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Abstract: Bilge water is oily saline wastewater accumulated on the hull at the bottom of a vessel,
generated from leakage from pipes and engines and wash-down freshwater containing cleaning
solvents. The present study focused on isolating microorganisms from oil-contaminated sites and
indigenous species from raw bilge water and assessment of their ability to biodegrade bilge water.
Using phenanthrene as a carbon source Citrobacter species was isolated from oil-contaminated sites
and its optimum growth condition was found. The results indicated significant tolerance of the
bacterium which presented great biodegradation ability for the tested carbon source. At high salinity
(B33g L1 of NaCl), sufficient phenathrene removal was achieved (81%), whereas variation of pH
from 5 to 10 did not affected the survival of the microorganism. Regarding the effect of temperature
and nutrients, Citrobacter sp. was better adapted at 30 °C, while lack of nutrients presented a negative
impact on its growth. Halomonas and Exiguobacterium sp. were isolated from real bilge water using
phenanthrene and phenol as a carbon source. The isolated strains independently exposed to high
and low range bilge water pointed out around 83% and 53% chemical oxygen demand (COD)
removal, respectively. Analysis of untreated bilge water by gas chromatography-mass spectrometry
(GC-MS) was carried out, and the results confirmed the presence of organic compounds having a
high similarity with Heptane, N-hexadecanoic acid, Methyl isobutyl Ketone and 1-butoxy-2-propanol.
Chromatographic analysis of treated bilge water after exposure to isolated strains indicated the
existence of new compounds. These metabolites presented high similarity with N-hexadecanoic,
methyl ester, N-hexadecanoic and Octadecanoic acid methyl ester.

Keywords: oil wastewater; Citrobacter species; Halomonas; Exiguobacterium sp.; hydrocarbons degradation;
GC-MS

1. Introduction

Bilge water (BW) is the main pollutant of shipboard wastewater, and it can be de-
fined as saline, oily and greasy wastewater with high COD (>3-15 gCOD L~!) containing
lubricating oil, cleaning diesel oil, spills from the engine room, oily sludge, water leaks
from internal pipes, and seawater filtrations [1]. According to the International Maritime
Organization (IMO) regulations [2] and the European directive 2000/59/EC the discharge
of oil residues to marine environments is prohibited. Therefore, bilge water is either treated
enroute in an oil separation system before being discharged to the sea or deposited at
reception facilities on land.

According to the literature, mainly physicochemical processes have been applied for
BW treatment like coagulation/flocculation, electrochemical demulsification, membrane
separation, etc. [3-7]. However, such methods often imply high operational costs. Moreover,
the use of chemicals [8] for solving emulsification problems increases the risk towards
living organisms. Thus, additional treatments are needed for the remaining water before
its release into the environment [8]. As a result, the development of new cost-effective, fast,
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environmentally friendly and sustainable treatment technologies is of high importance to
comply with the increasingly stringent requirements of international regulations.

On the contrary, biological methods, progressively gain interest in treating saline
wastewaters rich in organic content and petroleum hydrocarbons [9] using microorgan-
isms able to consume such compounds [10]. However, biological activity may be strongly
inhibited by the hostile nature of the recalcitrant wastes such as BW [11]. Therefore, the
use of indigenous species or species adapted to recalcitrant wastewater is proved more ad-
vantageous over non-native micro-organisms for achieving better results. Autochthonous
microbial isolates are already adapted to thrive in the complex toxic environment and
can act synergistically [12]. Thus, bioremediation is considered as more efficient and
cost-effective green alternative process [13].

Numerous studies have described the isolation of indigenous species from oil contam-
inated samples [14-16] and as reported there is a possible correlation between hydrocarbon
degradation and biosurfactant production by microorganisms which enhances the elimina-
tion of organic compounds [17-19]. Furthermore, there are several researchers investigated
the degradation of crude and diesel oil or petroleum hydrocarbons by native species isolated
from oil-contaminated substrates [20,21]. Specifically, Olivera et al. [22], Santisi et al. [23],
Nievas et al. [24] and Sivaraman et al. [25] have identified several cultivable oil-degrading
bacteria from bilge samples, being found mainly members of the genus Pseudomonas. How-
ever, Nisenbaum et al. [9] took sample from oily bilge water from ship and exposed this for
a long period to bilge water. The most abundant bacterial species detected were: Marinobac-
ter spp. 20.7%, Alcanivorax spp. 17.3%, Parvibaculum spp. 13.3%, Flavobacteriaceae 10.1%,
Gammaproteobacteria PYR10d3 8.4%, Novispirillum spp. 5.0% and Xanthomonadaceae 4.9%.
Mazioti et al. [14] isolated Halomonas alkaliphila S5a, from raw bilge wastewater and exam-
ined the COD removal from raw bilge water. In addition, Cappello et al. [26] identified
Acinetobacter, and Rhodococcus from bilge waster. Corti-Monzon [27] examined the diversity
and functionality of the microorganisms occurring in oily bilge wastes. Alkane degradation
marker gene alkB PCR-DGGE fingerprinting showed distinct diversity patterns among
the samples. Alcanivorax, Marinobacter, and Pseudomonas were highly abundant in bilge
samples, suggesting that alkB genes would be hosted by members of these genera.

