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Abstract: Biosurfactants, a wide group of compounds produced by different microorganisms, gener-
ally have less toxicity and are more biodegradable than synthetic surfactants. Biosurfactant-producing
bacteria can be found in contaminated environments, such as soils receiving pesticide applications
constantly, or in pesticides treatment systems where microorganisms are adapted to biodegrading
pesticides. Five pesticide-tolerant bacteria previously isolated from a pesticide biopurification system
were evaluated as biosurfactant-producers. Pseudomonas rhodesiae C4, Rhodococcus jialingiae C8 and
Pseudomonas marginalis C9 strains were positive in qualitative tests. Biosurfactant production by
these strains using Bushnell-Haas medium with olive oil at 2% (w/v) was evaluated as emulsification
index, oil displacement, droplet collapse test and surface tension. After 144 h, these strains showed
a similar emulsification index of >55%. The two Pseudomonas (C4 and C9) strains showed lower
superficial tension compared with Rhodococcus strain (C8)—34.47, 37.44 and 47.55 mN/m for strains
C4, C9 and C8, respectively. The chemical characterization of the biosurfactants revealed the pres-
ence of glycolipids in P. rhodesiae (C4) and glycopeptides in P. marginalis (C9). The degradation of
chlorpyrifos increased from 39.2% to 51.6% when biosurfactants produced by P. rhodesiae (C4) were
added (10%) with respect to the control. Therefore, biopurification systems are a relevant source of
biosurfactant-producing bacteria with environmental biotechnology applications.

Keywords: biosurfactant-producing bacteria; biopurification system; biosurfactant characterization;
chlorpyrifos degradation

1. Introduction

Biosurfactants are a broad group of diverse compounds produced by various microor-
ganisms that have low toxicity, great biodegradability and environmental compatibility,
enabling a wide range of industrial applications [1–3]. These compounds each have a
hydrophilic region formed by amino acids—peptides (anions or cations), or mono and
polysaccharides—in addition to a hydrophobic region consisting of saturated and unsat-
urated fatty acids [4]. The above characteristics allow for reductions in surface tension
and interfacing between two immiscible liquids, increasing the solubility of hydrophobic
compounds in aqueous media, forming emulsions [5]. Desorption or solubilization of
hydrophobic pollutants tightly bound to soil particles can be accelerated by biosurfactants,
which are very crucial for bioremediation processes, especially enhancing the degradation

Agronomy 2021, 11, 624. https://doi.org/10.3390/agronomy11040624 https://www.mdpi.com/journal/agronomy

https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-0490-6945
https://orcid.org/0000-0002-2624-2337
https://orcid.org/0000-0001-7058-3377
https://orcid.org/0000-0002-5344-054X
https://orcid.org/0000-0002-2764-352X
https://orcid.org/0000-0002-9494-1551
https://doi.org/10.3390/agronomy11040624
https://doi.org/10.3390/agronomy11040624
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11040624
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11040624?type=check_update&version=4


Agronomy 2021, 11, 624 2 of 16

of pesticides when they are accumulated in agricultural soils [6–8]. The efficacy of biosur-
factants is due to the solubilization capacity of the hydrophobic pesticides, which reduces
the surface tension and interfacial bonding between liquids, solids and gases. Diverse
microorganisms have been reported to be biosurfactant producers [5–8].

Wattanaphun et al. [8] highlighted a biosurfactant-producing species of Burkholderia
isolated from oil-contaminated soil that may be a potential candidate for the bioreme-
diation of a variety of pesticide contaminations. Pesticide biodegradation supported by
rhamnolipids from Pseudomonas aeruginosa for the herbicide trifluralin [9] and rhamnolipid
for chlorpyrifos (CHL) degradation in a soil-water system [7] have also been studied. The
solubilization of endosulfan and methyl parathion supported by anionic glycolipid from
Pseudomonas sp. was also studied by García et al. [10]. Singh et al. [7] reported the addition
of rhamnolipid (10–200 mg L−1) to facilitate the solubilization of CHL in soil and demon-
strated that its solubility in the aqueous phase of CHL increased 2–15 times. Therefore, the
authors found more CHL degradation (30%) compared to the biotic control without biosur-
factant. They also concluded that the addition of biosurfactants significantly improved the
rate of CHL degradation in soil without accumulation of the intermediate metabolites.

One of the first reports about the improvement of CHL degradation in the presence
of biosurfactants from Pseudomonas isolated from CHL-enriched soil was produced by
Singh et al. [11]. The authors indicated that more than 98% degradation of CHL was
obtained by the addition of 100 mg L−1 of partially purified rhamnolipids; the control
without biosurfactants showed 84% degradation.

Even though pesticides play important roles in farming and food production world-
wide, their excessive use can adversely affect the ecosystem due to their high toxicity, their
persistence for variable periods and the inadequate management of pesticide residues [12].
After their applications in agriculture, pesticides may be transported off field into surface
water and infiltrate groundwater, and therefore affect water quality [13], or they may
penetrate wastewater generated by agro-industrial activities such as the fruit-packaging
industry, which represents a disposal problem for many farmers [14,15]. Some of these
pesticides, such as CHL, are applied worldwide with relatively high chemical and bi-
ological stability in soils and aquifers [16,17]. CHL is an insecticide with hydrophobic
character (log Kow 4.7) that is non-mobile, has low solubility in water (1.4 mg L−1) and has
a variable half-life of 7–60 days depending on environmental conditions [18,19]. The low
aqueous solubility of CHL further limits its availability to potential microbial degraders,
which slows down the overall degradation process and becomes a major cause of CHL
accumulation in soil. Moreover, 3,5,6-trichlo-2-pyridinol (TCP) has been reported to be
a potent toxin of bacterial metabolism, which significantly restricts the mineralization of
CHL, leading to the accumulation of both CHL and TCP in the environment [7]. Therefore,
the implementation of an efficient method for treating pesticides-contaminated water is
essential to avoid their negative impact.

