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Abstract: This study was conducted to propose a suitable set of methods to evaluate the efficiency of
two biotreatments. For this purpose, two sets of four 7.5 L bioreactors were followed over 90 days,
containing natural sediments from the Bizerte Lagoon (Tunisia) contaminated with 35 mg·kg−1

benzo(a)pyrene (BaP) and 28 mg·kg−1 dichlorodiphenyltrichloroethane (DDT). One set was biostimu-
lated with N/P and bioaugmented with the indigenous Pseudomonas stutzeri, Cupriavidus metallidurans
and Rhodococcus equi, and the other set was only biostimulated. In the effluent, organic carbon de-
creased from 42 gC·L−1 to 0.2 gC·L−1 for the bioaugmented treatment compared to 15 gC·L−1 for
biostimulation. Statistical analyses confirmed a significant difference in BaP concentration after
bioaugmention from 35 mg·kg−1 to 21 mg·kg−1 sediment, whereas no difference was found with
biostimulation. Considering DDT, biostimulation was more efficient (8.5 mg·kg−1 sediment final
concentration) than bioaugmentation (15 mg·kg−1 final concentration). Native organotin and metals
were also monitored using bioluminescent bioreporter strains. The bioaugmented treatment brought
about a significant decrease in TBT content, to below 0.01 µM, whereas its concentration remained
significant after biostimulation. The biostimulation did not alter As3+, Cu2+, Cd2+, and Hg2+ concen-
trations, whereas bioaugmentation induced a decrease of 1 to 2 log for each metal. At the end of the
experimental period, toxicity decreased to 90% in the effluent of the bioaugmented reactors compared
with a drop of only 48% for biostimulation, and a significant decrease in mutagenicity appeared for
bioaugmention only. Interestingly, not all the strains used in the treatments were maintained, as P.
stutzeri and R. equi increased up to densities of 8.3 × 1013 and 5.2 × 1012 DNA·g−1 sediment, respec-
tively, while in both treatments, C. metallidurans decreased down to the detection threshold. Among
the different methods used, a restricted monitoring panel of analyses appears essential to follow the
change occurring over the bioremediation process: (i) organic carbon measurement reporting all
biodegradation events, as well as a specific method to monitor the main compounds; (ii) dissolved N,
P, O2 and pH measurements, (iii) a qPCR method to track the degraders; and (iv) measurements of
the acute toxicity and the mutagenicity.

Keywords: biodegradation; bioassay; biomonitoring; bioremediation efficiency; DDT; BaP;
bioluminescence

1. Introduction

Bioremediation treatments using biological entities, such as plants, algae, microorgan-
isms, or enzymes to eliminate pollutants, could be applied to different matrices, such as
soil, water, waste, sludges or sediments, for their in situ or ex situ bioprocesses (see [1–3]
for review). The two main microorganism-based bioremediation approaches generally
used are (i) biostimulation, based on the addition of nutrients to stimulate the growth of
the indigenous microbial community, and (ii) bioaugmentation with pre-adapted pure
bacterial strains, pre-adapted consortia, or genetically engineered bacteria intended for
specific pollutants [4–7].

Evaluating the effectiveness of bioremediation remains an important goal to enable
legislative and economic authorities to make informed choices about the management of
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contaminated sites. Despite the large number of publications on bioremediation (46,429
listed in PubMed as published since 1974), some important questions remain partially
unanswered. These include whether bioremediation systems produce toxic by-products;
whether in the case of bioaugmentation, strains persist until the end of the process; and
whether these strains participate in the bioremediation process.

Evaluation of the effectiveness of bioremediation is generally monitored by physico-
chemical analyses based either on the determination of multiple parameters, such as
chemical oxygen demand or organic carbon disappearance, or by the measurement of
pollutants and quantification of by-products released [8–17] Because chemical analyses do
not provide information about potential hazards for complex matrices, some studies have
included bioassays in order to determine whether toxicity has been lowered and/or if the
site has regained its initial biological activity [8,18–24] A large panel of ecotoxicological
bioassays could be used to assess toxicity through the use of microorganisms, microalgae,
microcrustaceans, or plants. The selection of such bioassays is generally decided by their
cost and the nature of the matrix. For example, batteries of bioassays have been applied as
supplementary tools to monitor bioremediation processes both in laboratory investigations
and at the field scale [19,25–34] In addition to these traditional assays, microbial and molec-
ular analyses (i.e., microbial community response and profile assessment by the detection of
specific nucleic acid sequences, and metagenomics) can provide a comprehensive overview
of the biodegradation potential of the communities in polluted environments [8,35–42].

Despite great efforts, there is a lack of consensus on an overall strategy to qualify
the bioremediation process that would tell us if such bioprocesses are really useful. To
contribute to resolving this issue, we designed bioremediation reactors filled with marine
sediments originating from the Bizerte Lagoon (Tunisia), which are known to have been
historically exposed to anthropic contaminations. Compared with other lagoons, coasts,
and bays in the world, the total concentrations of PAHs in surface sediments of the Bizerte
Lagoon are considered low to moderate, with ΣPAHs ranging from 16.9 to 394.1 ng·g−1

dry weight [43] and moderate levels for DDTs (0.3–11.5 ng·g−1 dw [44].
As the pollutants concentrations are low, it was decided to spike the sediments with

benzo(a)pyrene (BaP) and dichlorodiphenyltrichloroethane (DDT). Two bioremediation
treatments were then compared: biostimulation (no N/P limitation) and bioaugmenta-
tion, using previously isolated indigenous degraders [45]. Bioremediation processes were
monitored by (1) chemical analyses of the pollutants, (2) assessing the dynamics of the
bioaugmented population, and (3) assessing the evolution of the ecotoxicity and the muta-
genicity during the treatment.

