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Abstract

A newly marine Halomonas pacifica strain Cnaph3 was isolated, as a naphthalene degrader and biosurfactant producer,
from contaminated seawater collected in Ataya’s fishing harbor, located in Kerkennah Islands, Tunisia. Chromatography
flame ionization detector analysis revealed that 98.8% of naphthalene (200 mg/L) was degraded after 7 days of incubation, at
30 g/L NaCl and 37 °C. Strain Cnaph3 showed also a noticeable capacity to grow on a wide range of aliphatic, aromatic, and
complex hydrocarbons. Interestingly, strain Cnaph3 showed a significant potential to produce biosurfactants in the presence
of all tested substrates, particularly on glycerol (1%, v/v). Electrospray ionization analysis of the biosurfactant, designated
Bios-Cnaph3, suggested a lipopeptide composition. The critical micelle concentration of Bios-Cnaph3 was about 500 mg/L.
At this concentration, the surface tension of the water was reduced to 27.6 mN/m. Furthermore, Bios-Cnaph3 displayed inter-
esting stabilities over a wide range of temperatures (4—105 °C), salinities (0—100 g/L NaCl), and pH (2.2-12.5). In addition,
it showed promising capacities to remove used motor oil from contaminated soils. The biodegradation and biosurfactant-
production potential of the Halomonas sp. strain Cnaph3 would present this strain as a favorite agent for bioremediation of
hydrocarbon-contaminated sites under saline conditions.
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Introduction marine environment (Tornero and Hanke 2016). They

contribute enormously to the rise of toxicity induced by

Petroleum extraction and industrial and boating activities
are serious sources of seawater contamination because
they release huge amounts of hydrocarbons into the
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polycyclic aromatic hydrocarbons (PAHs). These lat-
ter are common environmental contaminants which are
highly toxic due to their carcinogenic and mutagenic
effects (Ojha et al. 2019). The United States Environmen-
tal Protection Agency (US-EPA) classified many PAHs
such as pyrene, fluoranthene, phenanthrene, anthracene,
and naphthalene as priority pollutants (Cerniglia 1992).
Their widespread presence in the environment and bio-
accumulation potential can cause massive damage to the
marine environment (Tornero and Hanke 2016). Hence,
research has never ceased attempting to find solutions
to reduce or eliminate PAHs (Tornero and Hanke 2016).
Several physical and chemical methods have been imple-
mented for this purpose (Dave and Ghaly 2011). Unfor-
tunately, most of the designed physiochemical processes
proved to be inefficient, costly, or not environment-
friendly. Consequently, researches turned to biotech-
based approaches as an alternative or complement to
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the physico-chemical techniques (Azubuike et al. 2016).
Bioremediation was defined as a process that uses micro-
organisms or their enzymes to transform hydrocarbons
to less or non-hazardous compounds. Bioremediation
processes by microorganisms including bacteria, fungi,
and algae were adopted as promising methods by which
most xenobiotic pollutants are eliminated from the marine
environment (Azubuike et al. 2016). Nevertheless, despite
the great advances of this field and the advantages of this
process, it seemed that bioremediation still suffered from
some limitations. Indeed, Fathepure (2014) observed
that high salt concentrations affected the performance of
conventional microbiological treatment methods. In fact,
high salinity affects the microbial life by disturbing the
integrity of cell membrane and by denaturing enzymes
(Fathepure 2014). In this context, several studies sug-
gest that halophilic bacteria may have greater potential
to degrade hydrocarbons. These microorganisms develop
different mechanisms for their adaptation to the osmotic
pressure exerted by the high salinity of the medium (Fath-
epure 2014; Singh et al. 2019).

Furthermore, due to the recalcitrant nature of hydro-
carbons, the use of surfactant compounds has also been
suggested for numerous industrial and environmental
applications. In fact, they increase the hydrophobicity of
degrading microorganisms and the accessibility of cells
to hydrophobic substrates (Peele et al. 2016). Most com-
mercially available surfactants are from chemical origin
and are petroleum products. They cause a risk to the
environment because of their high toxicity and lack of
biodegradability (Banat et al. 2014). Therefore, research-
ers have become more interested in the application of
biosurfactants known by their high biodegradability,
high selectivity, low toxicity, low environmental impact,
and production in the presence of renewable resources
(Banat et al. 2014; Peele et al. 2016). Because of these
advantages, biosurfactants were extensively used in vari-
ous applications such as bioremediation, enhanced oil
recovery, food processing, and pharmaceutics (Santos
et al. 2016).

For these reasons, this study purported to fulfill, firstly,
on the screening of a newly halotolerant strain, named
Cnaph3, from contaminated seawater taken from Ataya
fishing harbor located in Kerkennah Islands. Secondly,
the capacity of strain Cnaph3, isolated on naphthalene,
to metabolize hydrocarbons and to produce biosurfactant,
accelerating the biodegradation rate, would be studied.
Finally, the production of biosurfactants by strain Cnaph3,
using glycerol as carbon source, and its use in the remedia-
tion of hydrocarbons contaminated environments, would
be also investigated. Consequently, the use of a polluting
by-product (glycerol) reduces the cost of the process and
rid the environment of a serious source of pollution.
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Materials and methods
Sampling

Seawater samples contaminated with hydrocarbons were
collected in January 2014 from Ataya fishing harbor (34°
43"35.1" N. 11° 17" 53.8" E) located in Kerkennah islands,
Tunisia. The samples were transferred in sterile bottles
and were stored at 4 °C and away of light for further stud-
ies, such as, the physico-chemical characterization and the
isolation of marine hydrocarbonoclastic bacteria.

