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A B S T R A C T

An active biosurfactant-producer from an agronomic environment majorly from the rhizosphere of a wheat plant
in western Nigeria was utilized for the production of rhamnolipid. The isolated bacteria were selected using
different methods such as oil displacement test, emulsification activity, and surface tension respectively. Based
on partial sequenced 16S rDNA analysis of isolate, C1501 was identified as Pseudomonas aeruginosa with an
accession number KF976394 having 100% similarity to P. aeruginosa LMG 1242T. The results showed that
Pseudomonas aeruginosa has the ability to grow and reduce surface tension under a wide range of pH and carbon
source. It was observed that strain C1501 reduced the surface tension of glycerol than glucose at the various
concentration tested. The surface tension of 61.2 dynes/cm was also reduced to 30 dynes/cm at 12 h after the
inoculation. The biosurfactant obtained from strain C1501 was purified and characterized using TLC, Liquid
Chromatography/Mass Spectrometry (LC–MS) and nuclear magnetic resonance spectroscopy (NMR). The
gravimetric analysis showed that strain C1501 efficiently biodegrade the tested crude oil with the following
degradation percentage of 33%, 71.3% and 96% on 5th, 10th and 20th day respectively. The biosurfactant did
not exhibit an inhibitory effect on the seed of economic crops tested, but demonstrated some broad antimicrobial
activities against gram positive, gram negative and rot-inducing fungus when compared to the synthetic sur-
factant from Tween 20. New isomers and congeners rhamnolipids were detected from the Liquid
Chromatography/Mass Spectrometry (LCMS). The predicted structure of the rhamnolipid was found to be L-
rhamnosyl-L-rhamnosyl-3-b-hydroxydodecenoate. The study suggests application of the strain C1501 bio-
surfactant as an appropriate candidate for many applications such as biomedical, food industries, agriculture,
and bioremediation

1. Introduction

Surfactants are synthesized amphiphilic molecules that tend to
lower the interfacial tension (Karanth et al., 1999; Ji et al., 2016) while
biosurfactants are biodegradable microbially produced surface-active
surfactants with a more significant tension activities and emulsifying
property when compared with synthetic surfactant (Mulligan, 2005;
Adetunji et al., 2017). The surface and interfacial tension potentials of
biosurfactant have influenced their applications in agriculture, food,
cosmetic, pharmaceutical and petroleum industries (Desai and Banat,
1997; Banat et al., 2010; Irfan-Maqsood and Seddiq-Shams, 2014;

Randhawa and Rahman, 2014; Sinumvayo and Ishimwe, 2015).
Recently, biosurfactant has been highlighted for their application in

the energy sector as methane hydrate promoter (Arora et al., 2016) and
could also serve as an adjuvant when combined with bioherbicides
inorder to enhance the biodegradation of weeds (Adetunji et al., 2017).
Biosurfactants present many advantages than the synthetic ones,
amongst these are their easy biodegradability, feasibility for large-scale
production, cheaper substrates, higher foaming, high selectivity, sali-
nity, low toxicity, effectiveness at extreme temperatures or pH values,
chemically diverse and environmentally-friendly (Georgiou et al., 1990;
Poremba et al., 1991; Arino et al., 1996; Makkar and Cameotra, 2002;
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Iloriet al, 2005; Raza et al., 2007; Abouseoud et al., 2008; Fontes et al.,
2012).

Biodegradation is one of the best solutions to environmental pol-
lution caused mainly by petroleum hydrocarbons which presents great
threat to the ecosystem. This involves microbes making use of the
contaminants as a carbon source, resulting in the breakdown of the
pollution compositions into low molecular weight compounds without
any harmful effect (Zhanget al, 2005; Mulligan, 2005; Pirôlloet al,
2008).

Glycolipids which are among the four classes of biosurfactant, are
composed of long-chain aliphatic acids or hydroxyl aliphatic acids and
carbohydrates. Rhamnolipids represent example of most widely studied
glycolipids and they are usually produced by P. aeruginosa strains
(Cameotra and Makkar, 2004). Rhamnolipid has a hydrophobic tail
which contains one or two fatty acids connected by the carboxyl end to
one or two rhamnose molecules known as monorhamnolipid (monoRL)
and dirhamnolipid (diRL) respectively (Mata-Sandoval et al., 1999;
Monteiro et al., 2007). Several carbon sources such as ethanol, glucose,
vegetable oil and hydrocarbon have been used to produce rhamnoli-
pids. The genus Pseudomonas is capable of using different substrates
such as glycerol, mannitol, fructose, glucose, n-paraffins and vegetable
oils to produce rhamnolipid (Cooper et al., 1981; Das and Mukherjee,
2005; Díaz De Rienzo et al., 2015; Sajna et al., 2015).

The discovery of a novel biosurfactant most especially from an
agronomic environment seems to be very promising due to the fact that
the environment will have influenced the

microorganism stability to various adverse environment stress
(Donio et al., 2013). This will also have great influence in their meta-
bolic content thereby making them very important in the field of
medical microbiology with pharmacological essential compounds
which include rhamnolipids a typical example of biosurfactant as well
as other relevant product of biotechnology for industrial uses (Nitschke
and Costa, 2007; Makkar et al., 2011).

