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Abstract Hydrocarbons are ubiquitous and persistent
organic pollutants in the environment. In wetlands and
marine environments, particularly in mangrove ecosys-
tems, their increase and significant accumulation result
from human activities such as oil and gas exploration
and exploitation operations. Remediation of these eco-
systems requires the development of adequate and ef-
fective strategies. Natural attenuation, biostimulation,
and bioaugmentation are all biological soil treatment
techniques that can be adapted to mangroves. Our ex-
periments were performed on samples of fresh man-
grove sediments from the Cameroon estuary and mainly
from the Wouri River in Cameroon. This study aims to
assess the degradation potential of a bacterial consor-
tium isolated from mangrove sediment. The principle of
our bioremediation experiments is based on a series of
tests designed to evaluate the potential of an active
indigenous microflora and three exogenous pure strains,
to degrade diesel with/without adding nutrients. The
experiments were conducted in laboratory flasks and a
greenhouse in microcosms. In one case, as in the other,
the endogenous microflora showed that it was able to
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degrade diesel. Under stress of the pollutant, the endog-
enous microflora fits well enough in the middle to
enable metabolism of the pollutant. However, the
Rhodococcus strain was more effective over time. The
degradation rate was 77 and 90 % in the vials containing
the sterile sediments and non-sterile sediments, respec-
tively. The results are comparable with those obtained in
the microcosms in a greenhouse where only the endog-
enous microflora were used. The results of this study
show that mangrove sediment contains an active micro-
flora that can metabolize diesel. Indigenous and active
microflora show an interesting potential for diesel
degradation.

Keywords Mangrove - Oil pollution - Microorganisms -
Bioremediation

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiqui-
tous and persistent organic pollutants in the environment
(Tam and Wong 2008; Lu et al., 2011). In wetlands and
marine environments, particularly in mangrove ecosys-
tems, their increase and significant accumulation result
from human activities such as oil and gas exploration
and exploitation operations. Oil spills occur during
tanker-loading operations in the oil platforms or in the
ballast tanks of ships, most often near the mainland
coast during the transportation of crude oil in pipelines,
urban discharges in service stations from petroleum
products, emissions from combustion and industrial
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processes (Tam and Wong 2008), etc. Biodegradation of
petroleum hydrocarbons is a complex process that de-
pends on the type and on the amount of hydrocarbons.
Petroleum hydrocarbons can be divided into four clas-
ses: saturates, aromatics, asphaltenes (phenols, fatty
acids, ketones, esters, and porphyrins), and resins (pyr-
idines, quinolines, carbazoles, sulfoxides, and amides)
(Colwell et al., 1977). Different factors influencing hy-
drocarbon degradation have been reported by Cooney
et al., (1985). One important factor that limits biodegra-
dation of oil pollutants in the environment is their lim-
ited availability to microorganisms. Petroleum hydro-
carbon compounds bind to soil components, and are
consequently removed or degraded with difficulty
(Barathi and Vasudevan 2001). Hydrocarbons differ in
their susceptibility to microbial attack. The susceptibil-
ity of hydrocarbons to microbial degradation can be
generally ranked as follows: linear alkanes>branched
alkanes > small aromatics > cyclic alkanes (Perry, 1984;
Ulrici, 2000). Some compounds, such as the high mo-
lecular weight polycyclic aromatic hydrocarbons
(PAHs), may not be degraded at all (Atlas and Bragg
2009). Bacteria are the most active agents in petroleum
degradation, and they work as primary degraders of
spilled oil in the environment (Rahman et al. 2003;
Brooijmans et al., 2009). Several bacteria are even
known to feed exclusively on hydrocarbons (Yakimov
et al., 2007). Floodgate (1984) listed 25 genera of
hydrocarbon-degrading bacteria and 25 genera of
hydrocarbon-degrading fungi which were isolated from
a marine environment. A similar compilation by Bartha
and Bossert (1984) included 22 genera of bacteria and
31 genera of fungi. Mangrove ecosystems are plant
formations along the coasts of tropical and subtropical
regions. They are closely related to industrial activities
and are subject to various forms of pollution including
oil pollution. Remediation of these ecosystems requires
the development of adequate and effective strategies. In
addition to the physicochemical treatment of con-
taminated sites, which is known for its high finan-
cial cost, more accessible biological processes also
appear adapted to mangrove ecosystems (Singh
et al., 2010). Natural attenuation, bioaugmentation,
phytoremediation, etc., are all biological soil treatment
techniques that can be adapted to mangroves. These
techniques use plants and/or microorganisms to degrade
hydrocarbons (Tam and Wong 2008). Mangrove sedi-
ment contains an abundant and diverse microflora main-
ly composed of bacteria and fungi. According to
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Holguin et al. (2001), bacteria and fungi account for
91 % of the total microbial biomass in tropical man-
groves, while algae and protozoa represent only 7 and
2 %, respectively. Fungal populations have been found
in the rhizosphere of mangroves dominated by
Avicennia marina along the coast of Karachi (Mehdi
et al. 2000). Leahy and Colwell, (1990) have reported
biodegradation of petroleum oil by Achromobacter,
Arthrobacter Acinetobacter, Alcaligenes, Bacillus,
Flavobacterium, Nocardia, Pseudomonas, and
Rhodococcus. The present study, therefore, aims to as-
sess the diesel degradation potential of endogenous
microflora and to compare this potential with that of
other pure strains known for their ability to degrade
diesel.

The bacterial consortium isolated of mangrove sedi-
ments is an active bacterial starter product bioreactor.
Exogenous strains used are Bacillus subtilis,
Pseudomonas fluorescens, and Rhodococcus
erythropolis. These strains are known for their ability
to degrade hydrocarbons. B. subtilis is a Gram-positive,
catalase-positive bacterium commonly found in soil. It
produces a natural surfactant, possesses the ability to
biodegrade hydrocarbons, and is a facultative aerobe.
Spores can survive extreme heat. B. subtilis also pro-
duces a biosurfactant, surfactin, in the presence of crude
oil. Laboratory experiments have shown that
biosurfactant production is not inhibited by the presence
of crude oil (Queiroga et al., 2003). Several experiments
of bioremediation of soils polluted by hydrocarbons
were performed with B. subtilis (Moran et al., 2000;
Christova et al., 2004; Das and Mukherjee 2007;
Wang et al., 2011; Jalilzadeh Yengejeh et al., 2014;
Darsa et al., 2014). The strain P. fluorescens was used
in a number of hydrocarbon biodegradation experi-
ments. Chandrasekhar and Karigar (2010) used this
strain for the degradation of anthracene. Kaczorek and
Olszanowski (2011) used P. fluorescens to evaluate the
effects of exogenous biosurfactants on biodegradation
of hydrocarbons. The genus Rhodococcus—Dbacteria
with a diverse and efficient metabolism—is also able
to transform, biodegrade, or utilize as a carbon source
several hydrophobic compounds such as hydrocarbons,
chlorinated phenols, steroids, lignin, coal, and crude oil.
R. erythropolis is an ideal candidate for enhancing the
bioremediation of contaminated mangrove sites.
Rhodococcus has been proven to be of immense use
also for enantioselective synthesis and the production of
amides from nitriles. This capability could be of great
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commercial and industrial importance. Rhodococcus are
aerobic, Gram-positive, non-motile, nocardioform acti-
nomycetes, with a life cycle alternating between cocci
and small rods, sometimes showing small filamentous
projections (Bicca et al., 1999). R. erythropolis has the
ability to occupy many niches; this species dominates
the nitrile-degrading microorganisms from many marine
and terrestrial zones (Brandao et al., 2003). Diesel oil is
an excellent model for studying hydrocarbon biodegra-
dation, since it is constituted of a variety of these mol-
ecules, such as paraffin, olefins, naphtha, and aromatic
compounds. The molecular weight of the hydrocarbons
in diesel is also variable, with molecules containing 9 to
20 carbon atoms.

