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Abstract
Bilge wastewater is a high strength, typically saline wastewater, originating from operation of ships. In this study, the treatment of
real bilge wastewater was tested using pure isolated aerobic strains and mixed cultures (aerobic and anaerobic). The Chemical
Oxygen Demand (COD) and ecotoxicity decrease were monitored over time, while the microbial dynamics alterations in mixed
cultures were also recorded. The isolated strains Pseudodonghicola xiamenensis, Halomonas alkaliphila and Vibrio antiquaries
were shown to significantly biodegrade bilge wastewater. Reasonable COD removal rates were achieved by aerobic mixed
cultures (59%, 9 days), while anaerobic mixed cultures showed lower performance (34%, 51 days). The genusPseudodonghicola
was identified as dominant under aerobic conditions both in the mixed cultures and in the control sample (raw wastewater), after
exposure to bilge wastewater, demonstrating natural proliferation of the genus and potential contribution to COD reduction.
Biodegradation rates were higher when initial organic load was high, while the toxicity of raw wastewater partially decreased
after treatment.
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Pseudodonghicola xiamenensis

Introduction

Environmental deterioration and pollution of water bodies are
directly caused by waste and wastewater discharges. Waste han-
dling and efficiency of wastewater treatment prior to disposal
determines the degree of the environmental impact. In the case
of wastewater, industrial effluents can be more important in con-
tributing to water quality decrease as they contain heavier load of
pollutants, compared to municipal wastewater, and need intense
effort for efficient treatment. Oily industrial wastewater is gener-
ated in large volumes by several industrial activities (e.g. petro-
leum, food and shipping industry), and discharge limits are often

hard to achieve even after applying a series of treatment steps
(Coca et al. 2011). Bilge wastewater is a type of oily-wastewater,
produced from every motorized vessel, and includes all water
accumulated in the interior lower part of the ship’s hull
(Mclaughlin et al. 2014). Bilge wastewater may contain hydro-
carbons, grease, hydraulic fluids, oil additives, cleaning and
degreasing solvents, detergents, various metals and other
(Andersson et al. 2016). It is described as being highly toxic to
marine organisms and can remain highly toxic following treat-
ment (Tiselius andMagnusson 2017). Though discharge of bilge
wastewater at sea is prohibited according toMARPOL73/78 and
the European directive 2000/59/EC (Vyrides et al. 2018) and the
accidental leakages have been limited in the last decades, marine
pollution remains important because of illegal discharges (bilge
wastewater, tank cleaning residues, propeller lubricants, cargo
chemicals, etc.) (Jägerbrand et al. 2019), contributing to deterio-
ration of the marine environment. According to MARPOL 73/
78, vessels above 400 gross tonnes should use an oily-water
separator (OWS) to separate oil from the water and discharge
the water overboard, provided the effluent contains less than 15 g
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L−1 of oil. The remaining oily water should be consequently
discharged and treated on-shore. Vessels below 400 gross tonnes
retain on-board bilge water for subsequent discharge at reception
port facilities. Treatment of oily wastewater is challenging and
can be effective only if several steps are applied (primary, sec-
ondary and tertiary), including an oil separation technique
followed by physical or chemical processes that will decrease
the organic load, while tertiary treatment (membranes, chemical
oxidation) is usually necessary in order to meet discharge limits
(Varjani et al. 2020). The main wastewater purification step is
secondary treatment and it is the stage where optimization of the
selected technique can importantly decrease the cost of tertiary
treatment, thereby providing motivation for adequate treatment
of the wastewater. Biological treatment is usually selected as a
low cost yet efficient secondary treatment process, able to
achieve high performance, but easily disrupted by the complexity
of the wastewater and its alterations in composition over time
(Han et al. 2019). Apart from the high Chemical Oxygen
Demand (COD) value (from 3 to 15 g L−1) that bilge wastewater
presents (Han et al. 2019) bilge water is usually highly saline,
which may inhibit biological activity, leading to poor biological
treatment performance (Lefebvre and Moletta 2006).