Therefore, this study aims to characterize and determine the best
optimum conditions for the production of a new rhamnolipid from
C1501 strain of P. aeruginosa as well as to determine its applications as
an antimicrobial agent and its usage in the bioremediation of hydro-
carbon contaminated sites.

2. Materials and methods

2.1. Isolation and characterization of biosurfactant producing bacteria

1 g of soil was removed from the rhizosphere of a wheat plant
planted at the research farm of Nigerian Stored Product Research
Institute, Ilorin, Kwara State using sterilized spatula inside an alumi-
nium foil. Isolation and biochemical characterization were carried out
using a protocol developed by Cappuccino and Sherman (1992). The
morphological character of the selected strain was studied by a JEOL
scanning electron microscope (JSM-7500F, Japan). The selected strain
was identified by sequencing the 16S ribosomal DNA gene and desig-
nated as C1501. DNA extraction of the active bacteria was carried out
followed by the amplification and sequencing of 16S rDNA genomic
region using a standard procedure. The 16S rDNA was amplified with
help of using universal primers 27F 5′AGAGTTTGATCCTGGCTCAG3′
and 1492R 5′TACGGTTACCTTGTTACGACTT3′.

The phylogenetic tree was constructed by using the neighbour-
joining technique and evaluated with 1000 bootstrap replications. The
minimum value of the nucleotide similitude percentage to define the
species at the taxonomic level was 98% (Rossello-Mora and Amann,
2001). The 16S rRNA gene sequence obtained from the isolate C1501
was compared with other bacterial sequences by using NCBI Mega
BLAST. The nucleotide sequence was aligned in CLUSTALX. The phy-
logenetic analyses were performed using MEGA version 6 software
(Tamura et al., 2007).

2.2. Preliminary screening for biosurfactant production from Pseudomonas
aeruginosa

2.2.1. Growth Studies for preliminary screening for biosurfactant
production from Pseudomonas aeruginosa

Pseudomonas aeruginosa strain was inoculated in 250 ml side-arm
flask having 150 ml nutrient broth containing 3% NaCl both in control
and test. One ml of water-soluble diesel was added to the experimental
flask. Both were incubated at 35 °C in an orbital shaker at 100 rpm. The
culture was grown for 80 h, and the samples were collected at a regular
interval of every 6 h for growth measurement at 600 nm. Cell-free
suspensions were prepared by centrifuging at 10,000 rpm for 10 min
and tested for the presence of biosurfactant by using the emulsification
activity and oil displacement methods (Kigsley and Turgay, 2004).

2.2.2. Oil displacement measurement
At intervals of 6 h, the cells were removed and centrifuged at

10,000 rpm for 10 min. The supernatant was taken to perform oil dis-
placement test. Qualitative oil displacement test was performed in Petri
plates. 25 ml of distilled water was taken in a Petri plate and 20 μl of
kerosene (hydrocarbon source) was added, making a thin layer of oil on
the surface of the water. Then, a 10 μl aliquot of supernatant was de-
livered onto the oil. Distilled water was used as negative control and
displacement of oil was considered as positive and it was measured in
cm (Kigsley and Turgay, 2004).

2.2.3. Emulsification activity assay
The two isolates were also evaluated for emulsion-forming capacity,

according to the method proposed by Das et al. (1998). 0.5 ml of the
cell-free supernatant was added to 1 ml kerosene in a test tube. This
mixture was homogenized and vortexed at high speed for 2 min. After
24 h, relative emulsion volume (EV, %) was measured using the fol-
lowing equation:

EV (%) = Emulsion height (cm)/Total liquid volume × 100.
Emulsions formed by the isolates were compared to positive control
such as Tween 20 and negative as distilled water.

2.2.4. Detection of the two lipids responsible for biosurfactant production on
thin layer chromatography (TLC)

Characterization of biosurfactant was performed by TLC Silica gel
60 F254, plate (Merck, Darmstadt, Germany). The mobile phase used
was chloroform (65): methanol (25): water (4). The mixtures of the
solution of glacial acetic acid–sulfuric acid–anisaldehyde in the ratio
50:1:0.05 respectively, was sprayed for developing plates. After
spraying, plates were heated at 90 °C for 10 min to detect glycolipids
(Borjana et al., 2002; Singh and Cameotra, 2013).