In our opinion, this paper proposes for the first time to combine and select a compre-
hensive set of complementary methods to characterize the behavior of two biotreatments
at a medium scale for complex sediments.

2. Material and Methods
2.1. Chemicals and Growth Media Used in This Study

The chemicals used in this study were all high analytical grade products with a mini-
mal purity of 98–99.5%. Benzo(a)pyrene, 1,1,1-dichlorodiphenyl trichloroethane (DDT), 1,1-
dichloro-2,2-bis(p-chlorophenyl) ethylene (DDE), 1,1-dichloro-2,2-bis(p-chlorophenyl) ethane
(DDD), 1-chloro-2-2-bis-(4′-chlorophenyl) ethylene (DDMU), 2,2-bis(4′-chlorophenyl) ethanol
(DDO), and bis(4′-chlorophenyl)methane (DDM) were obtained from Sigma-Aldrich (France).
A mix of 16 analytical grade chemicals, EPA 610-n PAHkit (Sigma-Aldrich), was used to quan-
tify the 16 PAHs suggested by the Environmental Protection Agency (EPA): acenaphthylene,
anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(ghi)perylene,
benzo(k)fluoranthene, chrysene (93%), dibenzo(a,h)anthracene, fluoranthene, fluorene, indenol
(1,2,3-cd)pyrene, naphthalene, phenanthrene, pyrene, and acenaphthene.

Cultures of autochthonous strains were grown in Luria Bertani (LB) medium, com-
posed of NaCl 10 g·L−1, tryptone 10 g·L−1 and yeast extract 5 g·L−1 (Fluka, Grosseron,
Nantes, France) dissolved in deionized water and sterilized by autoclaving at 120 ◦C for
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20 min. When necessary, type E agar was added to the preparation before sterilization at
15 g·L−1 to produce a solid medium. Modified microorganisms were selected on solid LB
amended with 20 µg·mL−1 gentamycin (Sigma-Aldrich, Darmstadt, Germany).

Bioluminescent reporters were cultivated on acetate medium, composed of 2.835 g·L−1

of CH3COONa (Panreac, Darmstadt, Germany), 0.1919 g·L−1 of NH4Cl (Merck, Fontenay-
ss-Bois, France), 0.028 g·L−1 of K2HPO4 (Merck), 5 g·L−1 of NaCl (Merck, Fontenay-ss-Bois,
France), 0.5 g·L−1 of yeast extract (Merck, Fontenay-ss-Bois, France), and 0.1 g·L−1 of
tryptone (Biokar Diagnotics, Allonne, France). The pH was adjusted to 7 with a solution of
HCl (0.2 M) or NaOH (0.2 M), and the medium was sterilized by autoclaving at 120 ◦C for
20 min [46].

Strains used in the Ames’ test were cultivated according to the provider’s instruc-
tions with a dedicated growth medium (GM) provided by the manufacturer (Xenometrix,
Allschwil, Switzerland).

The M9 medium used to provide N and P for the biostimulation treatment during
bioremediation was composed of Na2HPO4 7 H2O 12.8 g·L−1, KHPO4 3 g·L−1, NaCl
0.5 g·L−1, NH4NO3 1.5 g·L−1, MgSO4 0.5 g·L−1, and CaCl2 0.04 g·L−1 and then was
sterilized by autoclaving at 120 ◦C for 20 min [47].

2.2. Sediment Sampling and Pollutant Spiking

Sediments were collected from Bizerte Lagoon, on the Mediterranean coast of north
Tunisia (latitude: 37◦8′–37◦14′ N, longitude 9◦46′–9◦56′ E). This site was chosen because of
its economic, social, and ecological importance for the region [48,49]. Sixty kilograms of
sediment was sampled from the lagoon using Plexiglas hand-cores (10 cm2, 3.6 cm internal
diameter) at 20 cm depth. All buckets and spatulas were acid rinsed and sterilized before
use. The sediment structure consisted of 90% clay and 10% sand and was largely composed
of fine particles (≈70% <63 µm). Total organic C, total N and total P, quantified by leaching,
were 42.7 g·kg−1, 3.825 g·kg−1 and 0.41 g·kg−1, respectively.

Contaminant spiking was performed in accordance with the OECD standards [50].
A concentrated mixture of DDT and BaP was solubilized in DMSO and then added to
contaminate 1 kg of sediment mixed overnight at room temperature (250 rpm), which was
then mixed with a further 59 kg of sediment to reach a final contamination of 35 mg·kg−1

for BaP and 28 mg·kg−1 DDT. Contaminated sediment samples were then mechanically
homogenized with a 100 L concrete mixer for six hours before sub-sampling into eight
separate bioreactors.