Culture media and chemicals

The modified Luria—Bertani (LB) medium was prepared
by dissolving 10 g peptone, 5 g yeast extract, and 30 g
NaCl in one liter of distilled water. Nutrient broth medium
(NB) consisted of (g/L): 15 peptone, 3 yeast extract, 1
glucose, and 6 NaCl. The basal medium (BM) contained
0.3 g KH,PO,, 0.4 g NH,Cl, 0.33 g MgCl,-6H,0, 0.05 g
CaCl,-2H,0, 30 g NaCl and 1 mL trace-element solu-
tion (Widdel and Pfennig 1981) dissolved in one liter
of distilled water. The desired pH (7-7.2) was adjusted
with 10 M NaOH solution. The media were autoclaved at
121 °C for 20 min to get sterilized. Aliphatic hydrocar-
bons, octane, decane; monoaromatic compounds, benzene,
toluene, ethylbenzene, o-, m-, and p-xylenes (BTEX), gen-
tisic, vanillic, syringic, gallic, caffeic and ferulic acids,
phenol, and tyrosol; and polycyclic aromatic hydrocar-
bons (PAHs) (naphthalene, phenanthrene, fluoranthene,
and pyrene), were obtained from Sigma-Aldrich Company
(98-99% purity). Aliphatics and monoaromatics were fil-
trated (pore size 0.45 pm; Millipore) while PAHs were
autoclaved, to get sterilized. Shell Company (Sfax, Tuni-
sia) provided the complex hydrocarbons needed such as:
motor oil and diesel oil which were filtrated (pore size
0.45 pm; Millipore) to get sterilized. The necessary crude
oil was obtained from “Thyna Petroleum Services” (Sfax,
Tunisia). It was sterilized through autoclaving. Olive oil
and corn oil were purchased from local commercial cent-
ers. They were sterilized by filtration (pore size 0.45 pm;
Millipore). Glycerol and chemical surfactants (Titon
X-100, Tween 80 and sodium dodecyl sulfonate (SDS))
were bought from Sigma Aldrich Company (98-99%
purity). Glycerol was sterilized by autoclaving. Chemical
surfactants, dissolved at concentrations corresponding to
their CMCs, were filtrated (pore size 0.45 pm; Millipore).
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Physico-chemical analyses, microscopy,
and analytical techniques

pH, electrical conductivity (EC), chemical oxygen demand
(COD), 5-day biological oxygen demand (BODS), total
Kjeldahl nitrogen (TKN) and total organic carbon (TOC)
were performed as described by Chebbi et al. (2016).
Mineral and heavy metal concentrations were determined
using a flame atomic absorption spectrometry (Analyst
200 Atomic Absorption Spectrometer, PerkinElmer). An
OLYMPUS BX51 phase contrast microscope equipped
with an OLYMPUS DP70 digital camera was used to
examine the purity, shape, and motility of bacteria. Bac-
terial growth was assessed, using a Shimadzu model
UV-1800 spectrophotometer, by measuring the absorb-
ance at 600 nm.

Seawater samples (50 mL) were extracted with dichlo-
romethane (DCM, v/v) (2 times), evaporated, dissolved in
equal volume of DCM, and then analyzed by gas chromatog-
raphy-mass spectrometry (GC-MS) as explained previously
(Hentati et al. 2016), to identify hydrocarbons present in
the samples. To evaluate the ability of the isolated strain to
degrade hydrocarbon, samples of culture Cnaph3 contain-
ing the hydrocarbon and an abiotic control were extracted
with dichloromethane (DCM, v/v) (2 times), evaporated,
dissolved in equal volume of DCM and then analyzed by
chromatography flame ionization detector (GC-FID). This
latter was performed with an Agilent technology model
6890 N chromatograph apparatus equipped with a capillary
HP-5 column (length, 30 m; internal diameter, 0.25 pm).
The carrier gas was helium used at a flow rate of 1 mL/min.
The temperature was first set at 50 °C for 10 min and was
increased to 250 °C at 15 °C/min, then to 300 °C, and finally
set at 300 °C for 5 min.

A digital Gibertini Tensiometer (TSD132389, Milan,
Italy) was utilized to measure the surface tension according
to the method described previously (Chebbi et al. 2016).
Fourier transform infrared (FTIR) and electrospray ioniza-
tion (ESI) (LC/MSD-TOF, Agilent Technologies, Palo Alto,
CA) analyses were carried out as reported by Chebbi et al.
(2017) and Coronel-Le6n et al. (2015), respectively.

Enrichment cultures and isolation
of naphthalene-degrading bacteria

The seawater collected from Ataya fishing harbor was used
for the screening of aerobic hydrocarbon degrading bacte-
rial strains at 37 °C, 30 g/L. NaCl and in the presence of a
PAH (naphthalene, phenanthrene, fluoranthene, or pyrene)
(200 mg/L), as described by Hentati et al. (2016). After
several enrichments, a stable microbial growth on naph-
thalene (200 mg/L), obtained after 4 times of subculturing
during 1-2 weeks, was then used to isolate pure bacteria.

Twelve single colonies were chosen and a pure strain
named Cnaph3 was selected, for further experimental
assays, based on its high capacity to degrade naphthalene
(200 mg/L), in solid and liquid media, at 37 °C, 30 g/L
NaCl, and without addition of yeast extract.

Characterization and biodegradation studies

Flask cultures containing 50 mL BM with 200 mg/L naph-
thalene were used to perform growth studies under the
following conditions: 30 g/L NaCl, 180 rpm, and at 37 °C.
All experiments were duplicated with an inoculum pro-
portion of 3% (v/v), which was sub-cultured at least once
under the same conditions. Similar flasks, without bacte-
rial inoculation, were used as abiotic controls to confirm
that there were no losses of naphthalene by evaporation.
Experiments were performed in 250 mL-Erlenmeyer flasks
which were closed with rubber stoppers to prevent naph-
thalene losses. Moreover, only 50 mL of basal medium
were poured in these Erlenmeyer flasks to leave approxi-
mately 200 mL-air-headspace to maintain aerobic condi-
tions. Growth of strain Cnaph3 on naphthalene was con-
firmed in liquid medium by measuring the OD at 600 nm,
by determination of Colony Forming Units (CFU) and by
GC-FID analyses at different times of culture. Phenotypic
and phylogenetic analyses were performed as reported by
Hentati et al. (2016).

The capacity of strain Cnaph3 (3%, v/v) to grow on
several hydrocarbons was assessed by measuring the OD
600 nm of different cultures containing BM supplemented
with these substrates: PAHs, phenanthrene, fluoranthene,
and pyrene (200 mg/L), benzoic and cinnamic derivatives
(gentisic, vanillic, syringic, gallic, caffeic, and ferulic acids),
phenol and tyrosol (5§ mM), aliphatic hydrocarbons (octane
and decane) and BTEX (benzene, toluene, ethylbenzene and
o-, m-, and p-xylenes) (0.5% (v/v)), complex hydrocarbons:
diesel, motor oil and crude oil (1% (v/v)), and Olive oil (1%

(vIv)).