2 Materials and Methods
2.1 Soil and Diesel

The experiment was performed on samples of fresh
mangrove sediments from the Cameroon estuary, main-
ly from the Wouri River in Cameroon. The physico-
chemical characteristics of the soil samples were deter-
mined. The diesel used in this study was commercial
diesel; it contained 75.2 % of aliphatic hydrocarbons,
carbon chains are C;; to C,4 and 24.7 % aromatic
hydrocarbons.

2.2 Development of the Consortium Bacterial Starter

Our initial bacterial consortium was isolated from fresh
mangrove sediment. 250 g of fresh sediment were ly-
ophilized for 72 h. One gram of lyophilized sediment
was introduced into a test tube containing 9 mL of sterile
peptone water. The test tube containing the mixture was
placed in a water bath at 80 °C for 15 min. This process
allowed us to obtain a competent microflora resistant to
heat shocks. Dilutions were carried out by plating the
extracts on a mineral salt medium (MSM) with 10 ppm
of diesel as the sole carbon source and solidified with
agar in Petri dishes. Each dilution was spread three
times. After 3 days of incubation at 30 °C, the number
of CFUs (colony forming units) was counted and the
mean of each dilution was raised. MSM had the follow-
ing composition (mg/L): (NH4),SO,4, 1000; K;HPO,,
800, KH2P04, 200, MgSO47H20, 200, CaC122H20,
100; and trace elements (FeSO4.7H,0O, 12;
MHSO4.7H20, 3, ZHSO4.7H20, 3, COSO4.7H20, 1,

and (NH4)sMo0,0,4.4H,0, 1); 15 g agar. The medium
pH was 7.0-7.2. MSM was prepared in deionized water
except when salinity effects were examined when arti-
ficial seawater at 10 g/L salinity was used to dissolve
various salts. To obtain the total microflora, we used rich
medium (glucose, 20 g/L; peptone, 10 g/L; yeast extract,
10 g/L; Tween 80, 1 mL/L). For cultures on solid
medium (enumeration and recovery of data stored on
microbeads strains), this medium was supplemented
with 15 g/L of agar.

We used a bioreactor for the production of bacterial
biomass. The fermentation process led to the creation of
a pre-culture reactor for carrying out the culture itself.
Data were collected at each step and the results ana-
lyzed. The pre-cultures were carried out with the rich
medium with 10 mL/L of diesel added. Bacterial growth
was monitored by measuring optical density
(A=600 nm) over a 48-h period. The pre-cultures were
performed as follows: 1 mL of suspension equivalent to
10* CFUs/mL of bacterial spores was added into a 250-
mL flask containing 100 mL of rich medium autoclaved
for 20 min at 121 °C and 10 mL/L of diesel. The flask
was brought to the oven at 30 °C on a stirring plate. The
evolution of biomass in the flask was monitored for 48 h
until it reached 10’ CFUs/mL. This was pre-culture 1.
Pre-culture 1 inoculum was used for pre-culture 2,
which was carried out in a 2-L flask containing
500 mL of rich medium and 10 mL/L of sterile diesel,
and incubated at 30 °C under stirring for 24 h.

A 20-L bioreactor (BIOLAFITTE, N° C38304,
France) was used for biomass production. An equivalent
volume of 16 L of rich medium supplemented with
diesel was introduced into the bioreactor for steriliza-
tion. After cooling, the inoculum (pre-culture 2) was
added to the mixture. Once the bioreactor was launched,
successive counts were conducted for 48 h. At the end
of the process, the suspension was recovered and
then centrifuged. The biomass obtained was stored at
—20 °C for 24 h before lyophilization. Two percent (v/v)
glycerol and 10 % (v/v) maltodextrin were added as
cryoprotectants to limit the effects of lyophilization on
bacteria. Bioreactor conditions were as follows: temper-
ature, 30 °C; pH, 6.5 to 7; aeration, 0.5 vvm; shaking,
130 rpm; and duration, 48 h. Centrifugation (Thermo
Scientific ® SORVALL RC12BP ™, France) conditions
were as follows: temperature, =4 °C; shaking,
4700 rpm; and time, 15 min.

After 24 h at —20 °C, the biomass was lyophilized for
72 h to obtain a powder. Shelf temperature was adjusted
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between —40 and +50 °C. The trap reached a tempera-
ture below —50 °C at the end of the lyophilization
process. A count was made after lyophilization to assess
the performance after that step. The bacterial starter was
used throughout this study as diesel-degrading biomass.

2.3 Biodegradation Experiments

The characterization of active bacterial consortium iso-
lated in mangrove sediments was performed through
two different experiments. The first was conducted in
flask. Only the active consortium was tested on artifi-
cially contaminated sediments by diesel. The second
experiment was done in a greenhouse in microcosms
with larger volumes of sediment. For this last experi-
ment, the diesel degradation potential of the endogenous
microflora was compared with that of exogenous pure
strains known for their ability to degrade hydrocarbons.

2.3.1 In Flasks

For this experimentation, this study aimed to assess the
degradation potential of a bacterial consortium isolated
from mangrove sediment. The biodegradation assays
took place using two techniques with several series,
and different treatments in the flasks. Each series was
performed in triplicate. The experiment was conducted
as follows: the first technique was performed with sterile
mangrove sediments and the second used non-sterile
mangrove sediments. For the first technique, we
achieved the experiment with two series of three flasks.
In one series, 100 g of mangrove sediments was intro-
duced. The flasks were sterilized by autoclaving. Then,
1 mL/L of diesel (10,000 ppm) was added. We also
inoculated a 10" CFU/g consortium as a starter and
250 mL of artificial seawater. The second series of flasks
was treated as above with the only difference being the
addition of 30 % nutrient solution. For the second

Fig. 1 Biodegradation
experiment in flasks

technique, the experiment was carried out in four series
of three flasks with non-sterile sediment. In the first
series of flasks, 100 g of mangrove sediment was intro-
duced and 250 mL of artificial seawater was added; this
was the treatment by natural attenuation. The second
series concerned treatment by biostimulation, and in-
volved the above treatment followed by the addition of
30 % nutrient solution. The third series was the same as
the first, followed by inoculation with 10’ CFU/g bac-
terial consortium powder; this was the bioaugmentation.
The fourth series was treated as the third, with the
addition of 30 % nutrient solution; this was the combi-
nation of biostimulation and bioaugmentation. A series
of three flasks containing 500 g of sterile mangrove
sediment and 250 mL of artificial seawater without the
addition of microorganisms was the control flask for this
experiment. Figure 1 summarizes the experiment set up
applied to the study of biodegradation in flasks.