2.3. Bioreactor Configuration and Sampling

Bioremediation assays were performed in 7.5 L bioreactors consisting of PVC pipes (di-
ameter 13 cm, height 50 cm) equipped with sampling ports at different levels (Figure 1A,B).
The reactors were filled with contaminated sediment up to 45 cm of their height to allow
a headspace of 5 cm to enable the degassing of gases produced during the incubation. A
volume of 5 cm at the bottom of the columns was occupied by glass beads (1 cm diameter)
to prevent clogging of the pipes and enable water circulation. Sediment sampling was
carried out at three different levels of the column to avoid variability related to potential
stratification of the sediment in the column (Figure 1).

Two bioremediation treatments were tested, in four replicates, for the contaminated
sediments: (1) a control treatment consisting in biostimulation with the M9 medium only,
and (2) a bioaugmentation treatment consisting of both biostimulation and bioaugmentation
with an additional bacterial consortium. The latter was composed of Pseudomonas stutzeri,
Cupriavidus metallidurans, and Rhodococcus equi previously isolated from the Bizerte Lagoon,
each supplied at a final concentration of 1.2 × 107 cells·mL−1 [45].
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Figure 1. Bioreactor configuration and biomonitoring strategies used to assess sediment bioreme-
diation. Eight bioreactors were studied simultaneously to assess the performance of two bioreme-
diation conditions: four control reactors are biostimulated by a mineral medium (M9) only, and 
four reactors are biostimulated and bioaugmented with a bacterial consortium composed of three 
known BaP and DDT degraders (A). Detailed information about the bioremediation processes (B). 
Different measurements performed during the bioremediation process for the sediment and ef-
fluent (recirculating M9 medium) (C). 

2.4.2. Nitrogen and Phosphorus Quantification 
Nitrogen and phosphorus concentrations were measured every 3 days in the efflu-

ent to confirm the absence of limitation of these elements. The N concentration was 
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was measured with a Phosphorus (Reactive) TNT Reagent Set, Low Range (Hach). The 

Figure 1. Bioreactor configuration and biomonitoring strategies used to assess sediment bioremedia-
tion. Eight bioreactors were studied simultaneously to assess the performance of two bioremediation
conditions: four control reactors are biostimulated by a mineral medium (M9) only, and four reactors
are biostimulated and bioaugmented with a bacterial consortium composed of three known BaP and
DDT degraders (A). Detailed information about the bioremediation processes (B). Different measure-
ments performed during the bioremediation process for the sediment and effluent (recirculating M9
medium) (C).

The additional consortium for bioaugmentation was cultivated separately in Luria-
Bertani broth and washed three times by centrifugation (10,000× g for 15 min at 4 ◦C) with
MgSO4, 10−2 M. After bacterial inoculation, all bioreactors (both control and bioaugmented)
were biostimulated with a mineral medium (M9 mineral medium) and incubated for
90 days, at 21 ± 1 ◦C, which corresponds to the average temperature of the Bizerte Lagoon.
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M9 supplementation was provided with the aim of preventing N and P deprivation that
could otherwise hamper or stop bioremediation. Dissolved oxygen and pH of the effluent
were tested daily, directly in the recirculating M9 medium, using a HQ30D portable pH
and dissolved oxygen meter (Hach, Lognes, France).

2.4. Analysis of Physico-Chemical Parameters
2.4.1. Total Organic Carbon Analysis

Carbon analyses were performed on sediment and effluent to quantify the disappear-
ance of organic matter in both treatments with a total organic carbon (TOC) meter equipped
with a solid sample combustion unit (TOC-Vcsn, and SSM-5000A module, Shimadzu,
Marne la Vallee, France). Organic carbon in the effluent was quantified by non-purgeable
organic carbon (NPOC) analyses. The procedure was performed according to the manufac-
turer’s instructions (Shimadzu). Briefly, the soluble fraction of carbon was recovered by a
centrifugation step at 4 ◦C for 10 min at 10,000× g; thereafter, supernatants containing the
soluble organic carbon was analyzed by the NPOC procedure including acidification of
the sample with 20% HCl (2M). The solid sample combustion unit was used to quantify
organic carbon in the sediment by a subtractive approach (total and inorganic carbon
quantification). The combustion of solid samples was performed for 20 min for total and
inorganic quantification at 900 ◦C and 250 ◦C with an addition of 500 µL phosphoric acid
(25%) for the latter, following manufacturer’s instructions (Shimadzu).

2.4.2. Nitrogen and Phosphorus Quantification

Nitrogen and phosphorus concentrations were measured every 3 days in the effluent to
confirm the absence of limitation of these elements. The N concentration was measured with
a NitraVer X Nitrogen-Nitrate Reagent Set HR, and the P concentration was measured with
a Phosphorus (Reactive) TNT Reagent Set, Low Range (Hach). The procedures were carried
out following manufacturer’s instructions, using a DR-2800 spectrophotometer (Hach).