2.2.5. Optimization, extraction and purification of biosurfactant from P.
aeruginosa

Two carbon sources containing glucose and glycerol at 3% con-
centration were screened for biosurfactant production. The minimal
medium consists of 4 g NaHPO4; 2 g KHPO4; 0.8 g (NH4)2SO4; 0.1%
yeast extract;0.8 g MgSO4; pH of 7 in 1liter of distilled water. It was
then autoclaved. To avoid salting out after autoclave, MgSO4 was added
after autoclaving. 1 M MgSO4 solution was prepared as a stock solution
(dissolve 120 g of MgSO4 (anhydrous) was dissolved in 1000 ml of
distilled water). The nutrient broth was used as a medium. The in-
oculum of P. aeruginosa was used to inoculate this medium. The surface
tension was then taken using tension meter. After 72 h, the cell of
fermentation broth was separated by centrifugation (9000 rpm, 30 min,
4 °C). The pH of the resulting supernatant was adjusted to pH 2.0 with
1 M HCl to precipitate rhamnolipids using ethyl acetate as the solvent
by centrifugation. The organic phase was collected and the solvent was
removed in a rotary evaporator (Buchi, Rotovapor R-200, Germany) to
obtain crude rhamnolipid, which was subsequently dissolved in 50%
ethanol and filtered with ultrafiltration membrane (30 kDa molecular
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weight cut-off). The resulting filtrate was again precipitated with acid,
re-dissolved in deionized water, and then filtered through 1 kDa
membrane. The filtrate was precipitated with acid again and then the
final precipitate was lyophilized to obtain the purified rhamnolipid
product.

The purified rhamnolipid was dissolved in deutrimethanol and
analyzed with nuclear magnetic resonance (NMR) and mass spectro-
metry techniques respectively. The 1H NMR and 13C NMR spectra were
obtained using an NMR machine by Bruker Instrument (Bruker Advance
600, 600 MHz, Germany). The mass spectrometry analysis was per-
formed, using Liquid Chromatography Mass Spectrometry. LC-MS
analysis was performed on mass spectrometer using electro spray in
negative ion mode. Quantitative analysis of rhamnolipid was also
conducted using high-performance liquid chromatography (HPLC;
Hitachi Model L2130, Tokyo, Japan) equipped with Ultra-violet (UV)
detector. For derivatization of rhamnolipid, an appropriate amount of
purified rhamnolipid was dissolved in 1 ml of a CH3CN solution con-
taining 2-bromoacetophenone and triethylamine at a molar ratio (gly-
colipid: 2-bromoacetophenone: triethylamine) of 1:4:2. The reaction
was conducted at 80 °C for 1 h and left at room temperature (i.e., 25 °C)
for 10 min. After filtration with a 0.22 mm filter membrane (Millipore),
the sample was loaded onto HPLC for further purification. The column
used to analyze derivatized rhamnolipid phenacyl esters using a re-
verse-phase Li Chrospher 100 C18 column (RP-18, 5 mm). The mobile
phase was CH3CN:3.3 mM H3PO4 starting with a gradient of 50:50 (v/
v) for 16 min; 50:60 to 100:0 (v/v) for 16–5 min; 100:0 (v/v) for
35–45 min, then 50:50 (v/v) and finally for 5 min. The flow rate was
controlled at 1 ml/min. The detecting wavelength of the UV detector
was set at 244 nm (Schenk et al., 1995).

2.3. Crude oil biodegradation

Crude oil biodegradation tests were performed in 250 ml
Erlenmeyer flasks having 50 ml of minimal salt medium (MSM) and 1%
crude oil. Sterilized MSM was inoculated with 2 ml of 108 CFU/ml of
C1501. The flasks were incubated at 35 °C on a rotary shaker at
180 rpm.

The experiments were carried out in three different sets as follows:

Treatment 1, MSM + crude oil + bacterial cells (MSMCBC)
Treatment 2, MSM + crude oil + bacterial cells + biosurfactant
(3% v/v) (MSMCBCB)
Treatment 3, MSM+ crude oil + bacterial cells + 3% v/v of Tween
20 (MSMCT)
Treatment 4, MSM + crude oil (control) (MSMCO)

The samples were drawn on the 5th, 10th and 20th day for assess-
ment of crude oil degradation by gravimetric analysis. The residual
crude oil was extracted in a pre-weighed beaker with normal hexane in
a separating funnel. Extraction was repeated twice to ensure complete
extraction. After extraction, hexane was evaporated in a hot air oven at
68–70 °C, the beaker was cooled down and weighed. Cell-free control
was incubated under the same conditions. The percentage degradation
was calculated as follows:

% degradation = amount of crude oil degraded/amount of crude oil
added in the media × 100 (Oloke and Glick, 2005).

2.4. Phytotoxicity assessment of rhamnolipid

The biological activity of rhamnolipid was performed by phyto-
toxicity assay based on the root growth and seed germination using
Marecik et al. (2012), with little modifications. Five seeds of economic
crops including Sorghum bicolor, Soanum lycopersicum, Triticum aestivum,
Vigna unguiculata and Capsium annuum were selected for our studies. In
brief, 5.0 ml of rhamnolipid solution (0.50 g/L) was distributed into a
sterilized Petri-dish with Whatman No. 1 filter paper. Fifteen seeds that

have been previously sterilized with sodium hypochlorite were added
in each Petri- dish and incubated in dark at 25 °C for 5 days. Distilled
water was used as the control. The germination index (GI) was assessed
as GI (%) = [(SGe/SGc) × (RLe/RLc)] × 100, where SGe and SGc are
the seed germinated in the extract and control, respectively.

RLe and RLc are the mean root length in the extract and control,
respectively.