However, there is scarce information regarding the biodegradation of raw real BW by
indigenous and non-indigenous species, as well as the specific organic compounds that are
removed due to their action.

Therefore, the objectives of the current study were to (i) isolate and identify microbial
strains from oil-contaminated sites and indigenous strains from real bilge water, (ii) in-
vestigate the tolerance of isolated species in various extreme environmental conditions:
different salinities, temperatures, pH values and nutrients concentrations, (iii) examine the
ability of isolated species to eliminate specific hydrocarbons and biodegrade BW resulting
substantially decrease of COD removal and (iv) get an overview of the organic compounds
present in treated bilge water using GC-MS analysis.

2. Material and Methods
2.1. Collection of Real Bilge Water

Samples of real bilge water were taken from EcoFuel Limited Company (Ecofuel Ltd.,
Limassol, Cyprus), which collects and treats this type of wastewater at Zygi (Cyprus). The
physicochemical properties of bilge water from three batches received in the treatment
plant facilities (data are obtained from EcoFuel Ltd. database) are given in Table S1. The
extractable total hydrocarbons of BW from a specific batch sample mainly consisted of
organic compounds with 6 to 35 carbons in their molecule (C6 to C35). As shown in
Table 52, mono-aromatic, aliphatic and polycyclic aromatic hydrocarbons (PAHs), phenol
derivatives as well as surfactant related compounds, such as dodecanol, were present.
The volatile hydrocarbon content was composed mainly by gasoline components, such as
benzene, toluene, ethylbenzene and xylenes (BTEX) phenol and naphthalene derivatives.
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2.2. Isolation of Pure Strains from Environmental Samples and Identification of Indigenous
Bacterial Strains

Different samples from oil-contaminated soil nearby Ecofuel (Cyprus) Ltd., E107, Mari
(https:/ /www.ecofuelcy.com/; accessed on 15 March 2022) and real BW were used to isolate
bacterial strains and investigate their tolerance and ability to biodegrade phenanthrene.
This compound was selected as a representative one since many aromatic hydrocarbon
groups are often detected in BW [1,28].

Briefly, 100 mL conical flasks were filled under sterile conditions with 25 mL modi-
fied sterilized mineral salts (Merck, Germany) medium (MSM) containing 50 mg L~! of
phenanthrene (Merck, Germany) and 5 g of contaminated solid sample or 5 mL of liquid
sample. After pH adjustment to 7, the flasks were placed in a shaking incubator at 30 °C
and agitated at 100 rpm for a period of 10 days until visible turbidity within the liquid
phase was observed.

Isolation and identification of each bacterial strain was performed by the removal of
0.1 mL of sample from each flask that exhibited high turbidity and serially diluted by a
factor from 107! to 10~1%. The diluted samples were plated by the streak method on Petri
dishes containing a mixture of MSM-agar and 50 mg L~! of phenanthrene. Afterwards,
the inoculated Petri dishes were sealed and incubated up to 10 days (30 °C). Following
the incubation period, single colonies were picked and re-cultivated in MSM-agar media
following the same procedure as stated above. This procedure was repeated several
times until pure identical colonies were observed. Finally, pure cultures of the isolated
microorganisms were subjected to 16S rRNA sequence analysis for identification [29].

One difficulty of using phenanthrene was its dissolution in the aqueous MSM medium.
Water solubility of phenanthrene is 1.29 mg L~!, which is low characterizing this com-
pound as an insoluble organic component. Thus, ethanol was chosen as the carrier solvent
because of its high vapor pressure. Solution of the compound in ethanol was poured in
the conical flasks, and it was allowed to stand at the fume hood overnight for complete
evaporation of the organic solvent. During the experiments, culture samples (2 mL) were
extracted by liquid-liquid extraction and analyzed by high performance liquid chromatog-
raphy (HPLC)-UV/VIS detector in order to know the accurate dissolved concentration
of phenanthrene. The extraction was performed with 2.5 mL of acetonitrile by vortex for
1 min. Afterwards, 2 mL of the supernatant were centrifuged (13,000 r.p.m, 10 min), filtered
(0.25 pm) for the removal of microbial cells and finally subjected to HPLC analysis.