2.4.3. Pollutant Extraction and Analysis

The quantification of specific contaminants onto sediments was performed by chro-
matographic approaches every 10 days. To ensure the sampling was representative, com-
posite samples were created by mixing three subsamples collected from the different
sampling traps distributed up the height of each column (Figure 1) and then homogenized
by stirring (250 rpm for 10 min) prior to further analyses. Pollutants contained in the sedi-
ments were extracted by a liquid–liquid extraction step with 100 mL of dichloromethane
in an ultrasonic bath (15 min). After this extraction, the organic fraction was dried in a
rotavapor at 800 mbar and 40 ◦C (vv2000, Heidolph, Schwabach, Germany), and pollu-
tant extracts were solubilized in methanol (99%, Sigma-Aldrich) and stored at 4 ◦C in
amber glass vials, sealed with a Teflon septum until chemical analyses. The latter step
was performed with an HPLC Ultimate 3000 (Thermo Scientific®, Waltham, WA, USA)
equipped with a diode array detector, DAD 3000 (Thermo Scientific®). The solutes were
analyzed using an acetonitrile/water gradient (Supelco®, Darmstadt, Germany) that al-
lowed a separation of the 16 PAHs recommended for study by the EPA as well as DDT
and its main derivatives. The separation was carried out at a flow rate of 1 mL·min−1,
at 50 bar and 30 ◦C. The initial proportion of acetonitrile was 60%, from 0 to 1 min and
raised from 60% to 100% after 43 min. The acetonitrile was a Chromasolv® Gradient Grade
product (Sigma-Aldrich) and the ultra-pure water (18.2 MΩ) was produced with a water
purification system, Simplicity (Millipore, Mollsheim, France). The column used was a
Hypersil Green PAH (Thermo Scientific, Waltham, WA, USA) 150 × 4.6 mm, 5 µm porosity,
equipped with a dedicated pre-column.

2.4.4. Measurement of Bioavailable Metals

The quantification of bioavailable metals was carried out using bioluminescent bacteria
in environmental samples with a set of five bioluminescent bacteria, namely E. coli DH1
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pBtaclux, E. coli K12 MG1655 pBarslux, E. coli K12 MG1655 pBcoplux, E. coli K12 MG1655
pBzntlux, and E. coli K12 MG1655 pBmerlux. The bacteria enabled the semi-quantification
of arsenic (As), mercury (Hg), cadmium (Cd), and copper (Cu) with 99% confidence [46].
These bioluminescent sensors were freeze dried and stored in 96-well plates, in ready-
to-use conditions to quantify the bioavailable metals according to previously published
protocols. The quantification of bioavailable metals was calculated using the Metalsoft
program [46,51,52].

2.4.5. Detection of Bioavailable Tributyltin

The quantification of bioavailable tributyltin (TBT) was carried out using the biolumi-
nescent bacteria E. coli TBT3, enabling TBT quantification in environmental samples [53].
An overnight culture grown in a minimal glucose medium was diluted to 0.15 A620nm.
A total of 100 µL of the diluted culture was mixed in a 96-well microplate with 50 µL
of leachate. After an incubation of 1 h at 30 ◦C, 25 µL of decanal solution (210 µM) (ref
1001753612, Sigma-Aldrich) was added, and the bioluminescence was measured with a
MicroLumat Plus LB 96 V (Berthold, Thoiry, France). Bioluminescence was expressed in
Relative Light Units RLU·s−1, and the quantification was assessed through the induction
ratio (IR) according to IRi = (RLU·s−1)i/(RLU·s−1)0, where i is the bioluminescence found
for the sample after induction, and 0 the bioluminescence background of the sample [53,54].

2.4.6. Leaching Test

To quantify heavy metals and ecotoxicity from the sediment, leaching tests were
performed according to the method of [28]. Briefly, the procedure consisted of a single
extraction from the matrix with deionized water using a 1/10 ratio (solid/liquid), for 24 h
with an end-over-end agitation of 5 rpm. Afterward, a centrifugation of 15 min at 3.000× g
was performed to separate the leachate, which was then filtered on a 0.45 µm cellulose filter.
The leaching procedures were performed in triplicate.

2.5. Microbiological Methods
2.5.1. Biodegraders for the Bioremediation

Pseudomonas stutzeri, Cupriavidus metallidurans and Rhodococcus equi came from the
laboratory of Biochemistry and Molecular Biology (Bizerte, Tunisia, [44]). Briefly, 2 mL
of Bizerte Lagoon water was inoculated into 18 mL of minimal M9 medium containing a
final concentration of 50 mg·L−1 BaP and or 50 mg·L−1 DDT. A culture was incubated with
shaking at 200 rpm at 30 ◦C for 30 days in the dark. The selected strains were spread on
a solid LB culture medium and incubated at 30 ◦C for 48 h, then, grown in M9 medium
supplemented with DDT and BaP to preserve their degradation ability. Strains were
identified following 16SrDNA (see [45]).

2.5.2. Construction of the Microbial Toxicity Bioreporters

Microbial bioreporters for toxicity evaluation were constructed using the pBtacluxCDABE-
GmR plasmid from the autochtonous Pseudomonas stutzeri, Cupriavidus metallidurans and
Rhodococcus equi described in Section 2.5.1. They were only used for toxicity tests, not added
into the bioreactors.