2.5. Collection and isolation of isolates

The bacteria used in this study were clinical isolates obtained from
the Department of Microbiology and Parasitology Laboratory,
University Teaching Hospital, Ilorin, Nigeria. They were Staphylococcus
aureus, Bacillus cereus, and E.coli respectively. The bacteria were
maintained on Nutrient agar slant at 4 °C and the isolates were sub-
cultured onto fresh media at the regular interval before use. The fungus
used during the study were rot-inducing fungi causing postharvest
disease from wheat, onion, and plantain respectively (Aspergillus flavus,
Saccharomyces cerevisiae, Aspergillus niger) were isolated by direct
plating method of diseased parts on Potato Dextrose Agar. Fungal iso-
lates were identified based on cultural and morphological character-
istics. Fungi were maintained on potato dextrose agar slant at 4 °C.

2.6. Antimicrobial assay

The effect of natural surfactant (Rhamnolipids) and the synthetic
surfactant (Tween 20) was tested on pathogenic bacteria and rot-in-
ducing fungus. Prepared sterile potato dextrose agar and Mueller-
Hinton agar plates were inoculated with standardized organisms of
0.1 ml of a day old culture. Glass spreader was used in spreading the
inocula evenly on the surface of the agar and excess are drained off. A
sterile cork borer of 5 mm diameters was used to make Six (6) ditches
on the plates. The bacteria were inoculated into Mueller-Hinton agar
while the rot-inducing fungus was inoculated into potato dextrose agar.
The purified rhamnolipids was obtained by the evaporation of the ethyl
acetate and was later dissolved in 1 ml of 1 M phosphate buffer (pH
7.0). Varying concentrations of rhamnolipids (3% v/v, 2% v/v, 1% v/v,
0.5% v/v) and 3% v/v Tween 20 were prepared from their stock con-
centration. 0.5 ml of each concentration of rhamnolipids and Tween
solutions were dispensed into each of the ditches in the plates that are
appropriately labeled. The plates were done in duplicates and left on
the bench for few minutes for the extract to diffuse into the agar and
later incubation at 37 °C for 24 h. After incubation, the zone of clear-
ance around each ditch was measured using a metric ruler by taking a
measurement of the zone of clearance around the ditch. The diameter of
the cork borer was removed from the diameter of the zone of clearance
and this made or represented the antibacterial activity measured or
diameter of the zone of inhibition (Bhosale et al., 2015).

2.6.1. Minimum inhibitory concentration (MIC)
Broth dilution method was used to determine MIC. Varying con-

centrations from rhamnolipids and tween was used that ranged from
10%v/v to 100%v/v. 0.5 ml of each concentration of the rhamnolipids
and tween were dispensed to 9 ml of nutrient broth containing 0.5 ml of
standardized test organisms (bacteria and fungi) cells. The tubes were
incubated aerobically at 37 °C and 25 °C for 24 h for bacterial and
fungal isolates respectively. The tube with least concentration of extract
that did not show growth after incubation was picked as the MIC
(Bhosale et al., 2015).

2.6.2. Minimum bactericidal concentration (MBC) and minimum fungicidal
concentration (MFC)

The culture tubes used in MIC determination that did not show
turbidity or any visible growth after the period of incubation were
drawn with a syringe (0.5 ml) and dispense onto the surface of Mueller-
Hinton agar and potato dextrose agar respectively. The inocula were
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seeded on the surface of the media. The plates were incubated at 37 °C
and 25 °C for bacteria and fungi respectively. The lowest concentration
of the extract that inhibits the growth of the organisms on the plates
after incubation was regarded as Minimum Bactericidal Concentration
(MBC) and Minimum Fungicidal Concentration (MFC) (Bhosale et al.,
2015).

2.7. Statistical analysis

All the data are expressed as mean± standard error mean (SEM).
Data were analyzed using SPSS software 21. The null hypothesis of
equality of mean effect was tested using the two-way ANOVA table at p
= 0.05, and means of significant treatments were separated using
Duncan's multiple range tests.

3. Results and discussion

3.1. Isolation and characterization of biosurfactant producing bacteria

The biosurfactant producing strain C1501 showed a light green,
gram negative and rod-shaped when cultured on Kings Agar. It ferments
carbohydrates such as galactose, glucose sucrose. The morphological
character of isolate C1501 specified by scanning electron microscope
(SEM) was shown in Fig. 1. It was observed that C1501 has a short rod
shape without spores, and a size of 2 µm. This preliminary results
showed that the strain was a member of the genus Pseudomonas. Further
identification was performed based on 16S rRNA gene sequence ana-
lysis to confirm that the isolate was Pseudomonas aeruginosa. The 16S
rRNA sequences were compared and aligned with sequences deposited
in the NCBI Gen Bank database using BLAST for identification of bac-
teria. The isolated bacteria were identified as Pseudomonas aeruginosa
C1501 with an accession number KF976394. The bacterial genomic
DNA isolated has a base pair of 25000. The amplified product had a
product of 1500 bp. P. aeruginosa also shows (100%) similarity to P.
aeruginosa LMG 1242 T. Microbial surfactants i.e. lipopeptides and
glycolipids are finding great relevance in cosmetics and detergents as
anti-microbial agents, and for oil and mineral recovery respectively
(Georgiou et al., 1992; Dembitsky, 2004).