For isolation of indigenous samples from BW, samples were collected and diluted
(1072 to 10719). The diluted BW was transferred onto MSM-agar plates containing phenol
0.5 g L~! and phenanthrene 0.5 g L~!. Salinity was adjusted to 35 g L' of NaCl, in order
to have same salinity as the sea water. Repeated striking process onto agar plates was
performed and after 5 days of cultivation pure cultures were observed. Red/orange-colored
and white colonies appeared onto the surface of the agar plates and 2-3 colonies were
collected for identification.

2.3. Strain Characterization by 16S rRNA Sequence Analysis

Identification of isolated microorganisms was performed based on [29]. Briefly, Poly-
merase Chain Reaction (PCR) was accomplished using the following primers: (i) 8f: 5'-AGA
GTT TGA TCC TGG CTC AG-3’ and (ii) 1542R: 5'-AAG GAG GTG ATC CAG CCGCA 3'.
The reaction was performed as follows: 94 °C (2 min) followed by 33 cycles consisting of
94 °C (1 min), 56 °C (1 min), 72 °C (2 min) and finally 72 °C (7 min). PCR-amplified 16S
rRNA genes were purified using the NucleoFast® 96 PCRCleanup Kit (Macherey-Nagel,
Diiren, Germany). Sequencing alignment was performed by Macrogene (Netherlands)
and the resulting alignment of the DNA sequences of the gene encoding 16S rRNA was
compared for homology in the NCBI database by BLASTn nucleotide tool analysis. The
phylogenetic tree diagram was developed through the neighbor-joining method applying
Mega 6.0 software and the most similar sequences according to the NCBI database by
BLASTn and boot strapping similar to Koutinas et al. [30].
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2.4. Cultivation of Bacterial Strain under Different Environmental Conditions

After selecting the optimal initial concentration of phenanthrene, the effect of tem-
perature, pH, salinity and nutrients on the degradation of the compound was further
investigated by the isolated strain Citrobacter sp. D2. Initially, the microorganism was
pre-cultivated for 24 h in 100 mL MSM medium containing 150 mg L.~! of phenanthrene
and 0.5 g L~! NaCl. 5 mL of adapted culture was transferred onto conical flasks of 100 mL
(25 mL working volume) containing MSM medium under various conditions for a period
of 96 h at 30 °C. The various parameters were tested at several levels: salinity (NaCl: 0.5, 15,
20,33 ¢g LY, pH (5.0, 7.0, 8.5, 10), temperature (22, 30 and 40 °C) and absence of nutrients
(absence of phosphorous, nitrogen or both). Temperature and pH were measured using
portable instruments. Optical density of the liquid cultures was measurement at 600 nm
at different time intervals using a HACH UV /VIS scanning spectrophotometer (JENWAY
7315, Staffordshire, UK).

2.5. Biodegradation of Real Bilge Water by Different Isolated Bacterial Strains

Each isolated microbial strain was tested for its ability to biodegrade real BW. Firstly,
the microbial strains were activated in MSM medium containing phenol (0.5 g L™1)
overnight at 30 °C. Then, 0.2% v/v inoculums were transferred in 100 mL conical flasks
(25 mL working volume) containing real undiluted BW (100%). The pH of the cultures was
adjusted to 7.0 and the flasks were placed into shaking incubator (30 °C, 100 rpm) for a
period of 9 days. Liquid samples were collected at different time intervals for COD analysis
according to Standard Methods [31]. Specifically, the closed reflux colorimetric method was
used for COD. Before spectrophotometric analyses, samples were centrifuged and filtered
for removing color and solids. Thereafter, 2.0 mL of the sample was added into glass tubes
and digestion solution (1.2 mL) together with sulphuric acid reagent (2.8 mL) were added.
The glass tubes were closed tightly, mixed properly and refluxed in a Hach COD reflux
reactor (150 °C for 2 h). After cooling to room temperature, the COD was determined by
HACH UV /VIS scanning spectrophotometer (JENWAY 7315, Staffordshire, UK) at 620 nm.

2.6. HPLC-UV/VIS Analysis

All samples for the determination of real concentration of phenanthrene in the cultures
were analyzed by High Performance Liquid Chromatography (HPLC)-UV/VIS. The system
consisted of a LC-20AD pump equipped with a Shimadzu SPD-20A UV /VIS detector and
a SIL-20A HT auto sampler (Shimadzu, Milton Keynes, UK). The column was C18 (Thermo
Scientific, Waltham, MA, USA) and was heated at 40 °C (column oven CTO-10AS VP,
Shimadzu). The detector was set at 254 nm, the injection volume at 20 pL. Isocratic analysis
(45 min) was performed using mixture of acetonitrile-ultrapure water (70:30) as a mobile
phase solution at a flow rate of 1 mL min~!.