Pesticides, including CHL and its metabolites, can be degraded efficiently in a biopu-
rification system (BPS) based on the adsorption and degradation capacity of an organic
biomixture containing a great variety of active microorganisms, mainly fungi and bacte-
ria [18,20–23]. Recently, Briceño et al. [20] showed that pesticide-tolerant bacteria isolated
from the BPS have the ability to degrade different iprodione (IPR) and CHL concentrations
(10 to 100 mg L−1) in liquid culture. However, the degradation of CHL was slower and
less prevalent than the degradation of IPR in the same conditions; the CHL half-life (t1/2)
remained elevated. It is necessary to improve their degradation capacity.

The use of synthetic surfactants in conjunction with fungicides, insecticides and her-
bicides can be highlighted, which increases the efficacy of pesticides for pest control [24].
However, these compounds can remain in soils, increasing environmental contamination.
In the last two decades, biodegradation of pesticides by microorganisms that produce
biosurfactants has been studied because it can improve the solubility of these toxic hy-
drophobic contaminants and make them bioavailable [1,6,10,11,25,26]. Biosurfactants act as
emulsifying, dispersing and wetting agents [27,28]. Biosurfactants have also been reported
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to have some antimicrobial properties in the soil, which can affect pollutant-degrading
microorganisms [29]. For this reason, the application of biosurfactants to improve the solu-
bilization of pesticides in a BPS needs to be carefully studied in order to ensure that they
do not affect the microbiota of the system. One alternative is the use of pesticide-tolerant
microorganisms able to produce biosurfactants. There are reports on pesticide biodegra-
dation supported by surfactin [9], a rhamnolipid from a bacterial consortium for CHL
degradation [7]; the solubilization of chlorinated hydrocarbon [30]; and ethyl parathion,
trifluralin and methyl parathion [31] supported by glycolipids. In general, ecological
niches contaminated with hydrocarbon are the most recommended sites for the isolation of
biosurfactant-producing microbes for environmental remediation [24]. However, studies
on the production of biosurfactants by pesticide-degrading microorganisms isolated from
BPS are needed to improve the effectivity of this system where high concentrations of
pesticides are treated. Therefore, the aim of this study was to select biosurfactant-producing
bacteria previously isolated from a pesticide BPS, evaluate their production capacity, par-
tially characterize the crude extract in terms of biosurfactants and evaluate their effect on
the degradation of the insecticide CHL.

2. Materials and Methods
2.1. Chemicals and Media

Analytical standards (99% purity) of chlorpyrifos (CHL) and 3,5,6-trichlo-2-pyridinol
(TCP) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used for high-
performance liquid chromatography (HPLC) analyses. For degradation assays, formulated
commercial CHL (Troya 4EC) was purchased from Agan Chemicals Manufacturers Ltd.
CHL was prepared in a stock solution of 1000 mg L−1 in methanol, filtered through a
0.22-mm polytetrafluoroethylene (PTFE) filter and then stored at 4 ◦C until use. Bushnell-
Haas (BH) broth (Becton, Dickinson and Company, Sparks, NV, USA) and other chemicals
and culture media were purchased from Difco (Detroit, Mich.), and all solvents were
HPLC grade from Merck-Sigma (St. Louis, MO, USA). BH medium contained per liter:
dipotassium phosphate 1.00 g; monopotassium phosphate, 1.00 g; ammonium nitrate,
1.00 g; magnesium sulphate, 0.20 g; calcium chloride, 0.02 g and ferric chloride, 0.05 g.
Luria-Bertani (LB) medium contains per liter: tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g;
agar, 20 g; pH adjusted to 7.0.

2.2. Biosurfactant-Producing Bacteria

The bacteria Pseudomonas rhodesiae strain C4, Achromobacter deleyi strain C7, Rhodococcus
jialingiae strain C8, Pseudomonas marginalis strain C9 and Achromobacter kerstersii strain C10
were tested for biosurfactant production. These strains were previously isolated from a BPS
used for pesticide treatment, identified by molecular analysis and identified as pesticide-
tolerant bacteria [20]. Before the biosurfactant assays, all bacterial strains were reactivated
by taking an inoculum from the cryovial sown in solid Luria-Bertani (LB) medium and
incubated for 24 h at 28 ± 2 ◦C. This culture procedure using liquid LB medium (without
agar) was also used as the standard inoculum preparation for all experiments.

