH 8). Thereafter, 30 l of 10% SDS and 3 l of 20 mg/ml
proteinase-K were added. The solutions were mixed thoroughly
and incubated at 37 ◦ C for 1 h. To this 100 l of 5 M NaCl and
80 l of CTAB/NaCl solution were added and mixed well and the
mixture was incubated at 65 ◦ C for 10 min to remove cell wall
debris, denatured proteins and polysaccharides. Thereafter, chromosomal DNA was extracted with an equal volume of a mixture
of chloroform:isoamyl alcohol (24:1). The aqueous phase was
again extracted with phenol:chloroform:isoamyl alcohol mixture
(25:24:1). The chromosomal DNA was precipitated by adding 0.6
volume of 2-propanol and centrifuged at 12,000 × g for 10 min.
The DNA pellet was then washed with 70% ethanol, dried and
dissolved in 50 l TE buffer.
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2.4.2. Ribotyping
Partial ampliﬁcation of the 16S rRNA gene was done by
performing PCR with bacteria speciﬁc universal primers
515F (5 -GTGCCAGCAGCCGCGGTAA-3 ) and 1492 R (5 TACGGYTACCTTGTTA CGACTT-3 ) (Ghosh et al., 2007) and
genomic DNA isolated from the organism as template. The
ampliﬁed PCR product was gel puriﬁed and sequenced in
automated genetic analyzer (ABI 3100, USA) using primers
515F (5 -GTGCCAGCAGCCGCGGTAA-3 ) and 1492 R (5 TACGGYTACCTTGTTA CGACTT-3 ). Sequencing reaction was
performed using Big Dye Terminator Cycle sequencing Kit V3.1
(Applied Biosystems, USA) following manufacturer’s protocol. The
partial 16S rDNA sequence of the isolated organism was compared
with those available in the public databases. Identiﬁcation to the
species level was determined by 16S rDNA sequence similarity of
>95% with that of the prototype strain sequence in the GenBank.
To construct phylogenetic tree sequence alignment of the 16s
rDNA fragment and comparison was performed using the multiple sequence alignment programme CLUSTAL X (v 1.83) with
default parameters and the data converted to MEGA format.
Thereafter, Bootstrap analysis was performed as described by
Felsenstein (1981) on several random samples taken from the multiple alignment analysis. Thereafter, unrooted phylogenetic tree
was constructed using Maximum-Parsimony method using MEGA
5.01.
2.5. Characterization of the bioactive compound
2.5.1. Concentration and organic solvent extraction of the
conditioned medium
Two litres of MB broth was inoculated with the isolated strain
and was grown for approximately for 72 h at 32 ◦ C with appropriate shaking. Cells were harvested by centrifuging it for 10 min
at 6000 rpm and the supernatant was collected. Cell free medium
was concentrated using a rotary evaporator Rotavapor RII (Buchi,
Switzerland) at a temperature of 50 ◦ C and at a pressure of 100 mbar
to achieve 10–15-fold reduction in volume. This procedure was
repeated thrice and the organic phase was collected and evaporated. It was dissolved in minimum volume of water and subjected
to Thin Layer Chromatography (TLC) and other puriﬁcation procedure.
2.5.2. TLC
TLC was performed in 20 × 20 TLC aluminium sheet coated with
silica gel 60 F254 with different organic solvent. 10 l of sample
was loaded from the concentrated crude conditioned media and its
organic solvent extract in TLC plate and was developed with the 9:1
dichloromethane:methanol as mobile phase. Bands were detected
with the iodine vapour in an iodine chamber.
2.5.3. High performance liquid chromatography (HPLC)
Samples were analyzed by HPLC in a Waters liquid chromatograph system with UV–vis detector in gradient mode. For analytical
experiment, 20 l and for preparative experiment 250 l of sample
was injected and the elution was carried out with gradient solvent
systems with a ﬂow rate of 1.0 ml min−1 at ambient temperature.
Column used was C18 (250 mm × 4.6 mm), the mobile phase used
was 0.1% TFA in water (solvent A) and 80% acetonitrile and 0.1%