Cell transformation was performed with an aliquot of 10 mL exponentially growing
strain washed and resuspended in 100 µL pure water at 4 ◦C. Electroporation was carried
out at 2000 V for 20 s for P. stutzeri and C. metallidurans and at 1800 V for 20 s for R. equi.
Immediately after electroporation, 900 µL of the LB medium was added to the strain and
it was put on ice for 2 min. Afterward, cells were revivified by an incubation of 1 h at
30 ◦C. Plasmid integration was confirmed by cell cultivation on Luria-Bertani agar plates
supplemented with gentamycin (20 µg·mL−1). Transformants were collected, and their
constitutive bioluminescence was characterized according to [51]. The three bioluminescent
reporting strains were conserved after a lyophilization procedure, according to [46].
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2.5.3. Total Bacterial Counts by Epifluorescence: BacLight Viability Kit

Direct viable and total cell counts were obtained using a BacLight viability kit (In-
vitrogen, Waltham, WA, USA). Samples of recirculating medium were incubated in the
dark at room temperature for 20 min, following the manufacturer’s instructions and details
from the literature [55,56]. Cell counts were conducted using an Olympus epifluorescence
microscope (BX-51) equipped with U-MWB and U-MWIB (Olympus, Rungis, France) filters.
Each measure was performed on 10 independent fields, to assess an average of the total
and living biomass.

2.5.4. Quantification of Degraders by qPCR Clone Library Construction and
Strain Determination

Molecular analyses were performed using a 1 g sediment sample from each bioreactor
at the beginning and the end of the process to quantify the presence of C. metalidurans, P.
stutzeri, and R. equi. Total DNA extraction was performed using a FastPrep (MP-Biomedical,
Illkirch-Graffenstaden, France) and DNA kit for soil (Q-Biogene, Carlsbad, CA, USA) fol-
lowing the manufacturer’s instructions. The quantity and purity of DNA were determined
by measuring its absorbance at 260 and 280 nm with a NanoDrop ND-1000 spectropho-
tometer (Thermo Scientific, Waltham, WA, USA).

To monitor and quantify the bacterial strains used in bioaugmentation, specific primers
for each were used in the qPCR (Table 1).

Table 1. Primers used for the detection of bacteria used for the bioaugmentation.

Strains Target Gene Primers Tm (◦C) References

Pseudomonas stutzeri Fps158 5′-GTGGGGGACAACGTTTC-3′

5′-CGATTATGACTGACTCCAC-3′ 48 [57]

Cupriavidus metallidurans Cm 5′-AGTTTCCTGGCCATGATGAG-3′

5′-TCCGTTTCCTGTACCACCTC-3′ 59 [58]

Rhodococcus equi ChoE 5′-CGACAAGCGCTCGATGTG-3′

3′-TGCCGAAGCCCATGAAGT-5′ 56 [59]

In order to produce the fragment of interest for qPCR, the amplified fragments were
cloned into a plasmid vector (Clone Jet® kit, Thermo Fisher, Waltham, WA, USA) for each
of the degrading strains and transformed into 5-alpha competent E. coli (NEB, Herts, UK).
Positive products were purified and analyzed by PCR to verify the presence of the insert,
using the primers provided in the Clone Jet® kit. Then, the plasmid was extracted using
a plasmid extraction kit (Macherey-Nagel, Grosseron, Nantes, France) and the extracted
plasmid DNA was assayed with Quantifluor (StepOne, Applied Biosystems, Waltham, WA,
USA) to determine the equivalent number of gene copies.

2.6. Ecotoxicity Assessment

A total of five bioluminescent reporters were used to assess acute toxicity of the
bioremediation processes. Two well-known allochthonous strains served to assess tox-
icity: Aliivibrio fischeri NRRL B-11177 and Escherichia coli DH1 pBTacluxCDABE. Three
autochthonous strains were produced in this study to report toxicity from the contaminated
sediments toward the inhibiting BaP and DDT degraders: P. stutzeri pBTacluxCDABE, C.
metallidurans pBTacluxCDABE and R. equi pBTacluxCDABE.

2.6.1. Acute Toxicity Assessments

Aliivibrio fischeri NRRL B-11177 was used to assess the acute toxicity of the effluent
according to ISO 1998a standards by using the LUMIStox instrument (Hach Lange, Lognes,
France, [60]). The toxicity was measured, in triplicate, after 30 min of exposure. The validity
of the procedure was confirmed using zinc as a reference toxicant, according to [60].

The second toxicity reporter was bioluminescent Escherichia coli DH1 pBTacluxCDABE,
using the method described by [46,51]. Briefly, a 100 µL sample of reconstituted freeze-
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dried bacteria was exposed to 25 µL of effluent for one hour at 30 ◦C. The bioluminescence
was integrated for 1 s at 30 ◦C with a Microlumat Plus LB96V luminometer (Berthold).
Toxicity was expressed through the bioluminescence inhibition rate [46].

Toxicity of the pollution toward the three autochthonous P. stutzeri, R. equi, and C.
metallidurans was assessed as follows. At the beginning of the bioassay, the lyophilized
bacteria were rehydrated with 100 µL of distilled water for 30 min at 30 ◦C. Thereafter,
25 µL of leachate was added, and the bioassay was incubated for 60 min at 30 ◦C. Biolumi-
nescence monitoring was recorded using a Microlumat Plus Lb96V microplate luminometer
(Berthold). The bioluminescence results were then expressed as an inhibition percentage
(I %) of the bioluminescence (Bl) emitted by the sample (Bl assay) versus those of a control
(Bl control) (Equation (1)).