2.3. Selection of Biosurfactant-Producing Bacteria

The five bacterial strains were evaluated for their biosurfactant production by using
Siegmund and Wagner (SW) agar and Bushnell-Haas (BH) broth. The SW blue agar-
containing cetyltrimethylammonium bromide (CTAB) plates were inoculated with 10 µL
broth spot-incubated bacterial strain cultures and incubated for 72 h at 28 ± 2 ◦C. Dark
blue halos around the bacterial colonies were considered positive for anionic biosurfactant
production [32]. The BH broth medium was used to evaluate the biosurfactant production
as well. Briefly, 250 mL flasks containing 100 mL of BH culture medium were enriched
with olive oil as the carbon source at a concentration of 2% (w/v)and autoclaved for 15 min
at 121 ◦C. The flasks were inoculated with 1% (v/v) of the bacterial strains and incubated at
28 ± 2 ◦C in a shaker at 150 rpm. The production of biosurfactants was verified after 144 h
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of incubation in the cell-free supernatants (CFS) (centrifugation at 10,000 rpm for 15 min
at 4 ◦C; oil film elimination by capillary suction) by oil displacement, collapse of the drop
and emulsification tests.

The positive control was the commercial Tween 80 and the negative control was
Escherichia coli (non-biosurfactant producer) grown in BH medium. The bacterial strains
that exerted the highest biosurfactant production were selected for further analyses.

2.4. Biosurfactant Production by Selected Strains

Strains with positive responses in SW and BH medium were used for biosurfactant
production. The same conditions described above for biosurfactant production using the
Bushnell-Haas (BH) broth were used for the kinetics assay. The production of biosurfactants
was verified each 24 h in the CFS by oil displacement and emulsification index. The
measurement of surface tension was performed after 144 h of incubation. The validity
of the surface tension readings was checked with pure water (72.2 ± 0.02) before each
reading. For biomass growth quantification, samples of 2.5 mL were collected daily, and
their absorbance values were measured at 600 nm in a UV-Visible spectrophotometer
(Orion AquaMate 8000, Chelmsford, MA, USA).

2.5. Oil Displacement and Emulsification Assays

The CFS of the bacteria P. rhodesiae strain C4, R. jialingiae strain C8 and P. marginalis
strain C9 obtained from 2.4 assay after 144 h of incubation were selected for testing their
oil displacement and emulsification indices using different oils (olive, sunflower, corn,
canola, grapeseed, coconut and synthetic engine oil). The oil displacement assay was
performed as described by [33]. Briefly, a film of each oil (15 µL) was placed over the
surface of 40 mL distilled water in a Petri dish (15-cm diameter). Then, the clear zone of oil
displacement was visualized after the addition of 10 µL of CFS to the center of the oil film.
Tween 80 was used as a positive control. The results are expressed as the diameter (cm)
of the displacement of the halo obtained after 3 s. For the emulsification assay, samples
(4 mL) of each CFS were collected and mixed separately with 4 mL of different oils (olive,
sunflower, corn, canola, grapeseed, coconut and synthetic engine oil) in a 10-mL glass tube.
After addition, the solutions were vortex mixed for 4 min and then allowed to stand for
the next 24 h at room temperature, except for the coconut oil, which was kept at 28 ± 2 ◦C.
The emulsification activity was expressed as the percentage of the emulsion layer height
(cm) divided by the total of the liquid column height after 24 h. The supernatant from each
bacterial strain was evaluated, and the emulsification index (E24) was calculated using the
following equation:

E24 (%) = HE/Hs × 100% (1)

where HE is the height of the emulsion layer and Hs is the height of the total solution.

2.6. Biosurfactant Characterization

For the crude biosurfactant extracts (CBE), the most promising bacteria (P. rhodesiae
strain C4 and P. marginalis strain C9) that showed the lowest superficial tension were
cultured in BH medium enriched with olive oil at a concentration of 2% (w/v) in the same
conditions described above. The CBE were recovered using an acid precipitation and
the solvent extraction method according to [34], with slight modifications. After 144 h of
incubation, the cells were removed from the culture broth by centrifugation at 9000 rpm
for 10 min at 4 ◦C. The CFS were acidified with HCl 6 N until the pH was 2, stored
overnight at 4 ◦C and extracted five times with ethyl acetate by using a separatory funnel.
The organic phase was recovered, and the solvent was evaporated at 68 ◦C in a rotary
vacuum evaporator and then lyophilized. The chemical characterization of the obtained
CBE was then carried out by thin layer chromatography (TLC), Fourier transform infrared
spectroscopy (FTIR) and matrix-assisted laser desorption/ionization mass spectrometry
analysis (MALDI TOF-TOF).
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2.6.1. TLC

The TLC plates were used for partial purification of surfactant biomolecules with
silica gel (Silica gel 60 F254; Merck, Germany) as the stationary phase. A quantity of
the BCE (0.1 g) dissolved in methanol was put on a TLC plate. A mixture of chloro-
form:methanol:acetic acid (65:15:2 v/v) was used as the mobile phase, and detection was
performed by exposure to iodine vapors for lipid stains, exposure by spraying 50% (v/v)
H2SO4 for carbohydrate detection and exposure to 2% ninhydrin solution for amino acid
detection. TLC plates were heated at 110 ◦C until the appearance of the respective colors.

2.6.2. FTIR Spectroscopy

About 2 mg of freeze-dried extract was milled with 200 mg of KBr. This powder was
compressed into a thin pellet which could be analyzed by FTIR spectra measuring the
transmittance between the frequencies of 4000 to 400 cm−1 with a resolution of 2 cm−1 [2].