Sample volume of 2 mL was transferred into test tubes (10 mL) and 2.5 mL of acetoni-
trile were added. The mixtures were placed on vortex for 1 min, so as the extraction of
phenanthrene can be achieved by the organic solvent. Then, 2 mL of the supernatant were
first centrifuged (13,000 r.p.m) and then was passed through filter (0.25 um) for the removal
of microbial cells. Finally, the filtered samples were subjected to HPLC-UV /VIS analysis.

2.7. GC-MS Analysis

Bilge hydrocarbons were extracted according to the main steps of ISO 9377-2:2000 as
described by [32] in order to identify the major organic compounds found in BW. Briefly,
9 g of MgSO,-7H,0O were added to 100 mL of sample and the pH was adjusted to pH 2
by adding hydrochloric acid. Thereafter, the sample was extracted with 50 mL of hexane
(Merck, Germany) for 100 mL of sample (50 mL hexane per 50 mL sample each time)
after rigorous stirring for 30 min. The extracts were collected and stored (—18 °C) in a
65 mL serum bottles sealed with Teflon cups until GC-MS analysis. Chromatographic
analysis was performed using a Hewlett Packard Gas Chromatograph 5890 Series II con-
nected to a Hewlett Packard Mass Spectrometer HP5971 MSD (Palo Alto, California, CA,
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USA). The separation of the compounds was achieved using a DB5MS capillary column
(60 m x 0.32 mM x 0.25 mm, Supelco, Burlington, MA, USA). The carrier gas was helium
(0.9 mL min~1). A sample volume of 1 uL was injected in splitless mode at an inlet temper-
ature of 250 °C. The initial column temperature was held for 5 min at 45 °C, programmed
at5 °C min~! to a final temperature of 260 °C which was held for 12 min. The MS transfer
line temperature was maintained at 280 °C, whereas the ion source temperature was 180 °C.
For the qualitative analysis, the mass spectrometer was operated in total ion current mode
and identification of compounds was made by comparison of a high probability match with
mass spectra reported in the library of the National Institute of Standards and Technology
(NIST 5, U.S.A. Department of Commerce).

3. Results and Discussion
3.1. Isolation and Characterization of Pure Bacterial Strains

Two bacterial strains were isolated from soil samples contaminated by oil using
phenanthrene as a carbon source. The two PAH biodegrading microorganisms, named
D1 and D2, formed white round colonies in all tested concentrations (Figure S1). As
the concentration of phenanthrene increased, smaller and lesser colonies were observed,
indicating a negative effect on the microbial population with D2 proved to be more tolerant
than D1. Measurements of optical density (OD600) at D2 cultures confirmed biomass
production from the beginning and followed a rising trend up to the end of cultivation
(Figure S2).

Since D2 showed the highest growth and tolerance to phenanthrene, it was selected
for further experiments. BLASTn tool analysis was used for the comparison of the gen-
erated nucleotide sequence that was received using the 165 rRNA sequencing with other
bacterial strains. The results showed that the isolate was similar to the genus Citrobacter
and had 99.7% (supplementary information) similarity with Citrobacter freundii and 99.5%
similarity with Citrobacter portucalensis. This is also shown in the phylogenetic tree diagram
(Figure S3).

Isolation of indigenous bacterial strains from raw BW resulted in two isolates. After
five days of cultivation, red /orange-colored and white colonies appeared on the surface of
the agar plates. Characterization of the isolated strains resulted in 99.0% homology with
Exiguobacterium and Halomonas species and was named Ex-Ind2 and Hal-CG, respectively.
More specifically, Exiguobacterium Ex-Ind2 was found to be 99.3% similar with both Ex-
iguobacterium indicum and Exiguobacterium acetilicum, while Halomonas Hal-CG presented
99.7 and 99.3% similarity with Halomonas boliviensis and Halomonas titanicae, respectively
(Phylogenic diagram Figures S4 and S5). Mazioti et al. [14] and Santisi et al. [23] also
isolated halotolerant Halomonas species from bilge water.