2.3.2 Biodegradation in Greenhouse

This used three different traditional techniques for the
biological treatment of polluted soils. These techniques
are: natural attenuation, biostimulation, bioaugmenta-
tion and a combination of bioaugmentation and biostim-
ulation. Regarding natural attenuation, 500 g of man-
grove sediments polluted with previously diesel
(10,000 ppm) was introduced into a series of three
microcosms; then, 750 mL of artificial sea water was
introduced into each of three microcosms so that the
sediments were fully immersed in water. The artificial
seawater had the following composition in one liter of
MilliQ water (g/L): NaCl, 10; KCl, 0.74; CaCl,, 0.99;
MgCl,, 6.09; MgSQ,, 3.94; and pH, 7.8 (pH was ad-
justed with NaOH to increase or HCI to decrease) and
the liter bottle was sterilized by autoclave. The three
microcosms corresponded to three repetitions.
Regarding the bioaugmentation, four series were treated

I Mangrove sediments polluted artificially I

v

v

Sterile sediments
by autoclaving

Non sterile
sediments

v ' v ! ] v v

Adding
Consortium

Adding Natural Biostimula- Bioaugmen- Bioaugmentation with
Consortium attenuation tion with tation with consortium Biostimu-
withMSM MSM consortium lation with MSM
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as previous microcosms; in the first series, a bacterial
consortium isolated from mangrove sediments was
added; in the second series, a pure culture of
R. erythropolis was used, in the third series, a pure
culture of B. subtilis was added and in the fourth series,
P fluorescens was added. Regarding biostimulation,
two concepts were tried: stimulating endogenous micro-
organisms with a mineral salt medium (MSM) and
organic material in the form of compost, or both. In this
case, 500 g of polluted mangrove sediment was intro-
duced into three series of three microcosms. In the first
series, 30 % MSM was added, while in the other, 30 %
of compost was added. In the third series, 30 % MSM
and 30 % compost was added to both. The second
concept is the combination of the bioaugmentation and
biostimulation. In this case, two series of microcosms
were treated as described above under bioaugmentation.
Here, 30 % MSM was added in one series and the other
contained 30 % compost. MSM had the following com-
position (mg/L): (NH4),SO4, 1000; K,HPO,, 800;
KH,PO,, 200; MgS0O,4.7H,0, 200; CaCl,.2H,0, 100;
and trace elements made up of FeSO,4.7H,0, 12;
MHSO4.7H20, 3, ZHSO4.7H20, 3, COSO4.7H20, 1,
and (NH4)sM050,4.4H,0, 1. Compost had the follow-
ing physicochemical composition: 25 % white peat;
30 % Baltic black peat; 45 % German black peat with
1.5 kg of PG mix NPK fertilizer (14+ 16+ 18 +trace
elements); pH, 6.

Two additional mixtures were developed to serve as
controls; this was formed by the first four series of three

microcosms containing 500 g each of sterile mangrove
sediment polluted with diesel (10,000 ppm) and 750 mL
of artificial seawater. In the first one, a bacterial consor-
tium was added; in the second one, a pure strain of
R. erythropolis was used; B. subtilis was added into
the third one; and P. fluorescens was used in the fourth
one. The second installation was performed by a single
series of microcosms containing 500 g of sterile man-
grove sediment artificially contaminated with diesel
(10,000 ppm); this series did not contain microorgan-
isms. The experiment lasted for 5 weeks. The water and
soil samples were taken once a week to measure the total
petroleum hydrocarbon (TPH). Figure 2 summarizes the
experiment set up applied to the study of biodegradation
in the greenhouse.

2.4 Cytometric Assays

Accuri CFlow® or CFlow Plus software (CFlow) was
used to control the C6 Flow Cytometer® system, ac-
quire data, generate statistics, and analyze results.
CFlow software provides the following features: tabbed
views for collection, analysis, and statistics. Cytometric
analyses were aimed at characterizing the consortium
under diesel stress quantitatively and qualitatively. All
bacteria in the consortium did not react in the same way
to diesel stress; therefore, we studied parameters such as
viability and membrane integrity by labeling them with
propidium iodide (PI), an intercalating agent. The
amount of PI determined for each cell was proportional

Mangrove sediments polluted artificially

Non sterile Sterile sediments
sediments (by autoclaving)
Adding Adding Adding Adding Bacillus
Consortium Rhodococcus Pseudomonas subtilis
erythropolis Sluorescens
v ¥ v v v v v
Natural Biostimul Bi 1 Biostimulati Bi Bi Bil
attenuation (MSM) (Compost) (MSMand (with (with consortium) (with consortium)
compost) ium) Biostimulati Biostimulati
(MSM) (MSM)
A 4
Bi Bi Bi Bi Bi Bi Bi Bi Bi
tion (R. tion (P. tion (B. tion (R. tion (P. tion (B. tion (R tion (P. tion (B.
erythropolis) fluorescens) subtilis) erythropolis) Sfluorescens) subtilis) erythropolis) fluorescens) subtilis)
(MSM) (MSM) (MSM) (Compost) (Compost) (Compost)

Fig. 2 Biodegradation experiment in the greenhouse
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to the DNA content. PI allowed us to assess the mem-
brane integrity of the cells. We also used cFDA (carbo-
xyfluorescein diacetate), another intercalating agent, to
assess bacterial mortality during the experiment. The
analysis was performed every two days throughout the
entire experiment.

Cytometric analysis first requires the extraction of
soil bacteria. Extraction was performed as follows:
10 mL of mangrove sludge was placed in a 50 mL
Falcon® tube, and then 10 mL of PBS (x10) containing
0.1 % sodium pyrophosphate plus 0.05 % Tween 20 was
added. The tubes were vortexed and placed on a rotary
stirrer for 30 min and then centrifuged for 10 min at
500 rpm. After centrifugation, 1 mL of supernatant was
transferred into a microtube, and 1 mL of Nycodenz
solution, density 1.3 (8 g Nycodenz powder in 10 mL of
distilled H,O), was added. The mixture was centrifuged
for 10 min at 10,000 rpm. As a result, three layers
became visible in the microtubes: a precipitate at the
bottom, ground water in the middle, and a bacterial layer
on the top. The bacterial layer was recovered.

One milliliter of the bacterial layer was transferred
into two microtubes: the first was heated at 90 °C for
30 min in a water bath (heat shock) and the second was
placed on ice (reference sample). For each sample,
100 pL of the bacterial layer was introduced into anoth-
er microtube, and then 900 uL of PBS (0.2 um filtered)
and 10 pL of PI and CFDA were added. The mixture
was vortexed, incubated at 37 °C for 15 min and then
centrifuged at 10,000 rpm for 2 min. The pellet (desired
range 10° CFUs/mL) was recovered, 1000 pL of PBS
were added, and the cells were resuspended using a
vortex before cytometry analysis.