TFA (solvent B) pH adjusted to 7.0 using concentrated potassium
hydroxide solution and measured at 263 nm.
2.5.4. Nuclear magnetic resonance spectroscopy and mass
spectrometry
1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance
spectrometer at 400 and 100 MHz, respectively, using Me4Si or
CH3 OH as the internal standards, as appropriate. The sample was
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dissolved in CDCl3 in both the experiments. Mass spectra were
recorded on a Micromass Q-TOF Micro TM spectrometer.
2.5.5. Preparation of the synthetic compound
One gram of 1-dodecanol was reacted at ice cold condition with
514 mg of NaH and 842 mg of allyl bromide in 10 ml DMF for 30 min.
The product was separated by ﬂash chromatography and checked
for purity using TLC.
2.5.6. FTIR analysis
Dried samples were mixed with KBr and the pellet was made
applying pressure in a hydraulic press. KBr pellet was subjected to
FTIR analysis in a JASCO FTIR system.
2.5.7. Haemolytic activity assay
Haemolytic activity of the isolated strain was examined on blood
agar plates containing 5% (v/v) citrated human blood as described
previously (Carrillo et al., 1996). In brief, an aliquot of the isolated
organism was spotted on the blood agar plate and incubated at
room temperature for 48 h.
For examining the haemolytic activity of the puriﬁed bioactive compound, 5% suspension of RBC from citrated human blood
was prepared. To it, puriﬁed bioactive compound was added and
incubated at 37 ◦ C for 15 min. After the incubation, cells were centrifuged at 2000 g for 5 min. To the supernatant one drop of 10%
potassium ferricyanide was added and the OD540 was measured
(Rothschild, 1965).
2.5.8. Dynamic light scattering (DLS)
The Nano-ZS (Malvern) instrument used for the experiment is
equipped with a 4 mW He–Ne laser (k = 632 nm). The sample is
poured in a 3 ml glass cuvette (path length 1 cm) with all transparent walls. Prior to the DLS study, all samples were ﬁltered through a
0.22 m membrane ﬁlter (Acrodisc). The operating procedure was
programmed (using the DTS software supplied with the instrument) such that there are average 20 runs, each being averaged for
10 s, and a particular Rh is computed in each case and ultimately
the result is presented as the distribution of Rh . A particular hydrodynamic diameter (Dh ) is evaluated several times and the result is
presented in terms of a distribution of the hydration diameter. The
instrument provided the size distribution in: (a) intensity mode, (b)
volume mode and (c) number mode. For monitoring the population
of nanoconjugates, number mode intensity distribution was used.
2.5.9. Atomic force microscopy
Atomic force microscopy was performed in a VEECO multimode
AFM with Nanoscope IIIA controller using Tapping mode. Resonant frequency was 257.590 kHz. A Si doped tip, RTESP was used
with k = 20–80 N/m. Scan rate was 1.2 Hz. Sample was prepared by
placing 5 l of the sample on freshly cleaved mica sheets and was
vacuum dried before subjected to microscopy.
2.6. Antimicrobial activity
The Broth Dilution with shaking (BDS) method was performed
as described previously (Charles, 1974). Brieﬂy the compound to be
tested was dissolved at appropriate concentrations and was further
diluted 2-fold in each consecutive test tube in 1 ml of nutrient broth
for all the bacterium except M. tuberculosis. An aliquot (10 l) of an
overnight culture of each strain (ca. 1 × 105 cfu mL−1 ) was added
to each tube. All strains were grown at 37 ◦ C for 48 h with shaking except P. aeruginosa which were grown at 32 ◦ C. The MIC was
deﬁned as the lowest concentration at which there was no visible
growth after 48 h of incubation. For determination of MIC against
M. tuberculosis H37Rv and M. tuberculosis BCG, Kirchner’s broth was
used. An aliquot (10 l) of an overnight culture of either of the