Natural biosurfactants i.e. biosurfactants that are isolated from
microorganisms such as bacteria, fungi, and yeast, possess numerous
advantages over the synthetic surfactants. Amongst these are, low
toxicity hence suited for human skin treatment, they are biodegradable
hence environmental friendly (Cameotra and Makkar, 2004).

3.2. Detection of monorhamnolipids and dirhamnolipid from strain C1501
on thin layer chromatography (TLC)

The blue-green spots shown on TLC shows the presence of glycoli-
pids. The inoculum OD600 nm was 1.92 after 24 h of inoculation. It was

observed that the surface tension was reduced to 64 dynes/cm to
30 dynes/cm when measured using tension meter. It was observed that
when glycerol was used as a carbon source, there were more dirham-
nolipids than monorhamnolipid. Also, new isomers and congeners
rhamnolipids were detected from the LCMS results. From the column
chromatography, two pure fractions were obvious on the TLC. The
crude rhamnolipids contained both monorhamnolipid and di-rhamno-
lipids, these were further purified by HPLC. The TLC indicated the
presence of two major compounds i.e. upper and lower one, the lower
spot consisted of di-rhamnolipids with Rf of 0.59 and the higher spot
consisted of mono-rhamnolipids with Rf of 0.62 for strain C1501. The
lower fraction was found to have a biosurfactant property with a re-
tention time corresponds to di-rhamnolipid of therhamnolipid standard.
The retention time of both standard and the lower compound was
5.1 min (Fig. 2). These findings are consistent with other reported
studies (Schenk et al., 1995; Lotfabad et al., 2009). This is in agreement
with the findings of the previous study by Sriram et al. (2011) who
discovered that Rf value of 0.52 and 0.69 was obtained for mono-
rhamnolipid and dirhamnolipid respectively in the crude extract bio-
surfactant produced after visualized under UV-illuminator. Also,
Meganathan et al. (2015) discovered the presence of two spots which
denotes mono rhamnolipid and dirhamnolipid with Rf value of 0.56 and
0.68 might have influenced the high antimicrobial activities recorded
for Pseudomonas sp used during their study.

3.3. Preliminary screening of biosurfactants present in strain C1501

3.3.1. Oil displacement activity
The result showed that strain C1501 produced a better oil dis-

placement when compared to the control. Strain C1501 showed the
maximum displacement of 4.2 cm at 24 h after inoculation compared to
the control that had a displacement of 2.3 cm (Fig. 3). The oil displaced
test has been used by past researcher to screen and identify the primary
potential of various biosurfactant producing isolates. The result ob-
tained from this study is in line with the findings of Youssef et al. (2004)
and Satpute et al. (2008) who discover that when hydrocarbon are used
as a carbon source for tested isolates, better oil displacement were
obtained when compare with the control.

3.3.2. Emulsification activity
A better emulsification activity was observed with strain C1501

when compared with the control. There was no significant difference in
the emulsification activity between the periods from 0 to 12 h, but
emulsification activities began at 22 h. The highest emulsification was
observed at 42 h with 87.2% compared to the control that had 40.1% at
the same time (Fig. 4). The result obtained during this study is in line
with the previous study by Shavandi et al. (2011) who discovered that
using hydrocarbon from pentane as a carbon substrate for ofFig. 1. (a) Morphology of the isolated bacteria, C1501 shown by SEM.

Monorhamnolipids

Diarhamnolipids

Fig. 2. The lipid profile of Pseudomonas aeruginosa strain C1501 responsible for its bio-
surfactants. The Rf values obtained for monorhamnolipids and dirhamnolipids were 0.59
and 0.62 respectively.
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Rhodococcus sp. TA6 produced a better emulsification potential when
compared to the control while Prieto et al. (2008) who discovered that
soybean oil, diesel oil, gasoline, and cyclohexane are good substrates
for emulsification by rhamnolipid-type biosurfactant of P. aeruginosa
when compared with the control.

3.3.3. Comparison of glucose and glycerol at different concentration for
surface reducing capabilities

The optimization of rhamnolipid was carried out so as to compare
the best substrate for the production of rhamnolipids containing bio-
surfactants. It was observed that Pseudomonas aeruginosa reduced the
surface tension of glycerol than glucose at the various concentration
tested. The highest reduction was observed with glycerol at a con-
centration of 5 g/l with 42 dynes/cm compared to glucose that had
53 dynes/cm at the same concentration (Fig. 5). Observations from
previous studies by different researchers revealed that production and
yield of biosurfactant differ depending on the material used for mi-
crobial growth. Patel and Desai (1997) utilized molasses for bio-
surfactant production from strain GS3 of P. aeruginosa and a yield of
0.25 g/l was obtained. Also, Aparna et al. (2012) studied the efficacy of
different carbon sources for the production of biosurfactant and the
following result were observed: coconut oil cake (4.38 g/l), orange
peelings (3.24 g/l), molasses (4.97 g/l), glycerol (4.14 g/l), and whey
(4.09 g/l). Moreover, during this study we discovered that glycerol
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produced biosurfactant at a concentration of 5 g/l was obtained when
glycerol was used as a carbon source from strain C1501 used.