PBS (1x solution) was composed of 800 mL of
distilled H,O; 8 g of NaCl; 0.2 g of KCI; 1.44 g of
Na,HPOy; and 0.24 g of KH,PO,. The pH was adjusted
to 7.4 with HCI. The final volume was adjusted to 1 L
with additional distilled H,O, and the preparation was
sterilized by autoclaving.

2.5 Total Petroleum Hydrocarbon (TPH) Analysis
and Rate of Diesel Reduction

Hydrocarbons were extracted using a Soxhlet device.
For extraction from sediment, 8 g of contaminated soil
were taken from each flask and were introduced into an
extraction thimble (Whatman). The extraction thimbles
were then placed in the Soxhlet device. Each balloon
contained 70 mL of acetonitrile saturated with hexane.

@ Springer

Extraction time was 6 h. After the extraction step, the
balloons containing about 70 mL of acetonitrile mixed
with hydrocarbons were recovered. An equivalent vol-
ume of hexane solution saturated with acetonitrile was
added to each balloon. The mix was stirred for 10 min
and yielded two phases: the hexane phase (above) con-
taining hydrocarbons and impurities, the acetonitrile
phase (below). 1.5 g of Florisil (15 % MgO, 85 %
SiO,, MACHEREY-NAGEL GmbH and Co.KG,
Germany) and 1.5 g of sodium sulfate (Na,SO,4) were
placed in a settling leg made of sintered glass. The two
products were designed to retain impurities (Na,SOy)
and water (Florisil). The acetonitrile phase (below) was
recovered first. The hexane phase containing hydrocar-
bons of interest was next recovered in another balloon.
The balloons containing the hexane phase were then
dried and heated in an oven at 105 °C for 3 h and then
cooled in a desiccator to dry them and protect them from
moisture. The solution in each flask was then evaporated
using a rotary evaporator heated at 50 °C to a volume of
about 2 mL. The final sample volume was measured and
an aliquot was introduced into a vial stored at 4 °C
before GC injection. The remaining diesel oil was quan-
tified by weight to determine the amount of diesel oil
degraded over time. The percentage of diesel oil degra-
dation was determined using the amount of diesel oil in
the same flask at day 0 as 100 %. The dosage of
hydrocarbons in soils and water was performed using a
gas chromatograph (HP 5890 Series II Gas
Chromatograph). Prior external calibration was made
with standard diesel (diesel oil additives without DIN
H53) and mineral oil (mineral oil additives without DIN
H53). Analysis conditions and the characteristics of the
column were as follows: pre-column, deactivated fused
silica; column Macherey-Nagel Optima 1 (99 % poly-
dimethylsiloxane, 1 % diphenyl); column length, 30 m;
internal diameter of column, 250 um; stationary phase
thickness, 0.25 pum; injection volume, 1 pL; injector,
on-column; carrier gas, helium at 0.8 bar; hydrogen
fueling the detector, 1.15 bar; FID detector at 300 °C;
and oven temperature, 40 °C for 5 min, temperature rise
for 26 min at a rate of 10 °C/min, 300 °C for
30 min. Oil content was measured by determining
the total petroleum hydrocarbons (TPH) that repre-
sents the hydrocarbon concentration calculated from
a calibration line. The integrated surface was in-
between the peaks of decane and tetracontane
injected extemporaneously dissolved in hexane to
determine their retention times.
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2.6 Quality Control and Statistical Analyses

Mean values were compared with the ANOVA test with
a p value <0.05. The differences in the various rates of
diesel reduction were also analyzed by the same test. An
analysis of variance (ANOVA) was performed to test the
differences between initial and final TPH concentrations
between the treated flasks and the control flasks. All
statistical analyses were performed using MINITAB 15
statistical software (French version).

3 Results and Discussion
3.1 Sediment Characteristics

The properties of the sediment collected from Wouri
mangrove swamps are summarized in Table 1. Wouri
sediment contained a lot of sand (90.6 %) and very little
clay (6.1 %), silt (3.4 %) or humus (2 %). It had low
levels of organic matter comparable to those observed in
the literature and could have a particular affinity with
respect to hydrocarbons (Zhang et al., 2007). Similarly,
the hydrocarbon and heavy metal levels were low com-
pared to those found in the literature. This could make
hydrocarbon degradation complex, because not only are
there heavy or persistent petroleum products, but they
also settle to the bottom of the water, leading to a non-
negligible fraction of light (or non-persistent hydrocar-
bons mixes) with fine sand particles in emulsion (Owens
et al., 1998). The high concentrations in heavy metals
may have a negative effect on activity and microbial
density (Ellis etal., 2003). This may result in a reduction

of the rate of hydrocarbon degradation by microorgan-
isms, and thereby lead to their accumulation in the soil.
Indeed, high concentrations in heavy metals cause a
decrease in the microbial biomass, inhibiting some en-
zymatic activities. A modification of the structure of the
microbial community can also be observed (Khan and
Scullion 2002). At low concentrations, heavy metals are
not supposed to have an effect on the biodegradation
process. Here, the concentrations are too low to cause
such negative effects. The rapid degradation of hydro-
carbons is favored by a number of weather conditions
like wind and high temperatures, which accelerate pol-
lutant evaporation. This is not always possible for the
pollutants that settle to the bottom of the water.
According to Owens et al. (1998), at temperatures rang-
ing between 0 °C and 5 °C, 5 to 20 % of diesel evapo-
rates in 2 days. The same quantity evaporates in 5 days
at temperatures ranging between —20 °C and 0 °C.

3.2 Counting of Bacteria in Sediment

Different counts from mangrove sediment determined
the total microflora and the competent or active (diesel-
degrading) microflora. The total microflora obtained
from the rich medium containing glucose was
10® CFU/g. The specific competent flora was obtained
by subjecting the total microflora to various stresses.
When counts from fresh sediment were carried out on a
mineral salt medium (MSM) containing 10 ppm diesel
as the sole carbon source, the competent microflora
count was 1.5x 10" CFU/g soil. After sediment lyoph-
ilization, and counting on the same medium, we obtain-
ed a microflora count of 8 x 10° CFU/g of soil. Finally,

Table 1 Physicochemical properties of the sediments from the Wouri mangroves

Clay 6.1 %/DM Traces elements (mg/kg dry matter) Dry matter (DM) 80.7 %
Silt 3.4 %/DM Pb 4 mg/kg Conductivity (puS/cm at 20 °C) 59.2
Sand 90.6 %/DM Cd 0.03 mg/kg MAH’s (mg/kg DM) <0.06
Crude humus 2 %/DM Cu 7.7 mg/kg Halogen solvents (mg/kg DM) <0.2
Carbon 1 %/DM Ni 4 mg/kg PAH’s (mg/kg DM)

pH (KCI) 6.4 Zn 19.8 mg/kg *Mixing Borneff <0.07
Available elements (mg/100 g) Cr 28.2 mg/kg *Total <0.18
Phosphorus 3 As 1.15 mg/kg Total petroleum hydrocarbon (mg/kg DM) <100
Potassium 4 Hg 0.02 mg/kg Co—Cyo (mg/kg DM) 3.28
Magnesium 23 Co 2.9 mg/kg PCB’s (mg/kg DM) 0.015
Calcium 89 CN™ <0.01 mg/kg Pesticides chlorinated (mg/kg DM) <0.02
Sodium 12 F 41.4 mg/kg
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in addition to lyophilization, we placed diluted sediment
grown in the same medium for 15 min in a water bath at
80 °C and obtained a specific flora of 9 x 10° CFU/mg
(Fig. 3).