3.2. Biodegradation of Phenanthrene by Citrobacter sp. D2

Growth of Citrobacter sp. D2 was investigated under different environmental condi-
tions. As shown in Figure 1, the microorganism grew and metabolized phenanthrene up to
33 g L~! of NaCl since visible turbidity was exhibited in all flasks. At 0.5 g L~! of NaCl,
the growth reached the stationary phase almost immediately, from the first day. When
15¢ L1 of NaCl were used, the highest OD600 was obtained, and exponential growth was
observed until the end of the experiment. A similar growth trend was also observed at the
next concentration level (20 g L~1), but with lower biomass production.

Nevertheless, the increasing trend indicated a potential growth of Citrobacter sp. D2
beyond 4d of cultivation at these two levels. At concentration 33 g L~! of NaCl, limited
growth of the microorganism was achieved. Although, the observed turbidity in the
cultures demonstrated that despite its slower growth rate, Citrobacter sp. D2 had the ability
not only to adapt, but also to continue biodegrade phenanthrene. Indeed, as shown in
Figure 2, the concentration of phenanthrene was reduced at all examined salinity levels
during 23 days of incubation. At the end of the experiment, removal reached 81% in the
cultures containing 33 g L~! NaCl.
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Figure 1. Growth of Citrobacter sp. D2 under different salinity conditions in the presence of
150 mg L~! of phenanthrene.
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Figure 2. Biodegradation of phenanthrene (Cy = 150 mg L) over time by Citrobacter sp. D2 under
different salinity conditions.

The Citrobacter genus members’ ability to degrade organic compounds in saline condi-
tions is in line with other studies. Deng et al. [33] indicated that a strain named Citrobacter
HP-1 could tolerate salinity less than 10% and altogether remove over 400 mg L ! of phenol
within 20 h.

HPLC analysis of culture samples indicated that the initial concentration of phenan-
threne was altered significantly when the compound was exposed to the liquid phase
of MSM medium probably due to its low water solubility. Indeed, at the beginning of
the experiment, the concentration of phenanthrene in the liquid phase was remarkably
low (Figure S6) indicating its low bioavailability. However, during the exponential and
early stationary phase of Citrobacter D2 (from 24 to 48 h), the dissolved phenanthrene was
increased and finally reached its initial nominal concentration (250 mg L~!). After that,
its concentration started to decrease gradually, reaching a final value of 5.37 mg L~ ! at
the end of the experiment (day 13). As the concentration of phenanthrene was decreased
the turbidity of the cultures became more intense implying that the bacteria were able
to progressively metabolize and effectively eliminate the compound resulting in almost
97.8% removal at 13d. An increase of phenanthrene’s concentration in the aqueous phase
could be attributed to the possible production of biosurfactants by Citrobacter D2, which
helped overcoming the low solubility. Adebajo et al. [34] in a recent study reported that
Citrobacter sp. can exhibit an emulsification potential as high as 40.7% after 24 h, while
other researchers highlighted the production of biosurfactants by this genus as well [35].
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Biosurfactants are metabolic products of microorganisms consisting of a hydrophilic head
and a hydrophobic tail in the form of the fatty acid associated with the polar head. Their
existence results in increase of both compound’s solubility and bioavailability due to the
reduction of the interfacial tension and the form of micelles [36]. Furthermore, another
remarkable advantage of these amphiphilic molecules is their excellent environmental
compatibility and high activity at extreme temperature, pH and salinity [37].

As for pH effect, Citrobacter sp. D2 at (15 g L™!) could survive in all tested levels from 5
to 10 using phenanthrene as a carbon source (Figure S7). Interestingly, the highest value of
OD600 nm was observed at pH 8.5 on 3d. However, after the peak was observed, the growth
of the microorganism was decreased about 29% indicating a possible inability to survive
in such pH values for long time. On the contrary, at pH 7 the growth of Citrobacter sp. D2
followed a steady increase from the beginning until the end of the experiment reaching a
final value of OD 600 nm equal to 0.23, demonstrating a better adaptation of the bacterium
at neutral pH.

Regarding the temperature impact, the results revealed that the bacterium using
phenanthrene as a carbon source was better adapted at 30 °C (Figure S8) despite the lack of
acclimatization at saline conditions (15 g L~! of NaCl). At the other two levels, colonies
were still observed; however, their size and abundance were found to be quite limited,
indicating a significant suppression of their growth. Indeed, after four days of incubation
the OD 600 nm at 30 °C was found to be 0.44 and was about 3.1 and 14.6 higher than the
measured values at 22 and 40 °C, respectively.

Lack of nutrients had an obvious adverse effect on the growth of Citrobacter sp.
(Figure S9). When the cultures contained phosphorus and nitrate, the measured OD600
reached 0.44 after 4d of cultivation. On the contrary, it found to be about 5.6 times lower
in the absence of nutrients. Between the two nutrients, phosphorus seemed to be a more
significant factor than nitrates, causing almost 2.5 greater OD 600 nm. The above results are
in line with other studies that highlight the substantial impact of nutrients on microorgan-
ism’s proliferation and demonstrate that their addition during treatment offers a beneficial
alternative in terms of degradation efficiency of hydrocarbons contained in BW [4].