3.3.4. Rhamnolipid production when glycerol was used as a carbon source
The experiment relates the growth curve of rhamnolipid production

at various pH. At 6–18 h, it showed that cells are adjusting to their new
environment. The highest yield of rhamnolipids was obtained at 42 h,
followed by 36 h and 24 h, the following values of 1390 mg dm−3,
1300 mg dm−3 and 1200 mg dm−3 at pH of 5.4, 4.9 and 4.1 respec-
tively corresponds to the early exponential phase led to the maximum
production of rhamnolipid. This might be due to the fact that strain
C1501 release of cell-bound biosurfactant molecules into the culture
broth leading to a rise in its extracellular concentration (Goldman et al.,
1982).

The lowest yield was 400 mg dm−3 at pH of 6.9 might be due to the
fact the growth termination as a result of a precipitous decrease in cell
density of strain C1501 might have induced a nutritional stress at the
end of exponential phase. Pornsunthorntawee et al. (2008) observed
the same result and growth pattern for biosurfactant-producer strain
PT2 of B. substilis and Pseudomonas aeruginosa SP4. Also, the decreased
in the biosurfactant might be due to the fact that biosurfactant could be
used as a substrate by the bacteria when the available source of

substrate was reduced (Desai and Banat, 1997) (Fig. 6). During this
study, it was observed that strain C1501 have the capability to with-
stand wide elevated pH ranges for the production of biosurfactant but it
was observed that more biosurfactant was produced at acidic condition
than the alkaline conditions. Moreover, Sriram et al. (2011) discovered
that B. cereus NK1 (GU 167978) was very stable at alkaline pH while
Luna et al. (2013) demonstrated that cell-free broth obtained from
Candida sphaerica remain stable at different wide range of pH (2−12).

3.4. Growth and surface tension reduction kinetics of Pseudomonas
aeruginosa C1501

Fig. 7 shows the growth and surface tension reduction kinetics of P.
aeruginosa C1501. It was observed that the initial surface tension of
61.2 dynes/cm from the carbon source used was reduced to 30.0 dynes/
cm at 12 h after the inoculation of the rhamnolipid producing from
strain C1501 during fermentation for 24 h. The absorbance at this point
was 0.712. Radhika et al. (2013) discovered that strain USTB of B.
Methylotrophicus produced the highest biosurfactant and lowered the
surface tension of culture broth from 63 to 28 mN/m after 192 h in-
cubation. The absorbance at this point was 1.3. From all these results, it
could be deduced that biosurfactant biosynthesis followed

Fig. 8. A-D LCMS chromatogram of the rhamnolipids from strain
C1501 obtained after optimization from glycerol.
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predominately during exponential growth phase which suggests that
biosurfactant is formed as primary metabolite accompanying cellular
biomass formation due to the production of growth-associated kinetics.
Also, this shows that these strains can utilize the various substrates as
carbon sources (Radhika et al., 2013).

3.5. Analysis of spectral obtained after optimization with glycerol and
glucose for the production of rhamnolipid using liquid chromatography/mass
spectrometry (LC-MS)

Mostly, biosurfactants i.e. rhamnolipids from P. aeruginosa strains
were identified in the mass range from m/z 331–677 (Das and
Mukherjee, 2005; Mukherjee and Das, 2005). Sugars, gasoline, paraffin
oil, glycerol, and oils have been used as substrates in P. aeruginosa
producing biosurfactants. The best substrate for rhamnolipid produc-
tion was screened between glycerol and glucose by analyzing the
spectral of the rhamnolipid produced using LCMS. The results of the
optimization obtained from LCMS showed that glycerol were able to
produce more rhamnolipids with the following molecular masses of
385.297, 553.337, 555.349 and 727.425 while rhamnolipids produced
in glucose had the following molecular masses of 387.310, 555.350 and
727.424 (Figs. 8A–D and 9A–C).

Several studies have shown that glycerol substrate make bacteria
produces more biosurfactants than glucose (Silva et al., 2010; Rashedi
et al., 2005; Salazar-Bryam et al., 2008). Eraqi et al. (2016) reported
that little increase in temperature and pH, when the culture aeration is
adjusted leads to increase in the rhamnolipid production from glycerol
to about 2 g/L which exceeded the level of production from glucose,
giving strong reason why glycerol is better than glucose as a substrate

Fig. 9. A–C. LCMS chromatogram of the rhamnolipids obtained
from strain C1501 after optimization from glucose.
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for rhamnolipid production (Eraqi et al., 2016).