The total microflora and hydrocarbon-degrading mi-
croflora fraction may vary among mangroves and de-
pend on weather conditions, the degree of pollution and
the sampling place. In a study on the potential for
hydrocarbon biodegradation, Tian et al., (2008) counted
bacteria from five mangrove sediment samples taken
from various locations; they recovered a total of
10° cells/g sediment, and between 107 and 10* hydrocar-
bon-degrading bacteria/g sediment. Moreira et al.
(2011) counted between 10°-107 CFU/g in
Rhizophora mangle rhizosphere and 10° to 10° CFU/g
in the non-rhizospheric area. Bacterial activity plays an
important role in biomass formation. In tropical man-
groves, bacteria and fungi constitute 91 % of the total
microbial biomass, whereas algae and protozoa repre-
sent only 7 and 2 %, respectively (Alongi, 1988; Tian
et al., 2008). The unique features of mangroves, i.e.,
their high primary productivity, abundant detritus, rich
organic carbon, and anoxic/reduced conditions make
them a preferential site for uptake and preservation of
anthropogenic PAHs (Bernard et al., 1996; Tian et al.,
2008). Ramsay et al., (2000) report that the number of
aromatic-degraders in mangrove sediment is very high
(10°-10° cells/g sediment), and such an indigenous
community has a considerable potential for oil compo-
nent degradation. Moreover, the number of oil-
degraders could be increased by oil addition. Yu et al.
(2005) also reported that a bacterial consortium enriched
from mangrove sediment had a good PAH degradation
capability, with 100 % degradation of fluorene and

Fig. 3 Total microflora and
active microflora in the mangrove

phenanthrene after 4 weeks of growth. These results
suggest that mangrove sediment might harbor different
groups of hydrocarbon-degrading bacteria.

3.3 Consortium Production in Bioreactor

From the competent microflora obtained after a heat
shock, we tried to obtain a bacterial starter after the
production in bioreactor. The results of the fermentation
experiment are shown in Table 2.

The results presented in Table 2 show a good devel-
opment of competent microflora under the conditions of
the bioreactor 1.4 x 10'® CFU/mL. After centrifugation,
the culture showed a survival rate of 75.9 %. However,
the survival rate after lyophilization is only 20 %. Cold
stress consequently damages the consortium, which
comes from tropical areas where the annual average
temperature is 23-24 ° C.

3.4 Biodegradation of Diesel in Mangrove Sediment
by Bacterial Consortium in Flasks

The principle of our bioremediation experiment is based
on a series of tests designed to assess the potential of an
active indigenous microflora to degrade diesel with or
without the addition of a nutrient solution. This principle
is similar to well-known techniques such as bioaugmen-
tation, biostimulation, and natural attenuation. In this
experiment, the mangrove sediment initially had low
levels of oil pollution. The addition of diesel increased
the TPH to 14,900 ppm. After the treatment described
above, the dosage of hydrocarbons by GC once per
week for 5 weeks showed time-dependent diesel degra-
dation. Degradation was evidenced by the general shape

Sample sediments of mangroves

sediment v

v v

Total flora1x 108CFU/g

Mangrove sediments Competentflora total 1.5x 107
lyophilized (cold shock) CFU/g, 10 % of thetotal flora
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:

Active specific flora resistant to
lyophilization 8x106 CFU/g
53% of the total flora competent

v

Fraction of the flora competent who resist to lyophilization and
thermal shock (at T © 80°C for10 minutes)=5x10°CFU/g,
62.5% of the competent flora resistant to lyophilization

Productionin bioreactor
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Table 2 Production of consortium in bioreactor

Components Periods Number of CFU/mL or CFU/g Total CFU Yield per step
Start End Start End

Volume (L) 16 L 157 L 8x 107 1.4x 10" 22x10™

Centrifugation 458 g 3.7x10" 1.7x10" 75.9 %

Lyophilization 120 g 3x 10" 44x10" 202 %

of the different curves. In flasks initially containing
sterile sediment, TPH decreased from 14,900 ppm to
6900—-1500 ppm depending on the treatments. To inter-
pret these results, we first had to distinguish between
treatments with sterile sediment and those with non-
sterile sediment, and then establish the correlation be-
tween the two.

In the control flasks without bacteria, no diesel
degradation was observed. The rate of diesel reduc-
tion in the flasks containing sterile sediment with
only consortium added was 68.4+0.4 % after
5 weeks of treatment, while for sterile sediment that
received the consortium and a nutrient solution
(containing inorganic nitrates—see “Biodegradation
in Greenhouse”) a reduction rate of 90.2+0.2 % was
seen within the same time interval (Fig. 4). Nutrients
have the particularity of boosting microbial activity.
According to one-way ANOVA, statistical analysis
(95 % confidence interval) showed no significant
difference between the two treatments. However,
regardless of the treatment applied, degradation rates
are different from one week to the next. The results
show a significant difference between the fifth week
and the first 4 weeks. The results of the first 2 weeks
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Fig. 4 Percentage of diesel degradation in mangrove sterile sed-
iments using bacterial consortium

were significantly different from the following
2 weeks.

With non-sterile sediments, the rate of diesel reduc-
tion varied between 54.1+£0.6 and 77.2+0.2 %.
Microbial activity was more intense (77.2+0.2 %) in
the flasks with only consortium added
(bicaugmentation); it was lower (54.1+0.6 %) in the
consortium-free flasks (natural attenuation).
Conversely, we found no difference between the flasks
with consortium and nutrient solution added (biostimu-
lation and bioaugmentation) on the one hand and the
flasks with only nutrient solution added (biostimulation)
on the other. The abatement rate of diesel in these flasks
was 67.9+0.4 and 67.3+0.4 %, respectively. The re-
sults analyzed according to the time and treatment ap-
plied show a significant difference between the diesel
reduction rate of week 5 and that of the other weeks.
Similarly, the abatement rate for weeks 3 and 4 was
significantly different from that of the first 2 weeks.
Statistical analysis shows that, based on abatement rate,
there was no significant difference between treatment
with bioaugmentation and biostimulation. In contrast,
there was a significant difference in the reduction rate
between biostimulation and bioaugmentation treatments
and other treatments (Fig. 5).