Table 1
Biochemical tests.
Biochemical test

Result

Oxidase
Catalase
Indole production
Citrate utilization
Hydrogen sulphide production
Motility
Oxygen tolerance
Lipase production
Nitrate reduction
Urease

+
+
−
+
−
−
Aerobic
+
+
−

Mycobacteria (ca. 1 × 105 cfu mL−1 ) was added to each tube. Both M.
tuberculosis and M. bovis were grown for 14 days at 37 ◦ C. Growth of
M. tuberculosis and M. bovis in the Kirchner’s medium is indicated
by the change in colour from pink to yellow due to pH change of
the medium by acid produced during the growth of Mycobacteria.
The minimum concentration of the bioactive compound at which
no colour change of the growth medium was observed was designated as MIC. Broths with only drug and only organism served as
control in each experiment.
3. Results
3.1. Characterization of the isolated organism
To characterize the isolated organism, several biochemical tests
including Gram staining were performed. Our results showed
that the isolated organism is a rod shaped bacteria with Gramnegative character (data not shown). In addition, the organism
was found to be oxidase, catalase and lipase positive but negative in indole and hydrogen sulphide production and urease test
(Table 1). We checked the carbon source utilization pattern of
the isolated strain and the metabolic ﬁnger printing revealed considerable identity with Pseudomonas genus. All these results are
consistent with the different phenotypic characteristic properties
of Pseudomonas.
To identify the isolated organism, 16s r DNA sequencing
was performed. Segment of 16s r-RNA gene was ampliﬁed
from the genomic DNA of the organism by PCR using speciﬁc primers as mentioned in materials and methods. The
PCR ampliﬁed products were then gel puriﬁed and sequenced.
BLAST search analysis was carried out for the 16s rDNA
sequences thus obtained using NCBI-Gene Bank database that
showed a sequence identity of 99.0% with P. synxantha. The
16s rDNA sequence was submitted to GenBank (Accession no.:
FJ668943).
Since the BLAST analysis revealed the alignment of the 16s
rDNA sequence with several species of Pseudomonas genus, we
used the most similar sequences to reconstruct a phylogenetic
tree for our organism (Fig. 1). The phylogenetic relationship was
inferred using the maximum-parsimony approach. It was evident
from the phylogenetic tree that the isolated organism P. synxantha lies in gamma proteobactor order of Gram negative bacteria
Pseudomonas and showed a close relationship with its nearest
neighbours. Therefore, the isolated organism was assigned as P.
synxantha NAK1.
3.2. Characterization of the bioactive compound produced by P.
synxantha
Growth inhibitory activity of P. synxantha NAK1 against M.
smegmatis was veriﬁed by performing spot assay wherein P. synxantha was allowed to grow on M. smegmatis lawn. Clear zone
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Fig. 1. Phylogenetic tree. The tree was reconstructed by maximum parsimony method showing Phylogenetic relationship with its nearest neighbour. Number at the branching
point indicates the bootstrap values.

surrounding the growth of P. synxantha conﬁrmed it’s antimicrobial activity against M. smegmatis (Fig. 2A). To characterize
the anti-mycobacterial compound produced by this organism, we
have primarily examined whether the bioactive compound is secretory and also determined its heat stability. For this purpose, the

organism was grown in Middlebrook 7H9 broth at 30 ◦ C for 72 h.
The cell free supernatant was tested for anti-mycobacterial activity
and found to be active against M. smegmatis. This result indicated
that the anti-mycobacterial compound produced by the organism
is secretory in nature. The cell free conditioned medium was then

Fig. 2. The organism secretes out anti-mycobacterial agent, which is heat stable and glucose in the medium can inhibit the synthesis of this agent. (A) 5 l, of the saturated
culture of P. synxantha was spotted on M. smegmatis lawn and incubated at 32 ◦ C for 40 h. (B) 5 l, 10 l and 15 l of concentrated conditioned media was spotted in a M.
smegmatis lawn. Same amount of concentrated media heated at 100 ◦ C for 10 min were spotted in the lower panel. (C) Isolated organism was grown at 32 ◦ C for 72 h in 100 ml
Middlebrook 7H9 medium either in presence of 0.5, 0.6, 0.8% glucose or in absence (0.0%) of it. The medium was concentrated 100-fold and heated to 100 ◦ C for 10 min and
were spotted at an amount of 4 l.
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Table 2
Requirement of different nutritional component for the growth and production of
antimycobacterial agent.
Medium