2.6.3. MALDI TOF-TOF Analysis

An aliquot (0.5 µL) of each purified biosurfactant (from C4 and C9 strains) was placed
in the anchor chip position on a plate, and 0.5 µL of the matrix was added to the sample
purification point. The matrix was a saturated solution of 2.5-dihydroxybenzoic acid in
water and 0.3 mg mL−1 α-cyano-4-hydroxycinnamic acid in acetone:ethanol (2:1 v/v).
Mass spectra were obtained using a MALDI TOF-TOF Autoflex Speed (Bruker Daltonics,
Bremen, Germany) equipped with a smart beam laser source (334 nm). The analyses were
performed in the linear mode with positive polarity, 20 kV accelerating voltage and a delay
extraction of 220 ns. Each spectrum was collected as an average of 1200 laser shots with
enough energy to produce good unsaturated spectra in the m/z range of 1000 to 2000.
Before the analysis, the equipment was externally calibrated with the protein calibration
standard I (Bruker Daltonics, Bremen, Germany) (insulin, ubiquitin, cytochrome C and
myoglobin) with the FlexControl 1.4 (Bruker Daltonics, Bremen, Germany).

2.7. Biosurfactants Analyses
2.7.1. Drop-Collapse Test

The ability to collapse a droplet of water was tested as described by [35], with some
modifications. An aliquot of 25 µL of CFS of each sample was pipetted as a droplet onto
Parafilm "M" laboratory film (American National Can, Chicago, IL, USA). The flattening
and spreading of the droplet on the parafilm surface were followed over seconds. Subse-
quently, Methylene Blue was added to stain the drop of supernatants and a drop of water
as the control.

2.7.2. Surface Tension Assay

The surface tension was measured according to Song and Springer (1996) for the CFS
that were obtained by centrifugation of the culture medium after 144 h of incubation under
the conditions described above using a Krüss Easy Dyne tensiometer (Hamburg, Germany)
at room temperature, following the principle of the Wilhelmy plate method.

2.7.3. Oil Displacement and Emulsification Analyses

The analysis of these parameters was performed following the methodology described
in Section 2.5 but using olive oil as the sole oil type.

2.8. Chlorpyrifos Degradation by Biosurfactant-Producing Bacteria

To evaluate the effect of biosurfactant addition in CHL degradation, the assay was
conducted in 250-mL Erlenmeyer flasks containing 100 mL of sterile liquid LB medium
supplemented with CHL at 25 mg L−1. This concentration is about 15 times over CHL’s
solubility (1.4 mg L−1 in water). Flasks were inoculated with 1% (v/v) of the P. rhodesiae
strain C4—previously centrifuged, washed and resuspended in 0.9% NaCl. Then, an
aliquot of 10 mL of the CFS of the C4 strain obtained as described in Section 2.3 was added
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at 2.5%, 5.0%, 7.5% and 10% of the total volume of each flask. The biotic control contained
CHL and P. rhodesiae strain C4 without CFS, and the abiotic control contained CHL and CFS
(5%) without the bacterial inoculum. Afterward, the flasks were incubated at 28 ± 2 ◦C
on a rotary shaker for 24 h at 130 rpm in the dark. Samples were taken at the end of the
incubation period (144 h) for analysis of residual pesticide and metabolites. CHL and TCP
concentrations were analyzed by HPLC. All assays were conducted in triplicate.

2.9. Pesticide Extraction and Analysis

Samples of 1 mL were taken every three hours from each flask and centrifuged for
10 min at 6500 rpm. Then, samples of 0.5 mL of the supernatant were diluted in 1 mL of
acetonitrile. The samples were homogenized in a vortex and filtered by PTFE 0.22-µm filter
before analysis for CHL and TCP concentrations. The HPLC analysis was performed using
a Merck Hitachi L-2130 pump equipped with a Rheodyne 7725 injector and a Merck Hitachi
L-2455 diode array detector. Separation was achieved using a C18 column (Chromolit
RP-8e, 4.6 µm × 100 mm). The conditions for HPLC analysis were as described by Briceño
et al. 2020. For CHL, the average recovery was 101% ± 0.7%, the limit of quantification
(LOQ) was 0.214 mg L−1 and the limit of detection (LOD) was 0.081 mg L−1.

2.10. Kinetic Calculations

The specific growth rate (µ) of bacterial biomass for the exponential phase was calcu-
lated by the following equation:

µmax =
1
x

(
dx
dt

)
(2)

where µ is the specific growth rate (h−1), x is the biomass concentration (g L−1) and t is time
(h). The CHL degradation was described using the following first-order kinetic equation:

C = Co × e−Kt (3)

where C is the concentration of the pesticide over time, Co is the initial concentration, K is
the degradation constant and t is time. The pesticide half-life (T1/2) is the time at which
CHL concentration in the liquid medium was reduced by 50%, and that was calculated
using the following equation:

T1/2 =
ln2
k

(4)

2.11. Statistical Analyses

Determinations were carried out in triplicate and the results are expressed as average
values. One-way ANOVA (Tukey test, p ≤ 0.05) was employed to compare treatments, and
the Pearson’s correlation coefficient method was used to determine correlation between
each emulsification index and the respective oil displacement data. Statistical analyses
were performed using the statistical software GraphPad Prism.

3. Results
3.1. Selection of Biosurfactant-Producing Bacteria

The results of the pesticide-tolerant bacterial strains tested as potential producers of
biosurfactants in SW and BH media are shown in Table 1. The bacteria P. rhodesiae strain
C4, R. jialingiae strain C8 and P. marginalis strain C9 were positive in SW agar, confirming
the presence of biosurfactants by the formation of blue halos around the colonies. Those
three strains presented the highest olive oil displacement (≥13 cm), were positive in the
drop-collapse test and presented a high emulsification index (≥49%). The bacteria A. deleyi
strain C7 and A. kerstersii strain C10 were negative with respect to the CTAB analysis and
C10 strain did not produce drop-collapse or olive oil displacement. Therefore, the three
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bacteria P. rhodesiae strain C4, R. jialingiae strain C8 and P. marginalis strain C9 were selected
as biosurfactant producers for further assays.