Our results show that the consortium used has the
potential to degrade hydrocarbons. This confirms
several previous studies showing that mangroves
have indigenous microorganisms capable of metab-
olizing hydrocarbons (Tam et al., 2002; Yu et al.,
2005; Brito et al., 2006; Tam and Wong 2008; Lu
et al., 2011; Moreira et al., 2011). In sterile sedi-
ment, the consortium used diesel as the sole source
of carbon or energy. In the first case, adding nutrient
solution in some vials boosted bacterial activity.
Several studies have demonstrated the importance
of the presence of nutrients as factors that favorably
affect biodegradation (Steffensen and Alexander,
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1995), and low levels of inorganic nutrients in the
soil could affect or reduce the number of
hydrocarbon-degrading bacteria (Chen et al., 2008).
Nutrients have been suggested as one of the most
important factors that accelerate PAH biodegrada-
tion and some inorganic nutrient concentrations in
the soil could reduce the number of active bacteria
at an inadequate level and slow down the biodegra-
dation process (Steffensen and Alexander, 1995;
Chen et al., 2008).

3.5 Percentage of Diesel Degradation and Total
Petroleum Hydrocarbon (TPH) in a Greenhouse

Analysis of the results in terms of total hydrocarbon
index shows a biodegradation activity in both micro-
cosms containing sterile sediments compared to those

Fig. 6 Percentage of diesel 100
degradation by consortium in 90 1

sterile mangrove sediments 80 1
70 -

60 -
50 -

% of degradation

2 3
Time (Weeks)

OBiostimulation

M Biostimulation and Bioaugmentation

containing non-sterile sediments. Thus, the ability of
each microflora to degrade diesel will be appreciated
according to the different treatments. This ability will
also be assessed according to time in order to identify
the treatment to be applied and with which bacteria in
mangrove areas.

Figure 6 shows the results obtained in microcosms
containing sediment sterile mangroves. The objective
was to assess the capacity of diesel degradation by pure
exogenous microorganisms such as R. erythropolis, B.
subtilis, P. fluorescens and active bacterial consortium,
which is part of the endogenous bacteria isolated from
mangrove sediment. The first observation is that the
degradation rate differs depending on the microorgan-
ism used. After 5 weeks of treatment, the rate of reduc-
tion of diesel was 91.1 + 1.7 % in the microcosms treated
with the bacterial consortium; this was 96.4+3 % in the

@ Sterile sediments (B. subtilis)
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microcosms treated with R. erythropolis, 91.0£1.9 %
for B. subtilis, and 71.2+0.9 % for P. fluorescens.
Statistical analysis shows that there is a significant dif-
ference between treatments. Similarly, there is a signif-
icant difference over time for the same treatment; that is
to say, for two consecutive samples, there is a significant
difference in the total petroleum hydrocarbon (TPH). In
the analysis of these results, the first information we can
draw is that the endogenous microflora and exogenous
microflora present the capacity to degrade diesel. As the
strains used are different from one another, the rate of
degradation will also be different from one strain to
another. R. erythropolis, compared with other inbred
strains and endogenous bacterial consortia, has a better
degradation rate of diesel.

Figure 7 shows degradation kinetics of diesel content
in mangrove sediments from endogenous microflora.
This experience highlights natural attenuation, biostim-
ulation and bioaugmentation as treatments.
Bioaugmentation is carried out with the addition of
endogenous bacterial consortium, as an isolated asset,
for its ability to metabolize diesel. Biostimulation is
carried out by adding a mineral salt medium (MSM),
compost or both to the microcosms. We also highlighted
a combination of bioaugmentation and biostimulation;
that is to say, the addition of the microcosms containing
diesel, the endogenous bacterial consortium plus MSM,
compost or both. After 5 weeks of treatment, the
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70 4
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% of degradation

30 4
20 +
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O Natural attenuation
O Biostimulation (with MSM)
@ Biostimulation (MSM + compost)

B Bioaugmentation + Biostimulation (Consortium + MSM)

different degradation rates are estimated from the total
petroleum hydrocarbon (TPH). Thus, the degradation
rate observed for the natural attenuation processing is
29.1+1.2 %. It is 78.6+£0.25 % for bioaugmentation,
65.4+0.8 % for biostimulation with the addition of
MSM, 71.7.0£0.4 % for biostimulation with the addi-
tion of compost, and 79.8+1.5 % for biostimulation
with the addition of compost plus MSM. The combina-
tion of bioaugmentation and biostimulation with the
addition of compost has a degradation rate of 86.2
+0.1 %, while this is 78.3+1.2 % with the addition of
the mineral salt solution. Statistical analysis of these
results indicates that there is a significant difference for
each treatment over time; that is to say, from one week to
another, degradation rates are changed for the same
treatment. Statistical analysis by one-way ANOVA with
the Tukey comparison method (95 % confidence level)
shows that taking reduction rate as a fixed variable com-
pared to the treatment applied to each microcosm did not
identify a significant difference between treatments.

The results in Fig. 8 are used to assess the capacity of
endogenous microflora to degrade diesel. Experience
shows treatment with a natural attenuation method,
which requires the ability of endogenous microorgan-
isms to metabolize diesel, treatment with a biostimula-
tion method where some microcosms will have a min-
eral salt medium (MSM) added, or compost. This addi-
tion can boost the bacterial activity to optimize the

3 4 5

Time (weeks)

O Bioaugmentation (Consortium)
O Biostimulation (with compost)

@ Bioaugmentation + Biostimulation (Consortium + Compost)

Fig. 7 Percentage of degradation of diesel by consortium using natural attenuation, bioaugmentation, and biostimulation methods
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Fig. 8 Percentage of degradation
of diesel by endogenous bacterial
using natural attenuation and
biostimulation methods
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biodegradation process. It is clear that after 5 weeks of
treatment, the diesel degradation rate by natural attenu-
ation is quite low (about 30 %). It was therefore inter-
esting to evaluate the potential impact of a mineral salt
medium or compost or both on the performance of
microorganisms. After 5 weeks of treatment, the degra-
dation rate was 65.4+0.8 % when MSM was added,
71.7£0.4 % when compost was added, and 79.8 +1.5 %
when MSM plus compost were added. MSM and com-
post are considered to bring nutrients and oxygen into
the environment, which accelerates bacterial growth and
promotes intense activity in the degradation of diesel.
The results show a significant difference in degradation
rate between the addition of MSM and the addition of
the two components (MSM and compost), as well as a
simple difference when comparing results with the ad-
dition of compost and adding the two compounds at the
same time. Again, the difference was not significant
when adding only the MSM and compost.

Assessment of the activity of endogenous microflora
through the degradation of diesel gave a degradation
rate 0f 29.1+ 1.2 % after 5 weeks of treatment. This was
the treatment by natural attenuation. Contrary to that
which was observed in microcosms containing sterile
sediments, the degradation was shown to be very slow
and there was a low degradation rate at the same time.
For this treatment by natural attenuation, we see from
the results of the statistical analysis that the degradation
rate is significantly different between the first and sec-
ond week, and between the last 3 weeks. We could say
that the endogenous microflora had a period of adjust-
ment to the pollutant which was quite difficult; this
adaptation increased over time. The low rate of active
microflora in mangrove sediments (10 % of the total
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microflora) could give the first explanation of the slow
degradation of diesel in these microcosms, as it would
probably take longer for the proper adaptation of this
microflora to pollutants.