Growth of the
organism

Microbial activity
in the conditioned
medium

Middlebrook medium
Middlebrook medium–glutamic
acid
Middlebrook medium + dextrose
Middlebrook medium–glycerol
(Middlebrook
medium–Glycerol) + dextrose
LB medium
MB medium–ferric ammonium
citrate

+
+

+
+

+
−
+

−

+
+

−
+

−

concentrated in a rotary evaporator and subjected to different tests
to characterize the compound. The activity of the compound was
found to be retained even after autoclaving (Fig. 2B). This extremely
heat stable agent did not lose its anti-mycobacterial activity even
after the treatment with lipase and proteinase K suggesting the
agent may not be lipid or protein in nature.
The optimum temperature for growth of the organism and for
the production of anti-mycobacterial agent was also determined
and found to be 32 ◦ C. To examine the effects of different carbon sources or other nutrients on the production of the agent, we
have manipulated the media components as described in Table 2.
The result showed no signiﬁcant change in the production of the
agent if we omit ferric ammonium citrate as an iron source from
the medium. Absence of sodium glutamate also did not affect the
production of the agent in broth culture. However, the addition of
glucose in the growth medium resulted in a reduction of the antimycobacterial activity in the conditioned medium. The synthesis of
the agent was found to be completely inhibited with 0.8% glucose
(Fig. 2C).
To purify the compound, we heated the conditioned media at
100 ◦ C for 15 min as the compound is extremely heat stable. It
was centrifuged to remove the components that were precipitated
on heating. Thereafter, we concentrated the conditioned medium
10–15-fold in a rotary evaporator at 50 ◦ C at a pressure of 100 mbar.
To further purify the component, we performed organic solvent
extraction with 4:1 dichloromethane and methanol. Most of the
bioactive compound was partitioned in organic phase. The organic
solvent extract is evaporated and the residue was dissolved into
minimum volume of water. TLC of crude conditioned media and its
organic solvent extract shows better puriﬁcation status of the later,
wherein a band with highest Rf value showed anti-mycobacterial

property (Fig. 3A). For large scale preparation, a preparative TLC
experiment was run and the active band was extracted and subjected to HPLC in a solvent system of acetonitrile–water using
a C-18 column. Fraction collected at a retention time of 47 min
(Fig. 3B) was found to be active and pooled in subsequent run.
This HPLC puriﬁed compound was subsequently used for further
biophysical analysis.
Nuclear magnetic resonance data reveals the putative structure
to be a long chain aliphatic hydrocarbon with a terminal double
bond and an intermediate electronegative atom 1 H NMR (400 MHz,
CDCl3 ): ı 8.02 (bs, 1H), 7.63–7.05 (m, 7H), 4.2 (s), 3.7–3.52 (m,
69H), 3.04 (s), 2.6 (s, 6H), 2.2–1.92 (m, 15H), 1.6 (m), 1.29–1.06 (m),
0.89–0.75 (m); 13 C NMR (100 MHz, CDCl3 ): ı 171.4, 146.5, 130.2,
127.9, 127.6, 123.1, 118.0, 71.3, 62.5, 61.7, 48.6, 48.3, 47.5, 37.2,
36.1, 33.5, 32.2, 31.7, 31.0, 29.2, 28.7, 28.4, 28.0, 25.8, 22.8, 22.0,
21.7, 13.1, 9.9. (Fig. 4A). Multiplet corresponding to ı value 1.0–1.4
indicates presence of 1 H associated with aliphatic carbon chain.
Peak at 0.8 indicates the terminal CH3 associated with the aliphatic
chain. Chemical shift due to presence of an electronegative heteroatom is evident at a peak value of 2.0–2.4. Peaks in the region of
5.0–6.0 indicate the presence of terminal allyl bond. Carbon NMR
conﬁrms the same structural element in the isolated compound
(Fig. 4B).
Fourier Transform Infra-Red Spectroscopy revealed peaks at
a range of 2850–3000 cm−1 in the functional group region indicating the presence of alkane stretching. Peaks at 750 cm−1
indicates alkene R-CH CH-R (Z) bending. Two sets of peaks at
1260–1275 cm−1 and 1002–1055 cm−1 indicate the presence of
asymmetrical R O R . So, the FTIR also reveals the same structural elements as in NMR (Fig. 4C). To determine the exact mass of
the bioactive compound we have performed ESI-MS of the puriﬁed
compound several times. The mass spectroscopy data was inconsistent with every batch of puriﬁcation. Either the formation of
some kind of aggregates or biosynthesis of surfactants with different chain length in same or different batch of culture may have
resulted in different abundant peaks at time when subjected to
mass spectroscopy experiment. In this study, we have presented
the spectrograph that occurred with most number of times showing an abundant peak at an m/z value of 343.1373 (Fig. 4D). So, in
conclusion a compound that has probable structure(s) as depicted
in Fig. 4E is proposed.
Keeping in mind the obtained probable structures from biophysical analysis a similar structural analogue was attempted
to be synthesized in laboratory condition by reacting dodecanol with alyl bromide (Fig. 4F). The resulting product was a
15 carbon long aliphatic chain with intermediate oxygen and
a terminal alyl bond. Though this compound failed to exhibit