Production of biosurfactants by strain Chaph3 using
various carbon sources

The potential of strain Cnaph3 to produce biosurfactants was
studied on a rich medium (NB) and by adding various sub-
strates including: olive oil, corn oil, glycerol, diesel, motor
oil, and crude oil, at a concentration of 1% (v/v) into culture
flasks containing BM, during 10 days at 37 °C and under
agitation of 180 rpm. The capacity of strain Cnaph3 (4%,
v/v) to produce biosurfactants was determined by measuring
the surface tension and the oil displacement, as described by
Hentati et al. (2019).
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Biosurfactant extraction and purification

The recuperation of biosurfactant was realized as reported
by Chebbi et al. (2017), after 3 days of incubation for
NB, olive oil, corn oil, and glycerol and after 4 days for
hydrocarbons. The crude biosurfactant, produced on NB
medium, was purified using a silica gel column (60 Mesh)
(Merck, Darmstadt, Germany) and a mixture of ethyl ace-
tate/methanol (20:80, v/v), as eluent. Fractions of 1 mL
were analyzed by thin layer chromatography (TLC) on
silica gel plates 60 G (Machery-Nagel, duren, Germany)
with the same eluent. The resulting spots on the TLC
were detected under UV light by spraying with ninhydrin
and Molisch reagents, specific for free amino groups, and
carbohydrates compounds, respectively. Fractions having
the same polarity were pooled, while, samples showing
the positive reaction with ninhydrin and Molisch reagents
were analyzed by FTIR and ESI-MS.

Biosurfactant characterization

The critical micelle concentration (CMC) of the crude bio-
surfactant Bios-Cnaph3, produced on glycerol (1%, v/v),
was estimated by measuring the surface tension of different
concentrations (0-2 g/L) (Chebbi et al. 2017). The effect of
temperature (4, 30, 37, 55, 70 °C and 105 °C), salinity (0,
20, 30, 40, 60, 80, 100, 120, and 150) and pH (2.2, 4.1, 7.2,
9.1, 11.1, and 12.5) on Bios-Cnaph3 stability was also evalu-
ated using cell-free supernatants of strain Cnaph3 growing
on glycerol (1%, v/v) as reported by Hentati et al. (2019).

Bios-Cnaph3 application in remobilization
of hydrocarbons-polluted soil

To evaluate the capacity of Bios-Cnaph3 biosurfactant in
hydrocarbons remobilization, 20 mL of used motor oil were
used to impregnate 100 g of soil collected from a field in
Sfax, Tunisia. Specimens (10 g) placed into 250-mL Erlen-
meyer flasks were subject to these treatments: addition of
20 mL Milli-Q water (control) or 20 mL of crude biosur-
factant Bios-Cnaph3 solution at the CMC (0.05%, w/v) or
20 mL of the cell-free supernatant of strain Cnaph3 grown
on glycerol or 20 mL of the aqueous solutions of synthetic
surfactants prepared at their CMCs: Triton X-100 (0.0155%,
w/v), Tween 80 (0.0016%, w/v) and SDS (0.2304%, w/v).
The specimens were maintained for 24 h at 30 °C and
180 rpm, then centrifuged 20 min at 6000 rpm to part the
soil from the supernatant. This latter was extracted (twice,
v/v) using hexane. The amount of hydrocarbons removal
from the soil after each treatment was gravimetrically meas-
ured and expressed as stated by Hentati et al. (2019).
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Statistical analysis

Values given were represented as standard deviation
(means + SD) of three independent replicates. All data were
statistically analyzed by one-way ANOVA. Tukey’s multiple
comparisons test with a significance level of p <0.05 was
applied.

Results and discussions
Physico-chemical characterization
Seawater pH

Table 1 shows the physico-chemical characteristics of the
seawater collected from the fishing harbor of Ataya, Kerk-
ennah Islands, Tunisia, used to assess the level of pollution
in the studied environment. The first observation would be
related to the 8.2 neutral pH value of the seawater under
investigation. This would imply that this environment was
adequate for the life of aquatic animals. Indeed, as reported

Table 1 Physico-chemical characteristics of the seawater taken from
the fishing harbor of Ataya, Kerkennah Islands

Characteristics Values
pH 8.20
Temperature (°C) 17.5
Electrical conductivity (mS/cm) 31.5
Salinity (g/L) 26.7
Total carbon (TC) (mg/L) 253
Total organic carbon (TOC) (mg/L) 236
Inorganic carbon (IC) (mg/L) 17
COD (mg O,/L) 771
BODj; (mg O,/L) 150
COD/ BODs 5.14
Total nitrogen (mg/L) 60.2
Total hydrocarbons (mg/L) 0.22
Minerals (mg/L)
Na 936
Ca 170
Mg 204
K 150
Metals (pg/L)
Fe 405
Cu 0
Mn 4
Ni 58
Zn 201
Cr 138
Cd 4
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by Faragallah et al. (2009), aquatic animals prefer pH val-
ues ranging between 6.5 and 8.5 to survive. Any pH values
outside this range would be stressful for the physiological
organ systems of organisms. Similar result was found for
seawater collected from the fishing harbor of Sfax, Tunisia,
which was also characterized by a neutral pH (pH7.4) (Hen-
tati et al. 2016).

Seawater temperature

As can be seen in Table 1, the seawater temperature was
17.5 °C. This was in total agreement with Hentati et al.
(2016) who reported that the temperature of the Sfax fish-
ing harbor, recorded in January 2014, was about 17.4 °C.
Moreover, this result corroborates with the Global Climate
Report (2015) estimating that as a semiarid climate area,
Sfax seawater would have 16 °C as a mean temperature in
January. Indeed, Faragallah et al. (2009) rightly argued that
seawater temperature was directly dependent on different
factors such as weather and stormwater.

Minerals concentration

Table 1 exhibits the concentrations of Na, Ca, Mg, and K.
These minerals had concentrations of 936, 170, 204, and
150 mg/L, respectively. The mineral concentration values
recorded in this study were lower than the mineral concen-
trations measured in the Mediterranean seawater (11600,
416, 1290, and 390 mg/L for Na, Ca, Mg and K, respectively
(Klein et al. 1999). This finding about the low mineral con-
centrations was supported by the low conductivity. Indeed,
as can be seen in Table 1, Ataya fishing harbor had an EC
of only 31.5 mS/cm.

Seawater salinity

The salinity of the Ataya fishing harbor is shown in Table 1.
This value was 26.7 g/L. Such salinity was lower than the
35 g/L salinity of seawater reported by Huber et al. (2000).
More importantly, it was much lower than the 38 g/L salin-
ity of the Mediterranean Sea reported by the same scholars.
More surprisingly, this low salinity value was much lower
than the 36.2 g/L salinity of the seawater collected from the
fishing harbor of Sfax, Tunisia (Hentati et al. 2016). How-
ever, this can be explained by the fact that salinity changes
with the evaporation rate and the amount of precipitations
(Huber et al. 2000).