Table 1. Pesticide-tolerant bacterial strains tested as potential producers of biosurfactants in Siegmund and Wagner (SW)
agar and Bushnell-Haas (BH) media.

N◦ Bacteria Strain 1 CTAB Emulsification
(%)

Displacement
(cm) Drop-Collapse

1 P. rhodesiae C4 + 55 14 ± 0.1 +
2 A. deleyi C7 – 48 12 ± 1.1 +
3 R. jialingiae C8 + 54 13 ± 1.5 +
4 P. marginalis C9 + 49 14 ± 1.2 +
5 A. kerstersii C10 – 53 1 ± 0.5 –

Control (+) – 76 14 ± 0.0 +
Control (–) – 0 0 ± 0.0 –

1 The tested strains were isolated and identified previously by Briceño et al. [20]. CTAB = blue agar containing cetyltrimethylammonium
bromide (SW agar). + = positive response, − = negative response. Control (+) = Tween 80, Control (–) = Escherichia coli grown in BH
medium. Data of the displacement assay are given as the mean ± SD (n = 3).

3.2. The Kinetics of Biosurfactant Production by the Selected Strains

The evaluations of biomass growth and biosurfactant production by means of oil
displacement, emulsification index and surface tension analysis over time were carried
out in BH medium with olive oil as the carbon source. Bacterial growth is shown in
Figure 1. We can observe that P. rhodesiae strain C4 and P. marginalis strain C9 presented
similar behavior, and these bacteria begun their exponential growth phase after 24 h with
µmax values of 0.248 and 0.294 h−1, respectively. On the other hand, R. jialingiae strain C8
presented low growth during the first 72 h and, after that, the C8 strain grew exponentially
with a µmax value of 0.155 h−1.

Figure 1. Bacterial growth in BH media with olive oil (2% w/v) as a carbon source. Data are given as
the mean ± SD (n = 3).

The production of biosurfactants, evaluated as oil displacement (cm) of the three
selected strains, is shown in Figure 2a. P. rhodesiae strain C4 started the production of
biosurfactants after 24 h, reaching its maximum at 144 h (13.8 cm). On the other hand,
P. marginalis strain C9 started production of biosurfactants before 24 h, reaching its maxi-
mum at 120 h (13.8 cm). R. jialingiae strain C8 begun biosurfactant production after 48 h
and showed less production at 144 h (11.0 cm) compared with the C4 and C9 strains. With
respect to the production of biosurfactants evaluated as an emulsification index, similar
behavior was observed between the strains: emulsification index raised as incubation
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time increased (Figure 2b). After 144 h, the three strains showed similar emulsification
indexes >55%. Surface tension values measured at the end of the incubation period were
34.47 ± 0.20, 47.55 ± 0.58 and 37.44 ± 0.37 mN/m for P. rhodesiae strain C4, R. jialingiae
strain C8 and P. marginalis strain C9, respectively.

Figure 2. Biosurfactant production in BH media with olive oil (2% w/v) as the carbon source.
Displacement of olive oil (a) and emulsification index E24 (b). Data are given as the mean ± SD
(n = 3).

3.3. Oil Displacement and Emulsification Assays

The biosurfactant production capacities of the selected strains were evaluated as
displacement and emulsification index in different types of oils (olive, sunflower, corn,
canola, grapeseed, coconut and synthetic engine oil). These techniques have several
advantages, since they require small volumes of sample, are quick and easy to perform, do
not require specialized equipment and are economical. The emulsification index obtained
with the CFS of each selected strain is shown in Figure 3a, and all were >50%, except for
the CFS of P. rhodesiae strain C4 and R. jialingiae strain C8 (<40%) in coconut oil. Notably,
the highest emulsification index (>80%) was obtained for synthetic engine oil. The oil
displacement test is an indirect measurement of surface activity; a larger diameter indicates
a higher surface activity of the testing solution [10]. The results of the oil displacement
generated by the three CFS evaluated (strains C4, C8 and C9) are shown in Figure 3b. We
can observe that oil displacement was high (>86%) except for synthetic engine oil, mainly
when the CFS of P. rhodesiae strain C4 was tested (~40%).

Figure 3. Emulsification index E24 (a) and oil displacement (b) produced by the cell-free supernatants
(CFS) of the bacterial strains in BH medium with olive oil, against different oils. Data are given as the
mean ± SD (n = 3).
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3.4. Biosurfactant Characterization

Crude extracts of biosurfactants (CEB) obtained from P. rhodesiae strain C4 and P.
marginalis strain C9 were selected due to their lower superficial tension compared with
the CEB from R. jialingiae strain C8. Furthermore, R. jialingiae strain C8 showed the
lowest µmax value and slowest biosurfactant production. The results of the chemical
composition of the biosurfactants evaluated in the CBE of the selected P. rhodesiae strain C4
and P. marginalis strain C9 were obtained by thin layer chromatography (Figure 4). The
presence of lipids in both samples was observed (Figure 4a), along with the presence of
carbohydrates (Figure 4c). Additionally, the presence of proteins was observed only in the
sample of P. marginalis strain C9 (Figure 4b).