Fig. 3. Puriﬁcation of the anti-mycobacterial agent. (A) Thin layer chromatogram in a 9:1 dichloromethane:methanol mobile phase of concentrate of the crude supernatant
(C) and after size exclusion chromatography of the organic solvent extract through Sephadex G-25 (P). Arrowhead indicates the active band. (B) HPLC proﬁle of the TLC
puriﬁed band in an acetonitrile–water solvent system.
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Fig. 4. Physical characterization of the anti-mycobacterial compound. (A) 1 H NMR (400 MHz, CDCl3 ) of the puriﬁed agent. (B) 13 C NMR (400 MHz, CDCl3 ) of the puriﬁed agent.
(C) FTIR analysis of the dried sample using KBr pellet. (D) ESI–mass spectrum of the anti-mycobacterial agent showing an abundant peak at 343.1373. (E) Probable chemical
structures derived from biophysical analysis. (F) Scheme of synthesis of the compound that mimic the structure obtained from biophysical analysis.

considerable growth inhibitory effect against M. smegmatis, it
shows striking similarity with the naturally isolated compound
with respect to its NMR spectrum (Fig. S1). For the execution of
anti-mycobacterial activity it may require a speciﬁc carbon chain
length, some speciﬁc branching or positioning of the electronegative atom.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.micres.
2013.12.005.
Looking at the probable structure and with the knowledge of
previous reports of biosurfactant production by different Pseudomonads, the compound was subjected to haemolysis assay
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Fig. 5. The anti-mycobacterial compound exhibits properties of biosurfactant. (A) Hemolytic activity of Pseudomonas synxantha NAK1 on blood agar medium. Signiﬁcant
clear zone formation was observed around the colony. (B) Haemolyitc activity of the puriﬁed compound against human red blood cells. Cells were either treated with the
PBS or treated with 100 g/ml and 200 g/ml of the compound. (C) Extent of lysis was quantiﬁed by measuring OD540 of either cells treated with water, Isoniazid (INH) and
50, 100 and 200 g/ml of the compound or with PBS only (untreated). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of the article.)

to conﬁrm its surfactant nature. Initially, we assayed the ability of the organism for biosurfactant production by hemolysis
assay in blood agar plate. We observed clear zone surrounding
the growth of the organism resulting from the haemolysis of the
blood in the agar medium (Fig. 5A). This result indicates that
the organism has the ability to produce biosurfactant. Further
we have assessed the haemolytic activity of the puriﬁed antimycobacterial compound by examining its ability to lyse RBC
obtained from human blood. Our result conﬁrmed that the compound indeed has the ability to lyse RBC and the lysis increased
with the concentration of the compound (Fig. 5B and C). In contrast,
the cell treated with a known anti-mycobacterial drug Isoniazid
showed no haemolytic activity (Fig. 5C). Collectively all these
results show that the anti-mycobacterial agent is a surfactant like
molecule.
Amphiphilic surfactant molecules have a tendency of aggregation when exposed to a polar solvent like water. Hydrophobic
interaction is the main driving force for this aggregate formation.
The structure of the bioactive compound as described in this study
has a long alkyl chain and thus holds the possibility to be packed
at the interior of the molecular aggregates which is prerequisite to
the event. To test this hypothesis, we have performed DLS of the
aqueous solution of the bioactive compound and found nano-size
aggregates of average diameter of 107.93 nm (Fig. 6A). The presence
of this nano-structure was conﬁrmed by the AFM microscopy that
again reveals nanoaggregates of average radius of 80.0 ± 5.2 nm in