Heavy metals concentrations
As can be seen in Table 1, the concentrations of heavy met-

als reached 405, 4, 58, 201, 138, and 4 pg/L for Fe, Mn,
Ni, Zn, Cr, and Cd, respectively. In addition, there was a

total absence of Cu in the studied sample. The criteria of
maximum concentration of heavy metals for water quality
reported by USA United States Environmental Protection
Agency (US EPA 2011) were 1000, 100, 470, 170, 586, 2,
and 35.3 pg/L for Fe, Mn, Ni, Zn, Cr, Cd, and Cu, respec-
tively. Therefore, the data provided by this study revealed
that the heavy metals concentrations (Fe, Mn, Ni and Cr) in
Ataya fishing harbor seawater were lower than the standard
concentrations. However, the 201 pg/L concentration of Zn
and the 4 pg/L concentration of Cd were above the standard
concentrations, 170 pg/L and 2 pg/L, respectively, reported
for the quality of water by the US EPA (2011). Moreover,
the concentrations of heavy metals recorded in Ataya fishing
harbor were also lower than those recorded in the Sfax fish-
ing harbor reported by Hentati et al. (2016). Similarly, these
heavy metals concentrations were lower than those reported
by Zaghden et al. (2016) for the Sfax coasts. Indeed, these
latter scholars found that the mean concentrations of Ni,
Zn, Cr, Cd, and Cu were 12290, 135160, 71270, 11770,
and 19750 pg/L, respectively. Zaghden et al. (2016) rightly
explained these results by the fact that Sfax city was exposed
to high anthropogenic and industrial effluents. Our findings
would confirm previous results reported by Morley et al.
(1997) who investigated this subject in the Western Medi-
terranean seawater and concluded that the concentrations of
some heavy metals present in Western Mediterranean sea-
water away of pollution were 173.7, 92.1, 118.3, 6.1, and
79.6 ng/L for Fe, Mn, Ni, Cd, and Cu, respectively, since
heavy metals naturally occurring in marine environment
would have very small amounts. When above the critical
levels, heavy metals would become toxic. They would dam-
age marine life, by reducing cell division rates, and human
health by their accumulation in several food chains (Zaghden
et al. 2016).

Total organic carbon (TOC)

Table 1 shows that the organic carbon in Ataya harbor sea-
water was 236 mg/L. This concentration was much higher
than the 17 mg/L concentration of inorganic carbon. Simi-
lar results were reported for seawater collected from fish-
ing harbor of Sfax (organic carbon =292.6 mg/L; inorganic
carbon=37.4 mg/L) (Hentati et al. 2016). Zaghden et al.
(2016) rightly argued that contamination by organic com-
pounds in coastal areas and harbors contributed to high lev-
els of TOC in seawaters and marine sediments.

COD and BOD,

The results exhibited in Table 1 show that the COD was
equal to 771 mg/L and BODs was equal to 150 mg/L. These
findings were very close to the COD and the BOD; values in
seawater collected from the fishing harbor of Sfax, Tunisia

pisllase ol ay .
e e O) Springer



89 Page6of15

3 Biotech (2020) 10:89

(COD =827 mg/L and BODs=256 mg/L) (Hentati et al.
2016). The latter scholars rightly observed that COD and
BOD; were indicators of organic matters in marine water.
Nevertheless, Zaghden et al. (2016) argued that if the ratio
COD/BODjs was higher than 3, then there would be a chemi-
cal pollution that should be treated biologically. The ratio
calculated in this study was equal to 5.14. Therefore, it could
be induced that there was a strong presence of a chemical
pollution which was difficult to eliminate naturally.

Nitrogen concentration

As can be seen in Table 1, nitrogen concentrations were
60.2 mg/L. These values were much lower than those
recorded in the fishing harbor of Sfax city reaching 103 mg/L
(Hentati et al. 2016). Zaghden et al. (2016) explained the
high values of nitrogen compounds by the discharge of
industrial wastes, the domestic sewage, and the solid wastes
in the coastal area of Sfax city.

Hydrocarbons concentrations

Table 1 reveals that the seawater sample from Ataya fishing
harbor contained concentrations of hydrocarbons equal to
220 pg/L. Such concentrations were much higher than the
maximum of 100 pg/L tolerated by US EPA (1986). Nev-
ertheless, these values were much lower than the hydrocar-
bons concentrations recorded in the neighboring fishing
harbor of Sfax. Indeed, Hentati et al. (2016) reported values
of hydrocarbons as high as 600 pg/L in the latter harbor.
This contamination was rightly explained by Zaghden et al.
(2016) as a result of intensive industrial and boating activi-
ties in Sfax. The GC-MS analysis shown in Table 2 confirms

these results. Indeed, aliphatic hydrocarbons were detected.
The presence of n-alkanes, from C,; to Cyg, in the studied
seawater would suggest a petroleum contamination. This
observation would also confirm Hentati et al.’s (2016) find-
ing about the presence of a variety of hydrocarbons such as
n-alkanes from C, to C,5. Hexadecane was also present in
the studied seawater. Gifford et al. (2006) explained its pres-
ence by the development of urbanization, industrialization,
and boating activities. Table 2 also reveals the presence of
eicosane in the sample. This would indicate that diesel was
the source of contamination in the fishing harbor of Ataya.
In line with Giiven et al. (1997), who detected eicosane
in seawater collected from Izmit Bay, Turkey, it could be
induced that industrial discharges and ship traffic were the
causes of petroleum pollution in this area.

In conclusion, the physical and chemical characterization
of the studied seawater showed that the seawater in Sfax
coasts and harbor was much more polluted than the seawater
in the harbor of Ataya, Kerkennah despite the proximity of
the two locations. In line with Zaghden et al. (2016), this
difference could be plausibly explained by the more inten-
sive urbanization, industrial, and boating activities in Sfax.
However, there was a particularly concerning presence of
hydrocarbons pollution in Ataya harbor. This would be due
to the recent petroleum exploration and exploitation activi-
ties in the area. If not rapidly addressed, the issue of pollu-
tion would be very dangerous for the ecosystem.

Characterization of strain Cnaph3
Strain Cnaph3 was an aerobic, Gram-negative, rod-shaped,

motile, and non-spore-forming bacterium that occurred
individually. Oxidase and catalase activities were positive.