The treatment with bioaugmentation was character-
ized by the addition of active endogenous or exogenous
microflora, and presented more satisfactory results com-
pared to natural attenuation. It should be noted that we
used three exogenous pure strains, namely
R. erythropolis, B. subtilis, and P. fluorescens, and iso-
lated endogenous active consortium sediments of man-
groves. The observation results in microcosms having
undergone treatment with bioaugmentation, showing a
difference in the diesel degradation rate based on the
microorganisms used and the time taken to treat the
sediment. In relative values, R. erythropolis had a higher
degradation rate than B. subtilis, P. fluorescens and the
endogenous consortium. Thus, after 5 weeks of treat-
ment, there was a degradation rate of 84.8+2.6 % in the
microcosms treated with R. erythropolis, a degradation
rate of 78.6+1.2 % in the microcosms treated with the
consortium, a 69.4+2.9 % rate of degradation in the
microcosms treated with B. subtilis, and finally a degra-
dation rate of 61.7+£0.4 % in the microcosms treated
with P. fluorescens (Fig. 6). Statistically, a difference
was observed between treatment with R. erythropolis
and two treatments with the consortium and B. subtilis.
In contrast, there is a significant difference in treatment
with R. erythropolis and treatment with P. fluorescens.
However, the different degradation rates observed for
each treatment are significantly different from one week
to another; that is to say, over time, there is a significant
difference between two samples for the same treatment.
Probably in one case as in the other, increasing the active
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microflora (+10” CFU/g dry matter) accelerated the
diesel degradation. The three pure strains used here are
well-known for their ability to degrade hydrocarbons
alone or in combination with other bacteria. According
to Liu (2011), R. erythropolis has oxygenases that make
them capable of degrading oil components such as n-
alkanes, iso-alkanes, cycloalkanes, and aromatics.

In this experiment, we used a technique that com-
bines both bioaugmentation and biostimulation
methods. Bioaugmentation was performed by the addi-
tion of different bacterial strains such as P. fluorescens,
B. subtilis, R. erythropolis and the isolated bacterial
consortium mangrove sediments. Biostimulation is
achieved by adding to each microcosm series compost
or mineral salt medium. From the observation of results,
after 5 weeks of treatment, in microcosms containing
compost, there was a diesel reduction rate of 80.8
+0.2 % in the microcosms treated with P. fluorescens,
86.2+0.1 % with the endogenous consortium 86.7
+0.07 % with B. subtilis and 92.0£0.02 % with

Fig. 9 Percentage of diesel 100
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bioaugmentation 70
60
50

% of degradation

O Consortium and nutrient solution

@ B. subtilis and nutrient solution

100

% of degradation
w
o

R. erythropolis (Fig. 9). Statistical analysis of these
results reveals that there is no significant difference
between treatments. However, there is a significant dif-
ference over time during the first three weeks. There is
no significant difference in the degradation of diesel in
the last two weeks, irrespective of the treatment. The
general compost acts as a biostimulant, providing nutri-
ents to the existing microflora; it also improves sediment
structure by promoting soil aeration through the various
elements. The mineral-salt medium is used in the same
proportions in each microcosm; the degradation rate
observed here is the exclusive result of bacterial activity.
R. erythropolis appears to be the most appropriate strain
for the degradation of diesel over time. In order 77.5
+0.2 % is noted as diesel degradation rates in micro-
cosms containing P. fluorescens, 78.3+1.2 % in micro-
cosms containing endogenous consortium, 84.4
+0.07 % with B. subtilis, and 90.6+0.08 % with
R. erythropolis. As in the previous case with compost,
the statistical analysis of these results reveals that there
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is no significant difference between treatments. There is
a significant difference over time during the first
3 weeks. There is no significant difference in the degra-
dation of diesel in the last 2 weeks, irrespective of the
treatment.

Biodegradation is dependent on several factors in-
cluding the oxygen concentration of the environment,
environmental temperature, pH and the presence of
nutrients in the medium. Microorganisms require appro-
priate environmental conditions to successfully reduce,
eliminate, or transform contaminants present in different
media (Fulekar, 2010; Ghaly et al., 2013). Under these
conditions, successfully degraded molecules are natural
organic compounds such as light hydrocarbons such as
diesel (Bulman and Newland 1993; Bragg et al., 1994;
Wenderoth et al., 2003). Compared to natural attenua-
tion, the analysis of samples by flow cytometry showed
cell viability of 63 % and 70 %, respectively, for the first
and second week of treatment. The results obtained from
the bioaugmentation treatment are quite satisfactory and
are better than those obtained by biostimulation. It
should be noted that the rate of degradation here is a
function of the bacterial strain used. R. erythropolis
strain has better degradation compared to B. subtilis,
P, fluorescens, and the consortium. Combining bioaug-
mentation and biostimulation, we obtained even better
results. The increase in bacteria (10" CFU/g of dry
matter) and the improvement of environmental condi-
tions (medium temperature between 27 and 30 °C) pro-
moted better diesel degradation kinetics compared to all
other strategies in place. R. erythropolis always present-
ed better results than other species. By focusing more on
this strain, the literature indicates that the genus
Rhodococcus is a very diverse group of bacteria that
possesses the ability to degrade a large number of or-
ganic compounds, including some of the most difficult

compounds with regard to recalcitrance and toxicity
(Larkin et al., 2005). Rhodococcus can catabolize short
and long-chain alkanes, aromatic (halogenated and ni-
tro-substituted), heterocyclic, and polycyclic aromatic
compounds. According to Liu (2011), these strains pos-
sess oxygenases, making them capable to biodegrade
the constituents of petroleum such as n-alkanes, iso-
alkanes, cycloalkanes, and aromatic compounds
(Atlas, 1981; Hamamura et al., 2008). For example,
R. erythropolis was able to use 20,000 ppmv of crude
oil as the only energy source (Karpenko et al., 2006)
demonstrating the potential of Rhodococcus strains to
bioremediation. The success of members of the genus
Rhodococcus in degrading aromatic compounds is
based upon the possession of a wide range of
dioxygenases (Larkin et al., 2005).

Five weeks after the experiment, the results showed a
high concentration in diesel in control sediment in sterile
flasks and in the greenhouse. Only a small fraction was
eliminated. The results show that 3.5 % and 7.6 % diesel
have evaporated sterile control sediment respectively
flask and microcosms (Table 3). Sediments are sterilized
by autoclave. This sterilization allows taking out the
total microflora. This loss of diesel is certainly due to
volatilization by evaporation of diesel. The degradation
of diesel was effective in sterile sediment when micro-
organisms were added into the material. Thus, the mi-
croorganisms used in our experiment were able to de-
grade diesel.