Figure 4. Thin layer chromatography (TLC) plates of purified biosurfactants of bacteria Pseudomonas rhodesiae strain C4 and
Pseudomonas marginalis strain C9. Reactions with iodine (a), ninhydrin (b) and H2SO4 (c).

FTIR analyses of the CBE for P. rhodesiae strain C4 and P. marginalis strain C9 are shown
in Figure 5a,b, respectively. The bands in the region between 1161 and 1375 cm−1 for P.
rhodesiae strain C4 and 1155 and 1378 cm−1 for P. marginalis strain C9 are the results of
deformation and bending vibrations of the -C-CH2 and -C-CH3 groups in the aliphatic
chains (carbohydrates). C-H bonds of CH2 and CH3 groups observed at 2921cm−1 for
P. rhodesiae strain C4 and 2917 cm−1 for P. marginalis strain C9 confirmed the presence of
aliphatic chains. Peaks detected in the region of 2851 cm−1 for P. rhodesiae strain C4 and
2849 cm−1 for P. marginalis strain C9 showed CH stretching of the CH groups CH3 and
CH2 in the alkyl chains (lipids). The presence of amino and hydroxyl groups of the protein
in the P. marginalis strain C9 identified the biosurfactant type of P. marginalis strain C9 and
it was observed with the combination C-O amide I (1707 cm−1) and -NH/-C of the amide
band II (1452 cm−1) [36].
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Figure 5. FTIR spectrum of the biosurfactant produced by the bacterial strains: (a) Pseudomonas rhodesiae strain C4 and
(b) Pseudomonas marginalis strain C9.

The MALDI TOF-TOF mass spectrum of the CEB of the P. rhodesiae strain C4 is
presented in Figure 6a. The prominent groups of mass peaks range from 1200 to 1600 m/z.
The signals at m/z 1380.4 and 1218.3 correspond well to the glycolipids S-TeGD and S-
TGD-1, respectively. Figure 6b shows the MALDI TOF-TOF mass spectrum of the CEB
of P. marginalis strain C9, with the most prominent peaks being 1057.11, 1102.20, 1147.49,
1192.60, 1283.123 and 1192.604, indicating the presence of proteins and lipids. Therefore, the
identification of a P. marginalis strain C9 biosurfactant would correspond to a glycopeptide.
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3.5. Degradation of Chlorpyrifos

The P. rhodesiae strain C4 demonstrated previously a moderate degradation of CHL
(39%) at an initial CHL concentration of 20 mg L−1, and in this study demonstrated
high biosurfactant activity. CHL (50 mg L−1) degradation increased with the addition
of biosurfactants obtained from CFS of P. rhodesiae strain C4 (Table 2). The results are
significantly different (p < 0.05) with respect to the degradation of CHL obtained in the
biotic control assay without CFS addition. Degradation of CHL was high through the
addition of CFS that contained biosurfactants, improving the degradation from 46.7% to
51.6% when CFS went from 2.5% to 10%. The CHL degradation with respect to the biotic
control increased from 15.8% to 23.8% when CFS went from 2.5% to 10%. The metabolite
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TCP increased with the increment in CFS addition, varying from 0.51 to 0.896 mg L−1,
showing an effective degradation process for CHL (Table 2).

Table 2. Degradation of CHL and formation of its metabolite 3,5,6-trichlo-2-pyridinol (TCP) in LB
medium with biosurfactant addition obtained from Pseudomonas rhodesiae strain C4.

CFS Addition
(%)

Residual CHL
(mg L−1)

Degradation
(%)

Increment *
(%)

TCP
(mg L−1)

0 (biotic control) 15.22±0.13 39.3 c 0 0.51± 0.01
2.5 13.37±0.02 46.7 a,b 15.8 0.53 ±0.02
5.0 12.77±0.02 49.1 a 19.9 0.56± 0.01
7.5 12.46±0.05 50.4 a 22.0 0.82±0.06
10 12.15±0.04 51.6 a 23.8 0.90±0.01

5 (abiotic control) 24.92±0.07 0 0 0
* The increment in CHL degradation compared with the biotic control. CFS = cell-free supernatant;
CHL = chlorpyrifos; TCP = 3,5,6-trichlo-2-pyridinol. Biotic control = P. rhodesiae strain C4 grown in LB medium +
CHL without CFS; abiotic control = LB medium + CHL without bacterial inoculum. Different letters indicate
significant differences (p < 0.05) between treatments in degradation (%).

4. Discussion

Different environments have been studied to obtain specialized biosurfactant-producing
microorganisms, it being possible to select different strains and to evaluate their biosur-
factants for the degradation of different organic molecules. The five strains used in our
study were identified in a previous study of Briceño et al. [20] as pesticide-tolerant and
pesticide degrader strains, at high pesticide concentrations. It was considered likely that
some of them are capable of biosurfactant production. Sixty percent of the bacterial strains
tested positive on SW agar, indicating the production of extracellular ionic biosurfac-
tants. The studied bacteria Pseudomonas spp. (strains C4 and C9) and R. jialingiae strain
C8 showed adequate biosurfactant activity (Table 1). Both Pseudomonas species and the
Actinobacteria belonging to Rhodococcus genus are well-known for their biosurfactant
production [10,25,37,38].