3.5.1. Nuclear magnetic resonance (NMR)
The purified rhamnolipid was analyzed by further using 1H NMR,

13C NMR and DEPT-135 (Supplementary data Figs. 1–5). There were
great similar spectra to those of reported spectra of di-rhamnolipid. The
NMR spectroscopy of Pseudomonas aeruginosa strain C1501 was de-
termined using combined 1H and 13C NMR spectroscopy. One-dimen-
sional 1H, 13C NMR spectra were collected on a Jeol 300 MHz NMR
spectrometer with CDCl3 as the solvent and TMS as the internal re-
ference. The whitish powder extracted and purified from Pseudomonas
aeruginosa strain C1501 culture was used for NMR analysis.

The characteristic chemical shifts present in the 1H NMR at
0.89 ppm (triplet, J = 6.7 Hz) indicated the presence of CH3 group
adjacent to CH2 group in aliphatic chain; 1.31 ppm indicated the pre-
sence of CH2 groups in aliphatic lipid chain; the multiplets at 2.38,
2.51 ppm indicated the presence of CH2 groups adjacent to carboxylic
acid and ester groups; signals in the range of 3.21–4.20 ppm indicated
1′,2′,3′,5′ -hydrogen's in rhamnose moiety; the signals at 4.76 and
5.41 ppm indicated the presence of O-CH protons of rhamnose rings.
From the signal pattern and coupling constant values we deduced β-
configuration for the two anomeric hydroxyl groups. The doublets at
1.335, 1.445 ppm indicated the presence of -CH3 and multiplet at
3.357 ppm indicated the presence of –CH–OH, both on rhamnose
moiety. These chemicals shifts were consistence with previous reports
(Ramana and Karanth, 1989; Sim et al., 1997; Wei et al., 2005)

The signals at 171.61, 174.75 ppm showed that a carboxylic acid
and ester are present respectively. The signals at 94.9, 102.7 ppm were
due to two C-1 carbons of two rhamnose units. The two methyl groups
in lipid chain signal show a signal at 14.12 ppm in 13C NMR spectra but
the two signals at 17.58 ppm were due to two methyl groups in the
rhamnose moiety. The signals from 22.71 to 39.69 ppm were due to
methylene (CH2) groups in lipid chain. The signals in the range of
70.6–77.4 ppm were due to carbon atoms attached to one oxygen atom
in rhamnose moiety. The 1H, 13C NMR, and DEPT-135 spectra con-
firmed the presence of di-rhamnolipid in the biosurfactant and the
spectra matched well with the reported di-rhamnolipid type of com-
pounds spectra (Gudina et al., 2015; Eraqi et al., 2016; Gogoi et al.,

2016). The predicted structure of the rhamnolipid was found to be L-
rhamnosyl-L-rhamnosyl-3–b-hydroxydodecenoate (Fig. 10). Pseudo-
monas aeruginosa produces various extracellular a-Lrhamnopyranosyl-b-
hydroxyalkanoyl-b-hydroxyalkanoates (monorhamnolipids) and a-L-
rhamnopyranosyl-2I-O-a-L-rhamnopyranosyl-b-hydroxyalkanoyl-b-hy-
droxyalkanoate (dirhamnolipids) composed of L-rhamnose and 3-hy-
droxyalkanoic acid. Mostly, Pseudomonads produce mixtures of mono-
and dirhamnolipids that have different acyl moieties, although there
are several reports where only monorhamnolipids were detected
(Lebron-Paler et al., 2006; Gunther et al., 2005; Mata-Sandoval et al.,
1999). The rhamnolipid standard showed two molecular ion signals in
its LC-MS spectrum; one at m/z 527.31 was mono-Rha–C10–C10 (m/z
527.32) while the other was Rha-Rha–C10–C12.1, a dirhamnolipid [M-H
+Na2] + ions at m/z 667.5, 695.6, 721.6 and 723.6 respectively. This is
greatly related to the isolated compound from Pseudomonas aeruginosa
C1501 (Figs. 8A–D and 9A–C).

3.6. Crude oil biodegradation

Four different treatments were used in the determination of crude
oil biodegradation. The results were obtained on the 5th, 10th and 20th
days. The percentage degradation was 6%, 13.6% and 26% on the first
treatment (MSM + crude oil + bacterial cells). Furthermore, percen-
tage degradation was 33%, 71.3%, and 96% for the second treatment.
Moreover, percentage degradation of 8%, 16.7%, and 29% were ob-
tained for the third treatment. There was no observable degradation in
the control (fourth) set of experiment (MSM + crude oil) Fig. 9. Result
from the biodegradation experiment revealed that the crude oil biode
gradation was enhanced when natural surfactant from Pseudomonas
aeruginosa strain C1501 was enhanced compared to the synthetic sur-
factant in the absence of natural surfactant. The result obtained was in
line with other reports on previous work that biosurfactant acts as an
effective enhancer for hydrocarbon biodegradation (Sathishkumar
et al., 2008; Thavasi et al., 2011; Darvishi et al., 2011) (Fig. 11).