I % = 100 − (Bl assay/Bl control) × 100) (1)

where “I %” is the inhibition percentage, “Bl assay” is the bioluminescence after exposure of
the biosensor to a sample, and “Bl control” corresponds to the bioluminescence background
obtained with distilled water.

2.6.2. Mutagenicity Assessment with the Ames Test

The mutagenicity of the leachate extracted from contaminated sediments was assessed
through the Ames test with Salmonella typhimurium his− bacteria, using four sensitive
strains: TA 98, TA100, TA 1535, and TA 1537 (Xenometrix). The mutagenicity assessment
consisted in the measurement of the ratio of mutant his- strains growing on a histidine
deficient medium, following the manufacturer’s instructions (Xenometrix). For this, the
Ames’ test was applied with and without S9 metabolic activator supplements following
literature instructions [61]. DMSO was used as a negative control for the four sensitive
strains, whereas the mutagen control was 2-nitrofluorene for strains T98 and TA100 and
9-aminoacridine for strains TA1535 and TA1537. Reverting strains were counted when at
least two successive dilutions showed an equivalent number of reverting strains.

2.7. Statistical Analysis

All tests were performed in triplicate, and the results are presented as mean± standard
deviation (SD). The statistical significance of differences was checked using analyses of
variance (ANOVAs) and non-parametric Mann–Whitney, Kruskal–Wallis and Dunn’s tests.

3. Results
3.1. Overall Efficiency of the Bioremediation Processes

At the beginning of the trial, the sediment in all treatments contained a natural popula-
tion in which the following strains were present: Rhodococcus equi 3.10 × 104 (±1.26 × 104)
DNA·g−1 sediment, Pseudomonas stutzeri 3.52 × 104 (±1.04 × 104) DNA·g−1 sediment, and
Cupriavidus metallidurans 1.70 × 104 (±1.37 × 104) DNA·g−1 sediment. Four reactors were
biostimulated with N and P additions, using the ability of the natural population, and four
other reactors were both biostimulated and bioaugmented by adding 1 × 107 DNA·g−1

sediment of each of the three above strains. At the beginning of the experiment, the overall
biomasses in the effluent were 1.43 × 102 (2.5 × 101) cells·mL−1 and 1.44 × 107 (2.82 × 106)
cells·mL−1 for the biostimulated and bioaugmented treatments, respectively.

Organic matter content at the beginning of the experiment differed between the bioaug-
mented (55 gC·kg−1 dried sediment) and biostimulated treatments (62.5 gC·kg−1) both in
the solid and liquid fractions. For both treatments, the solid organic matter (SOM) fraction
decreased through the bioremediation period to reach a final content of 28 gC·kg−1 dried
sediment (Figure 2A). Compared with the biostimulated treatment, for which 3 months
were required to reach this final content, only 1 month was needed under the bioaugmented
conditions. In the effluent, organic carbon contamination decreased from 42 gC·L−1 at
the beginning to 0.2 gC·L−1 for the bioaugmented treatment and to 15 gC·L−1 for the
biostimulated treatment, accounting for 99% and 65% decreases, respectively (Figure 2B).
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No N nor P limitations occurred during the bioremediation process for either treatment,
notably due to the periodic feeding of the bioreactors with fresh M9 medium. O2 and pH
were stable throughout the incubation period (results not shown).
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Figure 2. Overall depollution of the biostimulated and bioaugmented bioremediation processes, with
organic carbon disappearance for the solid fraction (A) and soluble fraction (B). Disappearance of
benzo(a)pyrene (BaP) and DDT (C). Evolution of the microbial biomass in the effluent for bioaug-
mented and biostimulated treatments (D). Acute toxicity of the effluent for the three autochthonous
degrading strains used for bioaugmentation (E) and their maintenance quantified by quantitative
PCR at the end of the process (F). Results presented correspond to a mean and a standard deviation
of 4 reactors for each treatment.

Overall decreases in BaP and DDT were found for the bioaugmented treatment,
whereas only DDT disappeared in the biostimulated treatment. Statistical analyses con-
firmed a significant difference in BaP concentration after 80 days of incubation in the
bioaugmented treatment from 35 mg·kg−1 to 21 mg·kg−1 sediment (Mann–Whitney test at
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p < 0.05), whereas no difference was found in the biostimulation treatment. Considering
DDT, the decrease in the biostimulated treatment was more pronounced and reached a final
concentration of 8.5 mg·kg−1 sediment, compared with 15 mg·kg−1 sediment in the bioaug-
mented treatment (Figure 2C). Mann–Whitney analyses confirmed that the disappearance
of DDT found in both treatments is statistically significant, at p < 0.05.

During the bioremediation process, microbial biomass increased in relation to carbon
consumption to progressively reach a final concentration of 1.104 cells·mL−1 for the biostim-
ulated treatment and 4 × 1010 cells·mL−1 for the bioaugmented treatment after the 90 days
of bioremediation (Figure 2D). Microbial biomass growth stopped for the biostimulated
treatment despite 1/3 of the organic carbon content remaining in the effluent at the end of
the experiment and no N or P limitation.