Several researchers have generated data that could contribute
to optimization of biological processes at an industrial level ap-
plication. An appealing approach is to select appropriate micro-
organisms highly adapted to the wastewater that would maxi-
mize treatment efficiency.Αerobic microorganisms able to grow
in bilge wastewater and able to biodegrade organic compounds
have been described in the past (Nievas et al. 2006; Cappello
et al. 2012; Feknous et al. 2017; Uma and Gandhimathi 2019),
while performance in a consortia has also been investigated
(Cerqueira et al. 2011). However, when it comes to application,
it is usually impossible to operate large scale industrial reactors
and fully control the pure culture or consortia. Therefore, interest
is growing for open mixed cultures and autochthonous species
performance (Castro et al. 2018; Corti-Monzón et al. 2020),
where operational conditions can be more convenient and suit-
able for large scale applications.

There is little information regarding the presence or track-
ing of isolated or highly efficient microorganisms in autoch-
thonous cultures for oily wastewater degradation, while this
approach led to promising results in a recent study examining
pharmaceutical compound bioremediation (Fernandes et al.
2020). It is also unknown whether the wastewater character-
istics will lead to the same microbial diversity after operation
with different starting inocula. Temudo et al. (2008) have
indicated no risk of strain degeneration in open mixed cul-
tures, based on natural inocula with a high microbial diversity,
operated at continuous process under non-sterile conditions.
On the other hand, few studies have examined the biological
treatment of bilge wastewater with parallel production of use-
ful by-products. Few studies have focused on energy produc-
tion, via biogas production, during the anaerobic digestion of

bilge wastewater (Li et al. 2017; Vyrides et al. 2018; Morgan-
Sagastume et al. 2019) but there is poor description regarding
the biodegradation potential and microbial diversity alteration
of anaerobic granular sludge when acclimatized to bilge
wastewater. In most studies, a specific culturing approach is
followed and evaluated while there is lack of studies
conducting parallel experiments, comparing different culture
types, examined for the same wastewater treatment potential.

In this study, different types of biological cultures and cultur-
ing techniques were tested and compared at a small laboratory
scale for the treatment of real bilge wastewater. Small scale com-
parative experiments (conducted on-shore) were used to provide
valuable knowledge prior to scale magnification. The treatment
efficiency was examined with parallel monitoring of alteration in
microbial groups responsible for the biodegradation of the organ-
ic load of the wastewater. Furthermore, the potential of biogas
production increase was examined through adaptation of the mi-
crobial anaerobic culture. The following culturing approaches
were examined in small scale laboratory bioreactors: (i) pure
aerobic cultures with isolated strains, (ii) consortium of isolated
strains under sterile conditions and (iii) mixed cultures obtained
with microbial adaptation to the wastewater (aerobic and anaer-
obic). Real wastewater obtained from the same source for all
experiments was used and treatment efficiency was monitored
regarding COD and ecotoxicity decrease. Regarding pure strains
(used independently and as a consortium), isolation occurred
through gradual exposure of initial environmental inocula to
bilge wastewater and cultivation on agar plates. To obtain cul-
tures with adapted microbial groups, two conditions were ap-
plied: (i) aerobic and (ii) anaerobic. In the first case, nine (9) open
mixed aerobic cultures (OMAC) were created by long-term en-
richment of liquid cultures with bilge wastewater (150 days of
exposure). In the second case, one (1) mixed anaerobic culture
(MAnC)with anaerobic granular sludgewas created by exposing
the biomass to bilge wastewater for 90 days. To the author’s
knowledge, this is the first study that systematically compares
the biodeterioration of bilge wastewater by different microbial
culture types and culturing conditions and provides information
regarding the microbial profile of cultures over time. The results
of this study enrich the existing information regarding microbial
comportment during the treatment of oily wastewater and pro-
vide significant information regarding autochthonous-based cul-
ture evolution.