3.3. Biodegradation of Bilge Water by Isolated Strains

Further experiments were performed using raw BW as the substrate to investigate if
the identified microorganisms could survive under this hostile environment. As shown in
Figure 3, isolated strains in BW (initial 11 gCOD L~ 1) resulted in COD removal of around
84% after 11 days in all cultures. This result highlights the potential use of the isolated
microorganisms for the effective removal of high range organic load.

124
—&- Control

104 -&- Citrobacter sp. D2
~ & —— Halomonas sp. Hal-CG
-
0 —¥— Exiguobacterium sp. Ex-Ind2
> 6
)
®
O 4

2-

0 I I I I I I I

0 1 2 3 6 8 9
Time (days)

Figure 3. Decrease of COD concentration (g L™') over time in bilge water (high range COD) after
cultivation with isolated bacterial strains.
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However, when the initial COD of the BW was decreased (3.7 gCOD L~ 1) the COD
removal by the three isolated strains was around 52-55% (Figure 4), indicating that the
high range BW may contain greater fraction of easily biodegradable organic compounds
than the low range BW.

4—
—®- Control
- C(itrobacter sp. D2
~ 3 —4&— Halomonas sp. Hal-CG
fn —¥% Exiguobacterium sp. Ex-Ind2
= 5
A
®)
O
1-
G L) L) L) L) L) L)

0 1 2 4 7 9
Time (days)

Figure 4. Decrease of COD concentration (g L~!) over time in bilge water (low range) after cultivation
with isolated bacterial strains.

Mazioti et al. [14] noted that isolated strains Halomonas alkaliphila S5a, Vibrio antiquarius
S8ib and Pseudodonghicola xiamenensis S8iia had a COD removal around 61-77% after ten
days, but the biodegradation was severely dependent on the initial COD of the BW. Their
treatment efficiency decreased when the initial COD of BW was relatively low and this
result is in line with the findings of the current study. In addition, Mazioti et al. [14] found
that under sterile conditions, no significant decrease of the COD occurred over time in the
control sample (raw bilge), while under nonsterile conditions, the COD decreased impor-
tantly due to biodegradation by indigenous microbes in BW. Therefore, the biodegradation
potential also depends on the ability of the indigenous microbial community to remove
the COD.

3.4. GC-MS Analysis of Real Bilge Water

GC-MS analysis was performed in order to identify the major organic compounds
that can be removed by native isolated strains when raw BW was used as the sole carbon
source. According to NIST database results, the detected compounds revealed various
similarities, but only highly probability compounds are given in Table 1. Alkenes, brunched
alkenes, aromatic molecules, ketones, solvents, etc., are only some examples. The results
are consistent with our previous study on BW [32].

Methyl Isobutyl Ketone and heptane found in untreated bilge water (Table 1) were also
identified by Vyrides et al. [32] in the bilge. From bilge sample, McLaughlin et al. [1] identi-
fied methyl ethyl ketone and Cazoir et al. [38] identified hexadecane. These compounds
were similar to Methyl isobutyl Ketone and N-hexadecanoic acid that were identified in the
current study. N-hexadecanoic acid was also found in the BW presenting high similarity,
in accordance to other studies [39]. The detection of 2-Butoxyethanol (2-BE) found in BW
(Table 1), is mainly used as a solvent in surface coatings, paints, varnishes and lubricants,
oils, and dyes [40]. Woiski et al. [40] isolated 11 strains capable of entirely degrading
2-butoxyethanol (2-BE) isolated from forest soil, a biotrickling filter, a bioscrubber, and
activated sludge. Eight of these strains belong to the genus Pseudomonas.

Figure 5b shows a significant area reduction in all the peaks due to the bilge biodegra-
dation by Citrobacter sp. D2. As shown from Table 2 and Figure 5b, heptane was detected
at high concentration in the influent BW, whereas after seven day was not detected to
effluent sample. Moreover, several from the compounds identified on day seven were not
detected in the influent BW, indicating that these products were the results of raw bilge
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biodegradation. Several of these compounds were octadecanoic acid, methyl ester and
n-Hexadecanoic acid (Table 2). The major peaks (between Rt 35 and 55 min) were reduced
to one third from the initial concentration. Compounds with Rt greater than 35 min usually
belong to long-chain alkanes and PAHs. Furthermore, the compounds with Rt 10 min and
18.5 min decreased ten times from their initial concentration, indicating the removal of
monoaromatics and VOC (i.e., heptane) from influent BW.