Bioaugmentation initiated with the addition of 1.2× 107 cells·mL−1 for each bacterium
(Pseudomonas stutzeri, Cupriavidus metallidurans, and Rhodococcus equi) was possible, as the
pollution did not exert any significant toxic effect. The toxicity of the contaminated effluent
was monitored using bacteria isolated from the Bizerte Lagoon genetically modified to
serve as lux bioreporters. The data show that despite the BaP and DDT spikings, toxicity
caused only 8% inhibition for the three strains P. stutzeri pBtaclux, C. metallidurans pBtaclux,
and R. equi pBtaclux (Figure 2E). This low toxicity continued to decline until the end of the
process and became negligible for both treatments.

Interestingly, not all the strains used in the treatments were maintained (Figure 2F). For
the bioaugmented treatment, P. stutzeri and R. equi increased up to densities of 8.3 × 1013

and 5.2 × 1012 DNA·g−1 sediment, respectively, after 90 days of incubation, while they
reached only 5 × 105 and 1.2 × 106 DNA·g−1 sediment in the biostimulated treatment after
90 days of incubation. In both treatments, however, C. metallidurans decreased down to the
detection threshold by the end of the experiment.

3.2. Impact of the Bioremediation Processes

In addition to the two contaminants spiked in the experiment, a native contamination
of PAHs was found in the sediment, consisting of mainly naphthalene, phenanthrene, and
anthracene. The sum of PAH contaminants was 0.67 µg·g−1 sediment at the beginning
of the bioremediation process, apart from for BaP. This level of contamination changed
according to the bioremediation treatment. In the case of biostimulation, this contamination
decreased to 0.35 µg·g−1 sediment, while bioaugmentation induced an increase in the sum
PAH up to 0.98 µg·g−1 sediment, notably due to the release of BaP by-products (Figure 3A).
Regarding the organochlorine family, despite a more pronounced disappearance of DDT
in the biostimulated treatment, the overall contamination by this group remained stable
through the bioremediation process. Indeed, for the biostimulated treatment, the DDT
disappearance (−58%) was counterbalanced by the apparition of DDD and other DDT
derivatives, which are major by-products released by its primary aerobic biodegradation
(Figure 3A).

As Bizerte bay sediment contains other contaminants in addition to BaP and DDT,
organotin and metals were also monitored using bioreporter strains able to detect bioavail-
able compounds. The TBT3 biosensor revealed the presence of organotin compounds and,
notably, TBT in significant amounts in the native sediment. TBT concentration was higher
than the TBT3 sensitivity threshold, estimated at 0.01 µM. The bioaugmented treatment
brought about a significant decrease in TBT content, to below the detection threshold,
whereas its concentration remained significant in the biostimulated treatment (Figure 3A).
Metal bioreporters indicated the presence of bioavailable metals As3+, Cu2+, Cd2+, and
Hg2+ in the native sediment. The biostimulation treatment did not alter their concentration,
whereas bioaugmentation induced a decrease of 1 to 2 log for each metal (Figure 3A).
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Figure 3. Distribution of the native pollutants present in the sediment and by-products released
by the bioremediation process respectively in the effluent and in sediment noted as (E) and (S) (A);
*∑PAH corresponds to the sum of the 15 PAH reported in the EPA (without the BaP value). Toxicity
of the effluent for the constitutive bioluminescent bioreporters Aliivibrio fischeri NRRL B-11177 (B) and
Escherichia coli pBtacluxCDABE (C). Mutagenicity of the sediment for Salmonella typhimurium TA-100
without and with S9 supplement (n = 48, tested in triplicate) (D,E).

In parallel with the detection or monitoring of specific organic and inorganic com-
pounds, the monitoring of overall toxicity was useful to assess the true balance of the
treatment efficiency.

Acute toxicity of the sediments contaminated with DDT and BaP at the beginning of
the experiment was significant and induced a total inhibition of the two microbial mod-
els: the marine Aliivibrio fischeri NRRL B-11177 and Escherichia coli DH1 pBTacluxCDABE
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(Figure 3B,C). The two treatments decreased the toxicity but, according to the two microbial
models, bioaugmentation was more efficient with regard to overall toxicity reduction. At
the end of the experimental period, there was a drop of 90% of toxicity in the effluent of the
bioaugmented reactors compared with a drop of only 48% for the biostimulated reactors.
Looking at mutagenicity (Figure 3D,E for TA100, Supplementary Data Figure S1 for S. ty-
phimurium TA98, TA100, TA1535 and TA1537), a decrease is observed for both treatments
during the 90 days of incubation. Nevertheless, whatever the time of observation, the
biostimulation process never allowed a significant decrease below the threshold, while
90 days of incubation allowed the bioaugmentation process to decrease the mutagenicity
with or without addition of the S9 fraction.