The kinetics of bacterial growth and biosurfactant production by the selected strains
allowed us to know their behavior over time. Adequate growth of the strains in BH medium
supplemented with olive oil (2% w/v) was observed due to oils being used as fresh raw
material for the production of biosurfactants, especially in Pseudomonas genera [39–41]. The
free fatty acid contents of materials such as olive oil support the growth of microorganisms,
emphasizing the stimulation of biosurfactant production by means of olive oil [40,42,43].
Concerning the results of surface tension, in the present study, the surface tension values
obtained for the main biosurfactant-producing strains (34.47 mN/m for P. rhodesiae strain
C4 and 37.44 mN/m for P. marginalis strain C9) were very close to those described in the
literature. For example, P. aeruginosa strain using 2% coconut oil produced biosurfactants
with the capacity to reduce the surface tension of the medium from 45 to 31 mN/m [39].
The measurement of surface tension (mN/m) showed that the supernatants of P. rhodesiae
strain C4 and P. marginalis strain C9 produce biosurfactants due to their low surface tension
(<39 mN/m). On the other hand, the highest emulsification index and the lowest oil
displacement of C8 strain (Figures 1 and 2), associated with the lowest µmax value, can be
explained because strains of Rhodococcus have been reported as producers of bioemulsifiers,
not just biosurfactants [44]. Such results indicated the presence of biosurfactant and
bioemulsifier-producing bacteria in this study [44,45]. Biosurfactant and bioemulsifier
production during the bacterial growth of P. rhodesiae strain C4, R. jialingiae strain C8 and
P. marginalis strain C9, evaluated as displacement of olive oil and emulsification index
(E24), showed a high positive correlation (Figure 7). In other words, the bioemulsifier-
containing supernatant (R. jialingiae strain C8) had a low emulsification index and a high
oil displacement, and in the supernatant samples containing the biosurfactants (P. rhodesiae
strain C4 and P. marginalis strain C9), there was an increase in both the emulsification index
and the oil displacement.
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Figure 7. Correlation between emulsification index E24 and oil displacement (cm) (each point
represents the average of three replicates).

According to the literature, depending on the type of oil, the emulsification index
varies. Thavasi et al. [3], for example, found that the emulsification of different hydrocar-
bons by biosurfactants was in the order of waste motor lubricant oil > crude oil > peanut oil
> kerosene > diesel > xylene > naphthalene > anthracene. In our study, by comparing the
different vegetal oils (olive, sunflower, corn, canola, grapeseed and coconut) and a synthetic
oil (engine oil), we observed that for most of the vegetal oils the emulsification indices
were similar (not coconut oil or engine oil). Coconut oil was an exception because coconut
oil has a high level of saturated fat, hindering its emulsification. In the case of engine oil, it
is a lighter oil, and that makes its emulsification easier. However, when the emulsification
index was evaluated by specifically comparing the effects of the biosurfactants from P.
rhodesiae strain C4, R. jialingiae strain C8 and P. marginalis strain C9 on the oils and their
respective controls (Tween 80), almost no difference was observed. This can be explained
because biosurfactants are effective at forming micelles that encapsulate the oil and gen-
erate emulsions, since the lowering of surface tension facilitates emulsification of these
fluids, and the ability of these different biosurfactants to emulsify distinct oils was shown.
The emulsification capacities of different hydrocarbons by the biosurfactants reflect the
possibility of their applications against different types of hydrocarbon pollution, including
pesticides. Solubilization is the main mechanism for oil emulsification. The phenomenon
of oil incorporation in micelles can be explained as follows: inside the micelles, there is a
hydrophobic region where the hydrophobic moiety is linked, while outside the micelles
the hydrophilic part is in an aqueous solution [46]. Therefore, as the emulsion stability
increases, the oil viscosity decreases, generating better pesticide removal.

In general terms, the oil displacement showed an inverse pattern compared to the
emulsification index, as expected. In other words, engine oil, which is a lighter oil, had less
displacement—that is, the repulsion of biosurfactants by this oil was lower. This happens
because there is a fast biosurfactant adsorption mechanism for the carboxylic acids and
their anions at the oil-water interface. When biosurfactants are added to the plates, the oil is
quickly adsorbed and incorporated into micelles and repelled to the edge of the plate. The
heavier the oil, the greater the repulsion and the lighter the oil, the less the repulsion [46].
Moreover, the few variations observed between the oil displacements may be related to the
hydrophilic/lipophilic balances of the respective oils.

TLC can estimate of the compositions of biosurfactants, due to the different types of
molecules having different affinities to the mobile or the stationary phase via capillary
action. Here we evaluated the affinities of the purified biosurfactants from P. rhodesiae
strain C4 and P. marginalis strain C9 for iodine, ninhydrin and H2SO4. Our results indicate
that the biosurfactant from CEB of P. rhodesiae strain C4 is probably a glycolipid, due to the
presence of lipids and carbohydrates. This type of biosurfactant is commonly reported in
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Pseudomonas sp. [36]. On the other hand, P. marginalis strain C9’s biosurfactant is probably
a glycopeptide since, in addition to lipids and carbohydrates, it also has protein in its
structure [10,47].