Table2 GC-MS analysis

; Compounds Molecular weight Retention time (R) m/z (M*) % of

of hydrocarbons present in (MW) (g/mol) (min) identity in

seawater samples collected from database

the fishing harbor of Ataya,

Kerkennah Islands, Tunisia Tridecane (C,3H,g) 1843 6.92 184 97
Tetradecane (C,,H;,) 198.3 7.62 198.3 97
Pentadecane (C,5H;,) 2124 8.27 212 98
Hexadecane (C;¢Hs,) 226.4 8.89 227 98
Heptadecane (C;Hs¢) 240.48 9.47 241 97
Octadecane (CigHsg) 254.5 10.02 255 98
Nonadecane (C,oH,,) 268.52 10.52 269 97
Eicosane (CyH,,) 282.5 10.93 282 98
Heneicosane (C,yH,,) 296.5 11.31 296 98
Docosane (C,,H,¢) 310.6 11.64 310.4 99
Tricosane (C,3H,g) 324.6 11.94 324.4 99
Tetracosane (C,,Hs) 338.6 12.23 338.4 99
Hexacosane (CyHs,) 366.7 12.84 366.4 98
Octacosane (C,gHsg) 394.7 13.71 394 95
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Table 3 The differential phenotypic characteristics of the strain Cnaph3 and other related strains of the genus Halomonas

Characteristics Strain Cnaph3 Halomonas pacifica Halomonas salifodinae  Halomonas elongata Halomonas
DSM 7474T (Baumann  JCM 148037 (Wang ATCC33173" (Vree- eurihalina ATCC
et al. 1983) et al. 2008) land et al. 1980) 49336" (Quesada

et al. 1990)

16S RNA similarity (%) 100 98.7 98.4 94.5 93.5

Colony pigmentation Cream Cream Brown-yellow White Cream

Morphology Rods Rods Long rods Rods Rods

Cell size (pm) 0.5-0.7*%1.5-2.0 0.6-0.8%1.6-1.9 0.8-1.2*4.0-6.0 nd 0.8-1.0%2.0-2.5

Motility + + + + +

Gram stain - - - - -

Oxidase + + + + -

Catalase + + + + nd

Growth NaCl range (%, 0-20 0-20 0.5-20 0-20 0.5-25

w/v)
Optimum NaCl (%, 3 0.5-3 3 3-8 7.5
w/v)

Growth temperature 3045 4-45 4-48 4-45 4-45

range (°C)

Optimum temperature 37 27 30 30 32

)]

Growth pH range 6.5-10 5-10 6-9 5-10 5-10

Optimum pH 7 nd 7 7.5 7.2

Growth on

L-Arabinose - - - + -
p-Galactose nd + nd - -
p-Glucose + + + + -
Maltose - - + + -
Dp-Mannitol + + + + -
D-Mannose + + nd - -
Origin Seawater taken from the Seawater, Hawaii Saline soil sample Solarsalt Co. facility Hyprsaline soil
Ataya’s fishing harbor, collected from a salt located on Bonaire, located near
Kerkennah islands, mine at Baichengin Netherlands Antil-  Alicante in
Tunisia Xinjiang Province, les southern Spain

China

+ positive, — negative, nd not determined, 7 type strain

DSM Deutsche Sammlung von Mikroorganismen, JCM Japan Collection of Microorganisms, ATCC American Type Culture Collection

Agar colonies, formed after overnight culture, were gener-
ally circular, slightly convex, smooth, opaque, cream and
with 1-2 mm diameters. As can be seen in Table 3, the
strain Cnaph3 was able to grow at temperatures ranging
between 30 and 45 °C. At 37 °C, the strain showed an opti-
mal growth. It was also observed that at 55 °C the strain
Cnaph3 was unable to grow. In addition, Table 3 shows
that concentrations of NaCl between 0 and 200 g/L were
adequate for growth. However, the optimum growth could
be achieved at 30 g/L. Furthermore, the study revealed that
whereas the strain Cnaph3 could grow within pH values
ranging between 6.5 and 10, the optimal pH value for the
growth was 7. Yet, the strain failed to grow at pH 4.2 or 12.1.
Finally, Table 3 and Figure S1 exhibit the results related to
the phylogeny and the taxonomy of the strain Cnaph3 and its

closest neighbors in the genus Halomonas. This strain could
be closely related to members of the genus Halomonas, in
particular to the species of Halomonas pacifica (Type strain:
ATCC 27840") described by Baumann et al. (1983), with a
similarity of 98.7%. Its 16S rRNA gene sequence, compris-
ing 1403 nucleotides, was deposited in the nucleotide data-
base GenBank under accession number KX946967.

Biodegradation of naphthalene by strain Chaph3

The biodegradation of naphthalene by strain Cnaph3 was
studied at 200 mg/L in basal liquid and solid media. Fig-
ure | presents the result of the ability assessment of the
strain Cnaph3 to degrade naphthalene. This assessment was
conducted by determining the ODg, ., and the number of
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KACST ,161)lg rogLe Ll @ Springer



89 Page8of15

3 Biotech (2020) 10:89

[N
[N
N

(a)

OD (600 nm)
o‘o =
o

()]
Log10 (CFU/mL)

IS

N

o

0 5 10 15 20 25 30 35
Time (d)
0.8

- 0.7

- 0.6

- 0.5

- 0.4

- 03

OD (600nm)

- 0.2

T‘ Lot
0 ‘ ‘ ‘ ‘ 0

0 20 40 60 80 100 120
Time (h)

Surface tension (mN/m)

Fig.1 Growth of Halomonas sp. strain Cnaph3 on (filled cir-
cle) naphthalene (200 mg/L), (filled sqaure) naphthalene
(200 mg/L)+Tween 80 (0.05%, v/v) and (filled triangle) Tween 80
(0.05%, v/v), in the presence of 30 g/L NaCl, at 37 °C and 180 rpm,
monitored by measuring ODyg,, and by determination of bacterial
cell counts ((open circle) naphthalene (200 mg/L), (open square)
naphthalene (200 mg/L) + Tween 80 (0.05%, v/v)). (X) abiotic control
of naphthalene (200 mg/L), (open lozenge) abiotic control of naph-
thalene (200 mg/L)+ Tween 80 (0.05%, v/v), (open triangle) abiotic
control of Tween 80 (0.05%, v/v) (a). Surface tension detection of
culture Cnaph3 on basal medium containing naphthalene (200 mg/L)
at 180 rpm and 37 °C. (open triangle) Surface tension of the cell-free
culture supernatant Cnaph3, (filled square) Surface tension of the abi-
otic control, and (filled circle) ODgy, ,,, of the culture Cnaph3 (b)

viable microbial cells at different culture times. Figure S2 d4
and d, show the GC-FID profiles of 200 mg/L naphthalene
remaining in basal medium after aerobic incubation, without
yeast extract addition, at 37 °C, 30 g/L NaCl and 180 rpm
after 3 and 7 days. The graphs analysis revealed that Cnaph3
was able to remove 60.4% and 98.8% of the 200 mg/L naph-
thalene after 3 and 7 days of incubation, respectively.
Hence, firstly, it can be deduced that this bacterial strain
showed promising capability for the biodegradation of naph-
thalene. Secondly, when compared to previous studies on the
same subject, the strain Cnaph3 would prove more efficient
that other strains in the biodegradation of hydrocarbons.
Indeed, Bacillus fusiformis strain BEN, isolated from an oil
refining wastewater sludge, was capable of degrading 99% of
naphthalene at only a concentration of 50 mg/L after 4 days
of incubation (Lin et al. 2010). Similarly, Ochrobactrum sp.
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strain VA1, isolated from contaminated seawater collected
from the harbor of Chennai, India, degraded almost 89% of
naphthalene, at a concentration of 3 mg/L, after 4 days of
incubation (Arulazhagan and Vasudevan 2011).