the solution (Fig. 6B). These results further bolstered the proposed
structure and biosurfactant property of the compound.
3.3. MIC value of bioactive compound against different bacteria
The bioactive compound showed very little activity against
strains of E. coli, P. aeruginosa and showed moderate activity against
B. subtilis, S. sonnei and S. typhimurium. The compound was found
to be more active against M. smegmatis mc2 155 with an MIC value
of 25 g/ml. The MIC for M. bovis BCG and M. tuberculosis H37Ra
and H37Rv was 50 g/ml. The only other bacterium that shows
comparable susceptibility to M. tuberculosis was S. aureus (Table 3).
Table 3
Minimum inhibitory concentration (MIC) of the compound against different
bacteria.
Organism
Escherichia coli DH5␣
Bacillus subtilis
Pseudomonas aeruginosa AKS9
Staphylococcus aureus ATCC 25923
Shigella sonnei NK4010
Salmonella typhimurium B10827
M. smegmatis mc2 155
M. tuberculosis H37 Ra
M. tuberculosis H37 Rv
M. tuberculosis BCG

MIC (g/ml)
200
100
200
50
100
100
25
25
50
50
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Fig. 6. The anti-mycobacterial agent forms aggregate in solution. (A) Aqueous solution of the puriﬁed compound is shown to have nano size particle of average hydrodynamic
diameter of 107.93 nm. (B) AFM image shows presence of spherical nano-sized self assembled particles the aqueous solution of the agent.

4. Discussion
Pseudomonads are long known to be source of different bioactive compounds like surfactants, antimicrobials, etc. (Nielsen et al.,
2002; Benincasa et al., 2004; Dusane et al., 2011). Secretory
compounds from Pseudomonas have played major roles in bioremediation of recalcitrant hydrocarbons and also were important
for other bioactivity (Mishra and Singh, 2012; Yan et al., 2012).
The class of bioactive compounds secreted by Pseudomonads
is majorly biosurfactant like glycolipids. Rhamnolipids are the
abundant among surfactants produced by Pseudomonads and are
reported to have hydrocarbon degrading and anti-microbial activities too (Ochsner and Reiser, 1995; Ochsner et al., 1996; Wadekar
et al., 2012). In our study, the isolate was identiﬁed to be P. synxantha which is a much unexplored one compared to other species
of Pseudomonas genera like P. aeruginosa, Pseudomonas putida,
Pseudomonas ﬂuorescens, etc. Phylogenetic analysis reveals our
organism to belong to the same group of P. ﬂuorescens. This organism is known to have nematicidal activity and also used as probiotic
in prawn culture (Wechter et al., 2002; Van Hai et al., 2009).
However nothing is known about any secretory compound that is
synthesized by this organism or any antimicrobial activity of the
same. To this end, the current study shows the anti-mycobacterial
activity of P. synxantha resulting from the production of a secretory
heat stable compound. Looking at the history of bioactive compounds secreted by Pseudomonads, we investigated if the bioactive
compound can be a surfactant like molecule. The haemolytic ability
of both the organism and pure compound proved that the secreted
bioactive compound is biosurfactant in nature. Biosurfactants are
generally compounds with a large hydrophobic chain and a polar
headgroup. The polar group can be anything like carbohydrate,
inositols or even a single amino acid (Desai and Banat, 1997; Nielsen
et al., 2002). Consistently our results also showed it to be a compound with a long aliphatic carbon chain with a terminal double
bond and an internal electronegative atom. But the existing analysis could not identify any polar head groups like sugar, amino acid,
etc. From the extraction method used in the study, it is evident that
the compound is majorly hydrophobic but a little hydrophilicity is
possibly imparted by the terminal double bond or the electronegative atom present within the aliphatic chain. The tendency of the
compound to form microaggregates in polar solvents as investigated by Atomic Force Microscopy and dynamic light scattering
experiments also strongly supports its biosurfactant nature.
Besides its application in industry and bioremediation of recalcitrant material, clinical and therapeutic application of biosurfactants
is emerging recently (Singh and Cameotra, 2004). Biosurfactants
exhibits antimicrobial activity against a wide array of microorganisms like bacteria, fungi, virus, etc. Being a surface active agent,
it has the potential to disrupt the cell membrane of a wide range
of microorganism and thus act as a broad spectrum antimicrobial
agent (Banat et al., 2010). Moreover it acts as an anti-adhesive and
thus able to inhibit bioﬁlm formation also (Sriram et al., 2011).