3.7. Antimicrobial activities

The rhamnolipid was tested as an antimicrobial agent against gram
positive, gram negative bacteria and rot-inducing fungus. The zone of
inhibition ranges from 1.0 to 25.3 mm on all the tested isolates when all
the concentrations were applied. It was observed that the higher the
rhamnolipid concentration, the higher the efficacy and antimicrobial
activities on the tested isolates. The antibacterial activity carried out
showed that the highest and lowest zone of inhibition was obtained on
Bacillus cereus with 25.3 mm and 3.3 mm respectively while highest and
lowest zone of inhibition observed from the antifungal activities were
obtained on S. cerevisiae and A. niger with 17.3 mm and 1.5 mm re-
spectively. The minimum inhibitory and bactericidal concentration
ranges from 28.4% v/v and 89.3%v/v while the minimum inhibitory
and fungicidal concentration ranges from 24.0%v/v and 64.2%v/v re-
spectively (Fig. 12A–D).

The potential of the rhamnolipid from Pseudomonas aeruginosa
strain C1501 showed a better antimicrobial activity when compared to
the artificial surfactant. The rhamnolipid demonstrated a board range
of activities on gram bacteria, gram negative and the rot-inducing
fungus tested. This might be due to the fact that the active compound in
the rhamnolipid breaks and destroy their biological membranes leading
to cell death of the tested isolates (Das et al., 2014; Haba et al., 2014).
This result complements the antimicrobial activities of rhamnolipids
against several microbes (Bacillus cereus, Micrococcus luteus, Staphylo-
coccus aureus, Listeria monocytogenes) as stated by Randhawa and
Rahman (2014).

3.8. Phytotoxicity activities

The phytotoxicity activities of natural (rhamnolipid) and synthetic
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Fig. 11. Biodegradation of n-alkane by in crude oil by of Pseudomonas aeruginosa strain
C1501 at the end of biodegradation experiment (20 d) in (MSM) incubated at 35 °C and
180 rpm. Results are expressed as the mean± standard error mean (SEM) of three in-
dependent experiments. Key: MSMCBC= MSM + crude oil + bacterial cells; MSMCBCB
= MSM + crude oil + bacterial cells + biosurfactant (3% v/v), MSMCT = MSM +
crude oil + bacterial cells + 3% v/v of Tween 20; MSMCO=MSM+ crude oil (control).
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surfactant (Tween 20) were tested on the seeds of Sorghum bicolor,
Solanum lycopersicum, Triticum aestivum, Vigna unguiculata and Capsium
annuum. It was observed that rhamnolipid obtained from P. aeruginosa
C1501 did not show any inhibitory effect on the seed of the tested crops
as well as their root elongation when compared to Tween 20 that de-
monstrated an inhibitory attribute. It was observed that there was an
emergence of leave and secondary root growth in all the tested crops
evaluated. However, the highest % germination and root length were
observed in Solanum lycopersicum with 99.1% and 3.3 cm, while the
lowest % germination and root length was obtained in the treatment
containing the synthetic surfactant with 2.3% and 0.33 cm respectively
(Fig. 13A–B). The phytotoxicity assay performed was based on seed
germination and root elongation. It was observed that the natural sur-
factant didn’t exhibit any inhibitory effect compared to the artificial
surfactant used which showed an inhibitory effect on all the tested
crops. A germination index of 80% has been used as bio-indicator to
check the non-appearance of phytotoxicity of the biosurfactant (Boutin
et al., 2010).

4. Conclusion

In this study, P. aeruginosa strain C1501 was demonstrated via iso-
lation, identification, and characterization to be a novel rhamnolipid-
producing bacterium. Its biosurfactant product, a dirhamnolipid named
L-rhamnosyl-L-rhamnosyl-3-b-hydroxydodecenoate, was purified and
characterized by FT-IR, 1H NMR, 13C NMR and LCMS analysis. Strain
C1501 stood out from other rhamnolipid-producing P. aeruginosa due to
its extraordinary capacity to produce the structurally diverse compo-
nents of biosurfactant rhamnolipids as well as new isomers and con-
geners rhamnolipids were detected from the LC-MS spectral.char-
acterization studies investigated used in comparing glucose and
glycerol at different concentration for surface reducing capabilities,
growth and surface tension reduction kinetics. This study gives cre-
dence to the current knowledge regarding the diversity and productive
capability of rhamnolipid as biosurfactants, its production using re-
newable sources as economically low-cost medium and eco-friendly
materials. They have, antimicrobial, none phytotoxicity activity on seed
of economic crops and their tendency to offer bioremediation potentials
in the environment are of immense importance. Rhamnolipids are well-
characterized and scientifically proven biosurfactants which are

Fig. 12. A–D Antimicrobial activities of Pseudomonas aeruginosa strain C1501. Results are expressed as the mean± standard error mean (SEM) of three independent experiments. A. Zone
of inhibition of rhamnolipid tested against bacterial isolates. B. Zone of inhibition of rhamnolipid tested against fungal isolates. C. Minimum inhibitory concentration and minimum
bactriocidal concentration of rhamnolipid tested against bacterial isolates. D. Minimum inhibitory concentration and minimum fungicidal concentration of rhamnolipid tested against
bacterial isolates.
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becoming highly sought after biomolecules. This primarily is a back-
ground and foundation to further studies on the potential of this strain
across a wide range of industrial, agriculture and biomedical applica-
tions.
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