Furthermore, as can be seen in Fig. 1a, the rate of naph-
thalene degradation by strain Cnaph3 was accelerated when
adding synthetic surfactant, the Tween 80 (0.05%, v/v).
Indeed, it was clearly observed that 99.2% of naphthalene
was degraded after only 5 days of incubation. This find-
ing confirms previous results reported by Mnif et al. (2009)
and Chamkha et al. (2011) who discovered that the addition
of Tween 80 (0.05%, v/v) accelerated the growth kinetics
and crude oil biodegradation by Halomonas lutea strain
C2SS100 and Klebsiella oxytoca strain BSCS, respectively.
This phenomenon was plausibly explained by Peele et al.
(2016), who argued that surfactants, known by the presence
of polar and apolar regions, increase the solubility of hydro-
carbons, thereby decreasing the interfacial tension.

Finally, Fig. 1b shows that naphthalene biodegradation
(200 mg/L) was accompanied with surface tension reduction
of the cell-free medium from 54.6 to 33.3 mN/m, after 34 h
of incubation. This observation could be explained by the
production of biosurfactants by the strain Cnaph3.

Growth on other hydrocarbons

Table 4 exhibits the growth pattern of the strain Cnaph3
on various hydrocarbons and olive oil as the sole carbon
and energy sources. The strain Cnaph3 seemed to grow on
most of the tested hydrocarbons including monoaromatics,
PAHs, complex hydrocarbons, aliphatic hydrocarbons as
well as olive oil. However, it was unable to grow on syrin-
gic acid. As regards the BTEX family, the strain Cnaph3
seemed to survive only on benzene. This would imply that
the strain Cnaph3 possesses a broad spectrum catabolic
machinery needed to grow on various hydrocarbons. In
this context, Garcia et al. (2004) found that the Halomonas
organivorans strain G16.1 degraded different aromatic pol-
lutants at 100 g/ NaCl. Similarly, Alva and Peyton (2003)
observed that the Halomonas campisalis strain 4A was
capable of degrading both phenol and catechol at 150 and
100 g/L. NaCl, respectively. Finally, Abdelkafi et al. (2006)
revealed that the Halomonas sp. strain IMPC was capable of
degrading p-coumaric acid and other aromatics under saline
conditions with 80 g/L NaCl.

Biosurfactant Bios-Cnaph3 studies

On the one hand, Table 5 shows the evaluation of biosur-
factant production by Halomonas pacifica strain Cnaph3
growing on various carbon sources at 37 °C and 180 rpm
during 10 days. The strain Cnaph3 showed a better growth
on NB, olive oil, corn oil, and glycerol than on hydrocarbons
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Table4 Growth pattern of the strain Cnaph3 on various hydrocar-
bons and olive oil as the sole carbon and energy sources at 30 g/L
NaCl and without yeast extract added

Substrates OD,,.« (600 nm)  Growth
of strain
Cnaph3
Monoaromatics Benzene 0.32(34d) +
Toluene 0.12 (7 d) -
Ethylbenzene 0.11 (7 d) -
p-xylene 0.11 (7 d) -
o-xylene 0.11 (7 d) -
m-xylene 0.11 (7 d) -
Gentisic acid  0.32 (4 d) +
Vanillic acid  0.30 (4 d) +
Syringic acid  0.18 (7 d) -
Gallic acid 0.68 (3d) ++
Tyrosol 0.23(5d) +
Phenol 0.30(5d) +
Caffeic acid 0.28 (54d) +
Ferulic acid 0.30(54d) +
Polyaromatics Fluoranthene  0.43 (4 d) +
Phenanthrene  0.45 (4 d) +
Pyrene 0.39 (4 d) +
Alcanes Octane 0.28 (24d) +
Decane 0.31(24d) +
Complex hydrocar- Diesel oil 0.27 (3d) +
bons Motor oil 0.22 (3 d) +
Crude oil 0.32 (4 d) +
Olive oil 0.84 2d) ++

d days, ODg, ,,, (Biological control) =0.11 (7 d)

— ODgyp yn Max<0.2 (no growth), +: ODgy ,,, max: 0.2-0.5
(growth), ++ ODgy ,,, max > 0.5 (important growth)

(p <0.05). On the other hand, Fig. 2 shows the evaluation
of surface tension and oil displacement test of the strain
Cnaph3 growing on basal medium containing glycerol (1%,
v/v) as the sole carbon and energy source, at 180 rpm and
37 °C during 10 days.

It seemed that NB, vegetable oils, and glycerol allowed
an interesting ability of the strain Cnaph3 to reduce surface
tension (RST=32.3, 24.9, 25.2 and 27.3 mN/m, respec-
tively) (p <0.05) (Table 5). Moreover, oil displacement test
indicated the creation of different halo zones with varying
diameters from 3.6 to 8.5 cm, suggesting a biosurfactant
synthesis (p < 0.05). The largest clear zones were noticed in
the cases of glycerol (ODT =8.5 cm), vegetable oils (olive
oil, corn oil with ODT =7.9 and 7.8 cm, respectively), and
NB (ODT=7.8 cm), as substrates (Table 5). In contrast, in
the presence of hydrocarbons, strain Cnaph3 showed less
ability to produce surface active agents, during 10 days of
incubation (Table 5). The highest biosurfactant production
(1.21 g/L) was noticed when using NB medium. Besides,
the quantities of biosurfactants produced were 0.85, 0.81
and 0.75 g/L when strain Cnaph3 was grown on olive oil,
corn oil, and glycerol, respectively (p <0.05). When grow-
ing on hydrocarbons only little production of biosurfactant
(0.11-0.13 g/L) was noticed (Table 5). The highest pro-
duction in nutrient broth (1.21 g/L) may be explicated by
the high content of protein present in this medium (Hen-
tati et al. 2019). In contrast, the synthesis of biosurfactants
using diesel, motor and crude oils, as carbon sources, was
low (0.11-0.13 g/L), because of the less biodegradability
of these hydrocarbons (Chebbi et al. 2017). Hence, it can
be concluded that the biosurfactant yield was dependent on
the type of the used carbon source. Consequently, this study
would recommend the selection of NB and glycerol as the
most adequate media for growing the strain Cnaph3 that
can yield satisfactory amounts of biosurfactants with a low
surface tension in a relatively short time.