Such TLC results are in accordance with the FTIR results. FTIR analysis showed that
P. rhodesiae strain C4’s biosurfactant contained aliphatic chains (carbohydrates) and alkyl
chains (lipids). The observed IR pattern of this biosurfactant was very similar to the IR
spectrum of the glycolipid biosurfactants produced by Pseudomonas sp. reported by Thavasi
and co-authors [39], which was indicated to remediate different forms of hydrocarbon
pollution. According to García et al. [10], pesticide biodegradation is hindered due to
the low solubility in water of these hydrophobic molecules, causing low bioavailability.
A way to improve pesticide availability and degradability is the use of biosurfactants as
additives to increase the pesticide’s aqueous solubility. Additionally, this work related that
Pseudomonas sp. biosurfactants were adequate to enhance the solubility of pesticides. In
parallel, FTIR analysis of P. marginalis strain C9’s biosurfactant revealed that its composition
included aliphatic chains (carbohydrates), alkyl chains (lipids) and, surprisingly, proteins.
This probable glycopeptide from Pseudomonas should be better studied to understand
its structure. However, our study has shown its capacity for applications with pesticide.
Indeed, biosurfactants from both strains (P. rhodesiae strain C4 and P. marginalis strain
C9) presented great ability for oil emulsification and oil displacement, suggesting their
potential use as pesticide additives.

Complementarily, MALDI TOF-TOF mass spectra of the CEB of the P. rhodesiae strain
C4 revealed the prominent groups of mass peaks (1200 to 1600 m/z) showing similarity
to those previously reported for the glycolipid complexes in MALDI TOF-TOF MS [48].
The signals at m/z 1380.4 and 1218.3 correspond well to the glycolipids S-TeGD and S-
TGD-1, respectively, and are similar to those reported by Angelini et al. [49]. On the other
hand, the MALDI TOF-TOF mass spectrum of the CEB of P. marginalis strain C9 showed
the most prominent peaks, at 1057.11, 1102.20, 1147.49, 1192.60, 1283.123 and 1192.604,
indicating the presence of protein and lipid. Therefore, the identification attempts for our
Pseudomonas-isolated biosurfactant via FTIR and MALDI TOF-TOF indicate glycolipids
and glycopeptides, respectively, and both have been frequently identified in the genus
Pseudomonas [10,38].

Microorganisms are capable of degrading high concentrations of hydrophobic pes-
ticides in adequate environmental conditions, such as in BPS, where adsorption and
degradation processes occur in an organic biomixture [14,18,21,22,50]. These microorgan-
isms, bacteria and fungi, have pools of enzymes, including ligninolytic enzymes capable
of pesticide degradation [18,19,23,50–52]. Screening for degrading microorganisms in a
pesticide-contaminated system allows for the selection of potential isolates with a high
tolerance and maximal degrading activity [53]. Recently, Briceño et al. [20] isolated, char-
acterized and identified pesticide-tolerant bacteria from a biomixture of a BPS that had
received continuous applications of a pesticide mixture, and demonstrated adequate degra-
dation of CHL (39%) at an initial CHL concentration of 20 mg L−1, using the C4 strain.
However, the degradation took place slowly compared with the degradation of IPR. Pseu-
domonas strains are recognized as biosurfactant producers [7,11,25]. In our study, P. rhodesiae
strain C4 demonstrated, besides its CHL degradation capacity, glycolipid-type biosurfac-
tant production—CHL degradation increased as the CEB concentration increased (15.8% to
23.8%). This increment, due the biosurfactant’s addition, is especially important for highly
hydrophobic CHL pesticide degradation [7,11]. However, the high pesticide concentration
could limit the proliferation of some degrading microorganisms, specifically during the
CHL degradation due to the production of the metabolite TCP, which is recognized by
its antimicrobial properties [7]. In our study, TCP production was observed during CHL
degradation with P. rhodesiae strain C4 and increased as the quantity of CEB rose, with the
maximum value of 0.896 mg L−1. Pseudomonas spp. has been commonly described as a CHL
degrader [54]. Despite the fact that most pesticide-degrading microorganisms have been
isolated from soil with a history of pesticide application [55], the biomixture of the BPS was
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an appropriate ecosystem to obtain pesticide-tolerant bacteria with biosurfactant activity.
Therefore, the use of biosurfactants is promising for the remediation of contaminated sites
and for the biotechnological treatment of pesticide residues in bioremediation processes.

5. Conclusions

This study demonstrated that bacteria isolated from a biopurification system have
the ability to produce extracellular active biosurfactant biomolecules. Three of the five
strains showed the ability to produce biosurfactants in BH culture media supplemented
with olive oil as a carbon source. Two of them belonged to the genus Pseudomonas and
one to Rhodococcus. The biosurfactants produced in the three strains had the ability to
emulsify and displace different oils and hydrocarbons at high levels. The study of surface
tension showed that Pseudomonas generates biosurfactants, while Rhodococcus makes a
bioemulsifier. Furthermore, the chemical characterization of the biosurfactants revealed the
presence of glycolipids in CFS from P. rhodesiae strain C4 and glycopeptides in CFS from
P. marginalis strain C9. Both types of biosurfactants could contribute to the degradation
processes of pesticides in a biopurification system. The cell-free supernatant produced by
P. rhodesiae strain C4 increased the degradation of the insecticide chlorpyrifos by about 24%.
Therefore, extracellular compounds produced by strains isolated from a biopurification
system are rich in biosurfactants that could be used as alternatives in the bioremediation
process of sites contaminated by pesticides, and this opens up the possibility of using
these biosurfactants in certain biotechnological or industrial processes. Further research is
needed to obtain precise elucidations of the molecular structures, which could subsequently
allow quantitative determinations of the productivity and optimization of the strains’
culture conditions.
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