To degrade diesel found in mangrove sediments
we have worked with, we controlled two main ele-
ments. Both elements can be limiting factors for
biodegradation. Temperature was adjusted at 30 °C,
and we focused on the contribution of microorganisms
and the presence of nutrients. The first part of the
experiment consisted in demonstrating the presence of

Table 3 Mass balance of diesel, amount remained (ppm) and percentages of total hydrocarbons (input) in sterile control sediments after

5 weeks
Hydrocarbon Fate of hydrocarbon In flasks In greenhouse
Sterile control Sterile control
Amounts (ppm) Input (%) Amounts (ppm) Input (%)
Diesel Input 14,900+82.3 21,000+2778
In sediment 14,383 £237 96.5 19,405+ 1824 7.6
Losses 517 34 1595+924 924
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microorganisms able to degrade diesel. Then, we used
an isolated mangrove sediment consortium able to de-
grade hydrocarbons. As it was suggested by Venosa
et al., (2002), the presence of microorganisms with the
appropriate metabolic abilities is the most important
requirement for bioremediation. Several studies of the
biodegradation of hydrocarbons in mangrove ecosys-
tems have already used endogenous and/or exogenous
consortia or pure strains (Bento et al., 2005; Yu et al,,

2005; Chen et al., 2008; Liu and Liu 2011). In all
treatments performed (natural attenuation, biostimula-
tion and bioaugmentation), the presence of microorgan-
isms able to degrade diesel has been reported. The
second parameter to be studied is the presence of nutri-
ents. Some nutrients such as nitrogen and phosphorus
are essential for growth and metabolic activities of mi-
croorganisms. In the treatment by biostimulation, we
added a mineral solution containing nitrogen and
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Fig. 11 Cytograms presenting evolution of microorganisms in mangrove sterile sediment over 21 days. a sterile sediments + consortium, b

sterile sediments + consortium + nutrient solution
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phosphorus. Biostimulation is the addition of limiting
nutrients to support microbial growth. According to
Adams et al., (2015) bioremediation uses microbial
metabolism in the presence of optimal environmental
conditions and sufficient nutrients to breakdown con-
taminants, notably petroleum hydrocarbons.
Microorganisms able to degrade petroleum products
are known to use directly metabolizable nitrogen and
phosphorus compounds as helping agents for biodegra-
dation. The fertilizer supply causes an increase in het-
erotrophic and hydrocarbon-splitting bacteria and an
increase in the phytoplanktonic biomass (LePetit and
N'Guyen 1976). The various degradation rates obtained
in flasks and the greenhouse in this experiment are
comparable in time to those that are found in the
literature. Using the compost to make his experiment
of biostimulation, Atagana (2008) obtained 100 % of
degradation after 570 days of treatment. After 84 days,
Abioye et al., (2012) obtained 92 % of degradation of
TPH by biostimulation and 55 % by natural attenuation.
Also using organic nutrients, Chikere (2012) obtained in
two different experiments 95 % and 98 % of degradation
after 56 days. Orji et al. (2012) obtained 63 % of
degradation by treating sludge mangroves by biostimu-
lation with organic nutrients. As for the degradation of
diesel by bioaugmentation, Fan et al. (2013) obtained
83 % TPH removal using an exogenous pure strain and
61 % using indigenous microorganisms. Wu et al.
(2012) obtained more than 60 % after 270 days using
P. fluorescens. All these different reduction rates are
comparable to our results. The main difference is the
short time of this study.

3.6 Characterization of the Consortium by Flow
Cytometry in Flasks Experiment

The evolution of the consortium during 21 days in flasks
in sterile and non-sterile sediments was observed by the
flow cytometry method. Interpretation of the results was
performed using the PI coloration of cells, as cells that
stain with PI are either dead or have poor membrane
integrity. PI penetrates the cell membrane and binds to
the DNA. The uncolored cells are alive and show good
membrane integrity. The cytograms of the consortium in
flasks show two subpopulations: a subpopulation (I)
containing the PI-labeled cells and a subpopulation (IT)
containing intact cells that resist the effects of diesel and
are not labeled with PI. The results during the 21 days of
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experiment are presented in Figs. 8 and 10 for sterile and
non-sterile conditions, respectively.

The cytograms presented in Fig. 8 are those of the
flasks containing sterile sediments. After 7 days of
treatment, the subpopulation with poor membrane in-
tegrity represented 33 % in the treatment where nutrient
solution only was added, compared to 30 % in the flasks
with consortium and nutrient solution added. These
percentages dropped to 11 and 11 %, respectively, after
14 days of treatment to finally reach 6 and 8 %, respec-
tively, after 21 days of treatment. This decrease in sub-
population (I) can be explained by the fact that diesel
degraded in the sediment over time. After 21 days, the
degradation rate was 46 % in the flasks with only the
consortium added and 31 % in the flasks with the
consortium and nutrient solution added. This reduced
the stress induced by the pollutant in the cells.
Moreover, the consortium probably became acclimated
to diesel and metabolized it over time (Wild and Jones,
1986; Chaneau et al., 1999; Zhang et al., 2006).

In the other treatments performed with non-sterile
sediment, the trend was the same. Analysis of cytograms
in both cases shows a progressive adaptation of endog-
enous microflora to stress caused by the diesel during
treatment. This adaptation is based on the degradation of
the pollutant in the flasks. This leads us to conclude that
the consortium was probably acclimated to diesel and
metabolized it over time.

The cytograms in Figs. 11 and 12 show that diesel
has a negative effect on membrane integrity or survival
of microorganisms with PI staining at the cell mem-
brane. This negative effect is higher in the first week
of the experiment. Thereafter, it is found that the per-
centage of microorganisms undergoing PI staining in
their membrane decreases with time. This could be
explained by the fact that microorganisms adapt gradu-
ally to diesel. The addition of nutrients does not reduce
this negative effect of diesel but seems to increase the
size and metabolic activity of bacterial strains. The
consortium in sterile flasks becomes colored at least PI
microorganisms compared to non-sterile flasks. This is
due to the fact that the consortium undergoes less stress
and is well-adapted to diesel.

4 Conclusion

The results obtained in this study must take account of
the fact that diesel was manually added into the samples.
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Fig. 12 Cytograms presenting evolution of microorganisms in
mangrove non-sterile sediments. ¢ cytograms of samples treated
by natural attenuation, d cytograms of samples treated by

biostimulation, e cytograms of samples treated by bioaugmenta-
tion, and f cytograms of samples treated both by biostimulation
and bioaugmentation
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The results of this study show that, in the first step,
mangrove sediment contains an active microflora that
can metabolize diesel. Indigenous and active microflora
presents an interesting potential for diesel degradation.
Our consortium adapted well to various conditions and
was resistant to pollutant-induced stress. Nutrient sup-
plementation significantly increased the rate of diesel
degradation (90 % after 35 days). In general, we found
that the consortium adapts well to the pollutant; the
degradation of diesel is the consequence of this adapta-
tion. In the second step, different treatments on man-
grove sediments artificially polluted by diesel such as
natural attenuation, biostimulation and bioaugmentation
showed the ability of endogenous microflora to degrade
diesel. However, the degradation rates obtained with the
endogenous microflora in relation to the time or duration
of the treatment were substantially lower than those
obtained when the treatment was carried out with the
addition of exogenous bacteria for the same duration.
Bioaugmentation with the addition of Rhodococcus
erythropolis presented good results in this case. These
results were even better when the treatment was a com-
bination of bioaugmentation and biostimulation.
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