Table 5 Evaluation of biosurfactant production by Halomonas Pacifica strain Cnaph3 growing on various carbon sources at 37 °C and 180 rpm

during 10 days

Carbon sources OD,,,,, (600 nm) ST, (mN/m) STg (mN/m) RST (mN/m) ODT (cm) Biosurfactant yield (g/L)
Nutrient Broth (NB)  1.78 +0.1##%% (2d)  59.3+0.4 27 +0.06%%#%  32340.53% k% 7 84 24% %k ] 2] 40.08% k%
Olive oil (1%, v/v)  1.660.1%%% 2d)  562+0.7%%F 3] 340.64%%F% 24941 42%kx%  794(35%%k% ()85 40.03%%%*
Corn oil (1%, v/v)  1.35+0.08%%#% (2d)  57.5+0.5%* 32240.57%F %% 252 40.08% %% 7 840.15% k% (.8] +0.06%
Glycerol (1%, vIv)  1.2640.15%%#% (5d)  54.540.4%%k%  27240.17%%k% 2734£0.26%F%%  §540.06%%+* (.75+0.03%%%*
Diesel oil (1%, v/v)  0.31+0.07 (3d) 57+0.7%F 426404655 [4441.17F%%  4140.13%=%  0.12+0.006
Motor oil (1%, v/v)  0.23+0.07 (3d) 55.1+0.5%%%% 43 940.62%%** 11.2+0.8"" 3.7+0.51%%%  0.11+0.004
Crude oil (1%, v/v) ~ 0.31+0.05 (4d) 554+0.5%F8% 4294 1.46%F*E 1254 1.68%F%%  3640.5%k%%  0.13+0.01

Biotic control 0.14+0.02 (2d) 614+1.6 59.2+0.17 2.16+1.44 0.6+0.06 0

Values given represent the mean of three replicates + standard deviation

ODmax
placement test

maximum optical density, d days, ST, initial surface tension, ST} final surface tension, RST reduction of surface tension, ODT oil dis-

* ok kxk kkkkSignificant differences (p <0.05) versus biotic control (¥¥** <0.0001; *** <0.001; ** <0.01 and * <0.05)
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Fig.2 Evaluation of surface tension and oil displacement test of
strain Cnaph3 growing on basal medium containing glycerol (1%,
v/v) as the sole carbon and energy source, at 180 rpm and 37 °C dur-
ing 10 days. (filled circle) ODg,, (open triangle) Surface tension of
the cell-free culture supernatant Cnaph3, (filled square) Surface ten-
sion of the abiotic control, and (X) Oil displacement test determined
by measuring the diameter of clear zone formed

From an environmental perspective, the principal by-
product of the biodiesel production (glycerol) can be effec-
tively used as a carbon source to synthetize biosurfactants.
Therefore, the more biodiesel is consumed the more glycerol
becomes available which would represent a serious problem
for biodiesel companies because its removal is costly. For-
tunately, da Silva et al. (2009) reported that glycerol could
be effectively used for different microbial production as car-
bon source thanks to its solubility in water. Hence, the find-
ings of this study would support previous works since any
excess of glycerol would be welcome as an efficient nutrient
for the strain Cnaph3 of Halomonas pacifica. Thus, strain
Cnaph3 of Halomonas pacifica would serve a double objec-
tive. It would rid the environment of glycerol as a pollutant
and would alter it into a high value product. This valoriza-
tion of glycerol would have beneficial economic returns. In
this context, Ndlovu et al. (2017) reported that using water
miscible substrates, such as glucose and glycerol, allows to
obtain high yields of surfactins, biosurfactants from Bacillus
amyloliquefaciens ST34, and rhamnolipids, biosurfactants
from Pseudomonas aeruginosa STS. Likewise, Zhang et al.
(2016) revealed that Bacillus atrophaeus strain 5-2a, grow-
ing on glycerol, produced an amount of 0.72 g/L of lipopep-
tides. In addition, two oil-degrading strains of Pseudomonas
aeruginosa produced a yield around 1.7 g/L of rhamnolip-
ids biosurfactants when growing on glycerol (Rahman et al.
2002).

Among different biosurfactants groups, the best-studied
compounds are lipopeptides, from Bacillus species, and gly-
colipids, from Pseudomonas species (Chebbi et al. 2017;
Hentati et al. 2019). Furthermore, there are few reports
describing Halomonas species as biosurfactant produc-
ers. Indeed, Halomonas sp. strain MB-30 was isolated as
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a glycolipid producer (Dhasayan et al. 2014). Likewise,
Halomonas sp. strain BS4 was able to produce glycolipid
biosurfactant (Donio et al. 2013). In addition, Halomonas
meridiana strain BK-AB4 produces a fatty-acid biosur-
factant in the presence of palm oil (Sari et al. 2018). Finally,
Halomonas elongata strain BK-AG18 was able to biocon-
vert glycerol into a glycolipid biosurfactant (Alvonita and
Hertadi 2018).

The primarily characterization of the crude biosur-
factant Bios-Cnaph3, produced on NB, was conducted by
TLC analysis. After spraying with ninhydrin reagent, a spot
with a pink color appeared showing the presence of amine
groups. Results of Molisch test revealed that no reaction
was detected suggesting the absence of carbohydrates com-
pounds. These results confirm the lipopeptide nature of the
biosurfactant Bios-Cnaph3. Additionally, the crude biosur-
factant was separated on silica gel column. Twenty six frac-
tions were collected and examined using TLC. Based on
their molecular weight, 4 big fractions were pooled and the
sample (Fraction 3) showing positive response with ninhy-
drin was analyzed by FTIR and ESI-MS. Figure 3a shows
the chemical characterization of the biosurfactant Bios-
Cnaph3 through the FTIR analysis. In line with Zhang et al.
(2016), it can be induced that Bios-Cnaph3 belonged to the
class of lipopeptides. Furthermore, as shown in Fig. 3b, the
ESI-MS analysis of Bios-Cnaph3 revealed the presence of
one well-resolved cluster of peaks at m/z values between
1044.6 and 1100.7 Da. According to the mass numbers
reported in literature (Pecci et al. 2010; Hentati et al. 2019),
the peaks at 1044.6; 1058.7; 1072.7; 1086.7, and 1100.7 Da
approve the affiliation of Bios-Cnaph3 to lipopeptides, par-
ticularly to surfactin and pumilacidin families (Fig. 3b). As
far as we know, no previous studies have been reported on
the production of lipopeptide by Halomonas species.