Table 1. Major organic compounds detected in real bilge water (BW) after GC-MS analysis.

Name Molecular Formula RT  Probability (%)

Heptane CyHjyg 7.05 81.8
Methylyclohexane (toluene) CyHyy 7.68 55.6
2,3 4-trimethyl-pentane CgHig 8.43 55.4
3-methyl-heptane (octane) CgHig 9.16 59

Octane CgHig 10.14 65.3
1-butoxy-2-propanol CyH1640, 15.26 93.7
2-ethyl-1-hexanol CgHi150 18.36 71.6
Methyl isobutyl ketone Ce¢H1,0 18.92 929
2-methyl-phenol CyHgO 19.31 59.0
Acetophenone CgHgO 19.71 52.3
Pentadecane Cyi5H3p 31.98 52.5
Hexadecane Ci6Hzs 34.42 56.3
Hexadecanoic acid, methyl ester (palmitic acid) Ci7H340, 41.40 83.9
Docosane CpoHyg 46.55 58.5
Tricosane Cp3Hyg 48.26 56.0

Table 2. Major organic compounds detected in untreated and treated bilge water by isolated bacterial
strains after GC-MS analysis. % Probability according to NIST 5 Library is given in the parenthesis.

Citrobacter Exiguobacterium  Halomonas
Compound Untreated BW sp. D2. sp. Ex-Ind2 sp. Hal-CG
Heptane 32008407 nd 14717758 6195579
P (81.8%) o (80,7%) (83.7%)
Hexane n.d. 5182909 n.d. n.d.
. . 2092353
N-hexadecanoic acid (83.9%) n.d. n.d. n.d.
. 37200692 5698795
N-hexadecanoic, methyl ester n.d. (80%) (81.0) n.d.
. 2945055 14717758 4921636
N-hexadecanoic, ethyl ester nd. (86.4%) (83.2%) (87.4%)
. 8198875
Methyl isobutyl Ketone (92.9%) n.d. n.d. nd.
728060
1-butoxy-2-propanol (93.7%) n.d. n.d. n.d.
Octadecanoic acid methyl ester n.d. 9251735 4955474 2722022

(82.7%) (84.1%) (80.5%)
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Figure 5. Chromatographic analysis by GC-MS of: (a) real untreated BW and after 7 days treatment
with (b) Citrobacter sp. D2, (¢) Halomonas sp. Hal-CG, (d) Exiguobacterium sp. Ex-Ind2. X axis: Time
(min); Y axis: Abundance.

The chromatographs (Figure 5¢) for Halomonas sp. Hal-CG show an overall reduction in
all the peak areas and a reduction in the number of the detected compounds. Heptane was
detected in both influent and effluent samples; however, in the effluent was detected a much
lower concentration (approximately 10-fold reduction). In addition, Hexadecanoic acid,
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methyl ester and 2-Propanol, 1-butoxy- were only detected after seven days of exposure
to the bilge to Halomonas sp Hal-CG. Those two compounds are usually detected after
biological activity, as they are intermediate products of microbial metabolism.

Figure 5d shows biodegradation of Exiguobacterium sp. Ex-Ind2 when exposed to the
bilge for seven days. The compound with Rt 37 min was reduced around 40.4%, whereas
that at 44 min was presented around 28.9% removal. Moreover, new compounds were
detected in the effluent BW, which were not present in the influent indicating degradation
of compounds into other by-products.

On the one hand, the above findings highlighted the ability of isolated strains to
fruitfully remove different chemicals form BW. On the other hand, it became evident that
different strains present different preferences for hydrocarbons. In the case of Citrobacter
sp D2, for example, GC-MS analysis indicated that major peaks having retention times
between 10 and 18.5 min decreased about ten times compared to their initial concentrations
(Figure 5a). In this time interval, monoaromatics and volatile organic compounds (i.e.,
heptane) are eluted. Additionally, from 35 to 55 min, peaks were reduced to about one third
and these compounds usually belong to long-chain alkanes and PAHs.

Furthermore, identification of compounds only in culture samples revealed that by-
products can be formed possibly due to breakdown of parent compounds or were solubi-
lized due the biosurfactant production by microbes in BW.