4. Discussions

The bioprocess efficiency differed between the bioaugmented and biostimulated treat-
ments in terms of organic carbon consumption and BaP, DDT removal performances.
Organic carbon consumption was higher for the bioaugmented treatment and should be
correlated directly with the microbial enrichment. This observation seems to be in ac-
cordance with the literature in which an increase of organic carbon removal has already
been found to be 30% higher with bioaugmentation approaches [62–65]. Regarding the
two contaminants BaP and DDT, bioaugmentation led to a decrease of 23% BaP compared
with the biostimulated treatment. However, this biodegradation was not total as observed
by [66], and led notably to the release of intermediary by-products, as found in ΣPAH
compounds. Concerning DDT, its disappearance was higher in the biostimulated treat-
ment compared with the bioaugmented one, but the sum of organochlorine by-products
remained unchanged throughout the bioremediation process, resulting notably in the ac-
cumulation in the sediment of DDD, a by-product of major environmental concern [12],
(Mansouri et al, 2017). Adding to these major contaminants, bioavailable metals and TBT
were monitored during the bioremediation process using bioreporters already described
in the literature. The use of bioluminescent reporters highlighted the fact that bioaug-
mentation provoked a decrease in the concentration of metals and TBT in the sediment
compared with biostimulated conditions, for which no relevant changes were found over
the incubation. Nevertheless, at this stage of observation, either the bioaugmentation
provoked a decrease in bioavailability by a physical modification (measurable with the
bioreporter) or the metallic and organotin pollutions were really depolluted, for example by
adsorption/chelation/chemical modifications by specific microorganisms, but this question
remains to be explored.

Different methods were used to manage the evolution of the bioremediation process,
to confirm the absence of toxic events for the autochthonous microbial community in the
reactors but also to monitor the strains used for bioaugmentation. The use of bioluminescent
bioreporters based on the degrading strains confirmed the absence of any substantial
toxicity during the process. This suggests that these autochthonous degraders are able to
survive and degrade pollutants in bioremediation systems. To confirm the survivability of
the degraders, qPCR analyses were performed at the end of the process and highlighted
the maintenance of two out of the three degraders used for bioaugmentation. During the
incubation, concentrations of P. stutzeri and R. equi increased by 2 and 4 log, respectively,
whereas C. metallidurans concentration decreased down to the detection threshold for both
treatments. Coupling this information with the results obtained from the bioluminescent
reporters suggests that the C. metallidurans disappearance could have resulted from internal
competition rather than toxicity.

Despite the decrease in the targeted contaminants, an increase in toxicity could have
occurred due to the release of degradation by-products that can have higher toxicity and/or
bioavailability than parental compounds. To ensure that the bioremediation process was not
affected in this way, ecotoxicological impact of the bioremediation was assessed with toxic-
ity and mutagenicity measurements. Toxicity was assessed with both a fresh and a saline
bacterium. Acute toxicity, which was high at the start of the process, decreased below the
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detection threshold for the bioaugmented treatment compared with the biostimulated con-
trol. These results are in accordance with those obtained in different DDT bioremediation
processes in which contaminant removal decreased toxicity [67,68]. The mutagenicity of
the sediment decreased for the bioaugmented bioreactors at the end of the incubation. [69],
studying the mutagenicity of three PAHs (pyrene, fluoranthene and phenanthrene) and
their by-products after their biodegradation by Mycobacterium sp. SNP11, similarly found
a significant decrease in the mutagenicity with partial degradation accompanied by the
accumulation of intermediary metabolites. However, it is not clear if the level of mutagenic-
ity found at the beginning of our experiment was due to the spiking of BaP and DDT, or
whether it was already present in the organic carbon fraction present in the sediment.

5. Conclusion

Bioaugmentation allows an overall increase in organic carbon removal and the detox-
ification of effluent, despite a relatively low decrease in the BaP and DDT contents. To
promote these depollution approaches, it will first be essential to expand such monitoring
solutions to assess the efficiency of bioremediation in field conditions. However, according
to the diversity of monitoring methods that can be handled to report on a bioremediation,
we investigated a relatively large panel of descriptors to characterize a bioremediation
process. Among the different methods used, a restricted monitoring panel of analyses
appears essential to follow change occurring over the bioremediation process, including
the following: (i) organic carbon measurement reporting all biodegradation occurring in
the system, as well as a specific method to monitor the decrease of the main compounds;
(ii) dissolved N, P, O2 and pH measurements, ensuring the stability of the physico-chemical
conditions of the bioreactors; (iii) a qPCR method to track the degraders when bioaug-
mentation is the selected technique; and (iv) measurements of the acute toxicity, notably
toward degrading strains, and the mutagenicity are considered essential. All these analyses
provide information about the steady state of the reactors (Figure 4).
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Figure 4. Suggested set and sampling frequency for the monitoring methods used in this study.
(3) Every 3 days; (10) every 10 days; (30) every 30 days; (END) at the end. An essential panel of
methods is proposed in blue.

These results show that three families of methods are needed to evaluate the effec-
tiveness of a bioremediation process in order to report on the decontamination of the
pollutant(s), the proper functioning of the process and finally the ecotoxicity and muta-
genicity of the effluent before and after treatment. From a monitoring research point of
view, two issues are important. The first is to convince the bioremediation industry to adopt
these three families of methods at least in the laboratory. With the exception of toxicity
onto degraders that need specific genetic constructions, all the methods are available. The
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second and most difficult challenge is to transpose most of these methods to the field
under the constraints of reliability, simplicity and cost. Our laboratory is now working on
developing transportable mini systems to meet industrial needs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su141710932/s1, Figure S1: Mutagenicity of the sediment for Salmonella
typhimurium TA 98; TA 100; TA 1535 and TA 1537 without and with S9 supplement (n = 48, tested
in triplicate).
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