Critical micelle concentration (CMC) is defined as the
concentration of Bios-Cnaph3 beyond which the surface ten-
sion does not change (Chebbi et al. 2017). Figure 4a exhibits
the determination of CMC of the crude Bios-Cnaph3. The
surface tension decreased up to 27.6 mN/m at a Bios-Cnaph3
concentration of 500 mg/L. It was shown previously that the
CMC of lipopeptides from Bacillus subtilis strain TK-1 was
about 512 mg/L (Cao et al. 2009). Moreover, Al-Wahaibi
et al. (2014) reported that Bacillus subtilis strain B30 pro-
duced a lipopeptide with a CMC of 300 mg/L. In addition,
Bacillus stratosphericus strain FLUS produced, on residual
frying oil, a lipopeptide biosurfactant with CMCs of 250 and
50 mg/L for crude and purified biosurfactant, respectively
(Hentati et al. 2019). The CMCs values decreased when the
degree of purity of biosurfactant increased (Hentati et al.
2019).

The use of biosurfactant in numerous fields such as envi-
ronmental, food, and biomedical depend on their stability
at various temperatures, salinities, and pH (Sharma et al.
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Fig.3 Chemical characterization of the biosurfactant Bios-Cnaph3; Fourier transform infrared spectrum (FTIR) (a); ESI-MS spectrum of
molecular mass biosurfactants produced by Halomonas pacifica strain Cnaph3 (b)
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Fig.4 Determination of critical micelle concentration of the crude Bios-Cnaph3 (a) and stability of Bios-Cnaph3 at various temperatures (b),
NaCl concentrations (c) and pH (d). (open triangle) Surface tension and (X) Oil displacement test

2018). The effects of these environmental parameters on
surface tension and oil displacement of Bios-Cnaph3 were
investigated (Fig. 4b, c, d). Figure 4b shows that at tempera-
tures between 4 and 105 °C, Bios-Cnaph3 remained stable
and its performance was not affected (At 4 °C, ST =32.6
mN/m and ODT=7.6 cm; At 105 °C, ST=33.8 mN/m and
ODT =7.3 cm). Moreover, Fig. 4c reveals that during the
increase of NaCl concentration from 0 to 100 g/L Bios-
Cnaph3 maintained its stability (At 100 g/L NaCl, ST=30.2
mN/m and ODT =6.9 cm). However, above 100 g/L. NaCl
significant changes were detected (At 120 g/L NaCl,
ST=41.4 mN/m and ODT =5.9 cm). de Franca et al. (2015)
explained this by the fact that the modification of biosur-
factants properties were due to the reduction of the size and
shape of the micelle caused by the increase of NaCl con-
centrations. Finally, Fig. 4d shows that no significant effect
was observed on the properties of Bios-Cnaph3 when vary-
ing the pH between 2.2 (ST=30.7 mN/m; ODT=6.5 cm)
and 12.5 (ST=30.9 mN/m; ODT =6.4 cm). These findings
would confirm previous results by Khopade et al. (2012)
who observed that lipopeptides are stable at neutral pHs.
However, the surface activity was less affected at highly
alkaline conditions than at highly acidic pH. In this respect,
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Hentati et al. (2019) assessed the stability of a lipopeptide
from Bacillus stratosphericus strain FLUS under various
temperatures (4—121 °C), salinities (0-120 g/L) and pHs
(2.1-12). In addition, the lipopeptide from Pseudomonas
aeruginosa strain MRO1 was stable during exposure to tem-
peratures (0-120 °C), salinity (0—80 g/L) and pH (6-12)
(Lotfabad et al. 2009). These results would further prove that
Bios-Cnap3 can be operational even under extreme condi-
tions of temperature, salinity, and pH.

Hydrocarbon removal by biosurfactants is one of the
most promising remediation methods. Figure 5 represents
the assessment of the potential of biosurfactants produced
by strain Cnaph3 to remove hydrocarbons from contami-
nated soils with used motor oil (20%, w/v), compared with
synthetic surfactants (Triton X-100, Tween 80 and SDS). To
begin with, when compared to water, crude Bios-Cnaph3
was 3.5 times more efficient than water (p <0.05) to solu-
bilise motor oil. Likewise, cell-free supernatant of culture
Cnaph3 on glycerol proved to be 4.7 times more efficient
than water to remove the same contaminant. Secondly, the
crude biosurfactant Bios-Cnaph3 was more effective than
the chemical surfactants (Tween80 and SDS) in removing
motor oil (p <0.05). These results were in total agreement
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Fig.5 Assessment of the potential of biosurfactants produced by
strain Cnaph3 to remove hydrocarbons from contaminated soils with
used motor oil (20%, w/v), compared with synthetic surfactants (Tri-
ton X-100, Tween 80 and SDS). Values given represent the mean of
three replicates + standard deviation. The asterisk indicates p <0.05
versus control. The sharp indicates p<0.05 versus cell-free super-
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with Chebbi et al. (2017) and Hentati et al. (2019) who
reported that crude biosurfactant BSW10 and crude lipo-
peptide BS-FLUS, respectively, were highly effective in
removing motor oil.

Therefore, in line with Dhasayan et al. (2014), this
study would recommend the biosurfactant Bios-Cnaph3 as
an efficient and cost effective biosurfactant for enhancing
oil recovery, cleaning up oil spills, and removing oil resi-
dues from storage tanks. The possibility of using the cell-
free supernatant of the culture of Cnaph3 could be a good
choice in hydrocarbon removal because it avoids the steps
of purification.

Conclusion

A hydrocarbon contamination was recorded in the fishing
harbor of Ataya located in Kerkennah Islands, Tunisia. A
marine halotolerant strain Cnaph3, affiliated to Halomonas
pacifica, showed an interesting naphthalene degradation at
30 g/L NaCl, and it was also capable of growing on various
complex, aromatic, and aliphatic hydrocarbons. Moreover,
the strain Cnaph3 revealed a significant potential to pro-
duce biosurfactants on various carbon sources. This biosur-
factants, Bios-Cnaph3, was able to grow on glycerol, a pol-
luting by-product, thus ridding the environment of a source
of contamination. It was also characterized as a highly stable
product under extreme conditions such as temperature, NaCl
concentration, and pH. Furthermore, the lipopeptides Bios-
Cnaph3 showed excellent efficiency in the remobilization of
used motor oil from contaminated soil compared with the

tested synthetic surfactants. To our knowledge, there was no
previous study stating the efficiency of a Halomonas pacifica
strain in naphthalene degradation and lipopeptides produc-
tion under saline conditions. Overall, our findings suggested
that strain Cnaph3 as well as the biosurfactant Bios-Cnaph3
would be efficiently used for the bioremediation of hydro-
carbons contaminated sites.
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