The present results are in line with Vyrides et al. [25], who also detected new com-
pounds after bilge water treatment using MBBRs inoculated with aerobic microbial con-
sortium. The aerobic metabolism of hydrocarbons is typically initiated with the addition
of oxygen to generate alcohol through an oxygenase enzyme. Depending on the position
of the hydroxyl group, the alcohol is transformed into either an aldehyde or a ketone.
Aldehydes are converted to acids through the addition of water across the carbon-oxygen
double bond. Ketones can be oxidized to acetyl esters through the action of another
oxygenase enzyme, while hydrolysis of the ester results in an acid and an alcohol [41].
Undoubtedly, future research is needed to investigate the metabolic pathways and identify
the produced biotransformation products. This is the first study that pointed out that
Citrobacter species could biodegrade bilge water. In addition, it shows the biodegradation
potential of two indigenous species (Halomonas and Exiguobacterium sp). Furthermore, the
performance of those strains in bilge water was investigated using GC-MS analysis before
and after biodegradation.

4. Conclusions

This study isolation of Citrobacter species from oil-contaminated sites Halomonas and
Exiguobacterium sp from BW was achieved using mainly phenanthrene as a carbon source.
Bilge contains high aromatic compounds, and for this reason, phenanthrene was used as a
representative compound for the isolation procedure. The isolated strains independently
exposed to high range (11 gCOD L~!) and low range bilge water (3.7 gCOD L~!) pointed
out around 83% and 53% COD removal, respectively. GC-MS analysis of untreated bilge
water confirmed the presence of compounds that had a high similarity with Heptane,
N-hexadecanoic acid, Methyl isobutyl Ketone, 1-butoxy- 2-propanol. When BW was
exposed independently to isolated strains, the above compounds were reduced, and new
compounds were detected that had a high similarity with N-hexadecanoic, methyl ester,
N-hexadecanoic, ethyl ester, Octadecanoic acid methyl ester. The results of the present
study indicated that the isolated strains might be promising for treating saline wastewaters
of high COD rich in hydrocarbons.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w14091350/s1, Table S1. Physicochemical properties of real
bilge water before treatment; Table S2. Hydrocarbon index of bilge water before treatment; Table S3:
BLASTn sequence alignment results for Citrobacter sp. D2; Table S4: BLASTn sequence alignment
results for Citrobacter sp. S1; Table S5: BLASTn sequence alignments results Halomonas sp. Hal-CG;
Table S6: BLASTn sequence alignment results for Halomonas sp. Hal-CG; Figure S1. Colony formation
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by Citrobacter sp. D2 strain in the presence of phenanthrene (150 mg L~!); Figure S2. Growth
curve of Citrobacter sp. D2 in MSM medium containing phenanthrene (150 mg L~!); Figure S3.
Phylogenetic tree diagram for Isolate D1 and D2. The evolutionary history was inferred using
the Neighbor-Joining method [42]. The optimal tree is shown. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown
next to the branches [43]. The tree is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Maximum Composite Likelihood method [44] and are in the units of
the number of base substitutions per site. This analysis involved 9 nucleotide sequences. Codon
positions included were 1st + 2nd + 3rd + Noncoding. All ambiguous positions were removed for
each sequence pair (pairwise deletion option). There were a total of 791 positions in the final dataset.
Evolutionary analyses were conducted in MEGA11 [45]; Figure S4. Phylogenetic tree diagram for
islolate Hal-CG. The evolutionary history was inferred using the Neighbor-Joining method [42].
The optimal tree is shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (10,000 replicates) are shown next to the branches [43]. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite
Likelihood method [44] and are in the units of the number of base substitutions per site. This analysis
involved 7 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. All
ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a
total of 330 positions in the final dataset. Evolutionary analyses were conducted in MEGA11 [45];
Figure S5. Phylogenetic tree diagram for islolate Ex-Ind2. The evolutionary history was inferred
using the Neighbor-Joining method [42]. The optimal tree is shown. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next
to the branches [43]. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Maximum Composite Likelihood method [44] and are in the units of the number of base
substitutions per site. This analysis involved 7 nucleotide sequences. Codon positions included
were 1st + 2nd + 3rd + Noncoding. All ambiguous positions were removed for each sequence pair
(pairwise deletion option). There were a total of 330 positions in the final dataset. Evolutionary
analyses were conducted in MEGA11 [45]; Figure S6. Concentration of dissolved phenanthrene
during its biodegradation by Citrobacter sp. D2; Figure S7. Growth of Citrobacter sp. D2 under
different pH conditions in the presence of phenanthrene (150 mg L~') and NaCl (15 g L~1) at 30 °C;
Figure S8. Growth of Citrobacter sp. D2 under different temperatures in the presence of phenanthrene
(150 mg L~1) and NaCl (15 g L1 Figure S9. Growth of Citrobacter sp. D2 under different nutrient
conditions in the presence of phenanthrene (150 mg L~1) and NaCl (15 g L™1).
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