The activity of surfactant molecules depends on several factors
like its hydrophobic chain length, its polar head group and also
on the composition of target membrane. Some synthetic surfactant
molecules showed antimicrobial activity that depends on these factors and thus their extent of activity towards different microbe
is quite different (Colomer et al., 2011; Cornellas et al., 2011).
Surfactants of microbial origin are less toxic to mammalian target than their synthetic counterpart and thus hold more promise
to be used as therapeutic agent. In our study, the biosurfactant
isolated from P. synxantha showed antimicrobial activity against
a wide range of bacteria ranging from Gram positive to Gram
negative ones. Looking at the mode of action of surface active compounds like biosurfactant, it can be assumed that this compound
may also accumulate in cell membrane and thus kill the organism
by disrupting cellular homeostasis (Zaragoza et al., 2009; Sotirova
et al., 2012). In spite of having such a general mode of action, the
extent of activity towards different microbe varies considerably.
This differential activity is attributed to the lipophilicity or wateroctanol coefﬁcient of the agent which determines its permeability
to the target membrane. In our previous study we have shown
that how the lipophilicity determines the anti-mycobacterial activity of long chain aliphatic alcohol. In that report we showed that
presence of a terminal double bond in aliphatic alcohol signiﬁcantly enhanced its anti-mycobacterial potential by modulating its
lipophilicity (Mukherjee et al., 2012). As in the present study, the
activity of the bioactive compound was highest against M. smegmatis whereas a huge amount of compound was needed to inhibit the
growth of bacteria like E. coli, P. aeruginosa, etc. Moreover a very low
MIC was observed against M. tuberculosis as well as S. aureus indicating similar permeability of this compound to the cell membrane
of these two organisms. These observations also evoke the possibility of manipulating the therapeutic potential of such biosurfactant
either by chemical modiﬁcation to adjust their amphiphilic balance
or by genetic alteration of the biosurfactant producing gene.
An interesting observation is that the synthesis of the bioactive compound can be repressed by adding glucose in the medium.
In contrast, no previous study reported cessation of biosurfactant
synthesis in presence of glucose. Some studies also reported the
positive effect of glucose in the medium for the synthesis of biosurfactants like rhamnolipid (Guerra-Santos et al., 1984; Ilori et al.,
2005). Therefore this surfactant with anti-mycobacterial activity
may be new of its kind than previously reported biosurfactants like
rhamnolipid, etc.
Towards understanding the exact chemical structure, the existing NMR or FTIR data can actually neither conﬁrm the actual
position of the heteroatom in the aliphatic chain nor can assign any
branching present at any position of the aliphatic chain. The limitation of the biophysical analysis could have only been solved by
X-ray diffraction study of the crystals of the compound. To this end
we have tried to crystallize the compound in different solvents with
varying pH, polarity and temperature. We obtained tiny crystals of
the compound (Fig. S2), however the crystals were too tiny and
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unstable to be mounted for X-ray diffraction studies. Thus further
investigation is required to decipher the exact chemical structure
of the compound.
Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.micres.
2013.12.005.
In conclusion, we have identiﬁed a P. synxantha strain that
secretes a biosurfactant like compound that is active against different strains of Mycobacteria like M. tuberculosis H37Ra, H37Rv and
BCG. Biophysical characterization reveals the bioactive compound
to be a biosurfactant like compound with a long aliphatic chain with
a terminal double bond and internal electronegative atom likely to
be oxygen.
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