Materials and methods

Analytical standards and reagents

All chemicals and reagents used in this study were of high
purity, obtained from Sigma-Aldrich (USA), Fluka
(Switzerland) and Merck (Germany).
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Aerobic pure cultures

Isolation of microorganisms

In order to identify highly adapted microorganisms, several
potential sources were chosen and a small amount of liquid or
solid material was used for the inoculation of a starting cul-
ture. The starting inocula were withdrawn from nine (9) envi-
ronmental and industrial samples that were (i) previously ex-
posed to oil or bilge wastewater or (ii) had a high microbial
diversity (activated sludge, dewatered sludge) (Table S1). The
liquid media chosen as a substrate for microorganism growth
was a mixture of a minimal microbial growth medium (M9
solution), containing per litre of water: 6 g Na2HPO4, 3 g
KH2PO4, 35 g NaCl, 1 g NH4Cl, 1 mL of 100 mM
MgSO47H2O, 1 mL of 10 mM CaCl2 (Cappello et al. 2012)
and raw bilge wastewater (COD: 1.3–6.2 g L−1; BOD5: 0.2–
2.6 g L−1; pH: 6.2–6.7; Salinity: 25–32 ppt; see also
Table S5), obtained from a local company (Ecofuel LTD)
collecting and treating hazardous oily wastewater from the
marine industry. The bilge wastewater was placed in sealed
containers under ambient conditions prior to its use in the
experiments. For the creation of starting cultures, 250 mL
conical glass flasks were filled with 100 mL of liquid media
(containing M9 solution; 75% and raw bilge wastewater;
25%) and 5 mL or 5 g of each sample. All flasks were covered
with aluminium foil and placed in a shaking incubator at
100 rpm and a constant temperature of 33 °C. Every seven
(7) days, the liquid cultures were enriched by retaining 10 mL
of the existing liquid in the flask and adding 90 mL of fresh
media. The composition of the fresh media was gradually
altered over enrichment steps in order to increase bilge waste-
water concentration (Table S2). After nine (9) enrichment
steps, liquid cultures were used to inoculate agar plates, while
enrichment steps were continued to preserve the liquid cul-
tures for use in experiments described in Section 2.3.1. Sterile
conditions were applied during this experimental part and all
tasks were conducted in a laminar hood, in order to identify
and multiply single colonies. Solid media was created by ster-
ilizing (121 °C for 30 min in an autoclave): (i) M9 solution
and (ii) bilge wastewater (at the desired ratio each time, see
Table S3), with the addition of 20 g L−1 agar for bacteriology.
In each petri plate, approximately 30 mL of media was poured
and allowed to cool prior to inoculation with 20 μL of each
liquid culture, respectively. An appropriate number of plates
were inoculated in order to select the most efficient growing
colonies. All plates were placed in the dark, at room temper-
ature, and were visually checked until colonies were observed.
Every 4–7 days, the colonies were transferred with a loop onto
new plates, gradually increasing the concentration of bilge
wastewater in the solid substrate, until high concentration of
bilge wastewater was achieved. When pure cultures were ob-
served and could be repeatedly multiplied, colonies were

collected with sterilizedM9 and stored in cryovials containing
glycerol until analysed with 16S rRNA gene sequencing for
bacteria identification (analysis was performed by Macrogen
Europe B.V., Netherlands). The 16s rRNA gene amplification
and sequencing were conducted via following universal se-
quencing primers 785F (5′-GGA TTA GAT ACC CTG
GTA-3′) and 907R (5′- CCG TCA ATT CMT TTR AGT
TT-3′).

Pure strain biodegradation tests

Following isolation, the strains were grown separately in liq-
uid cultures and then tested for their capacity to biodegrade the
organic load encountered in bilge wastewater. All equipment
and solvents used were sterilized to exclude contaminations
(autoclaved at 121 °C for 20 min). The liquid media used was
prepared by adding 0.3 g L−1 phenol, 0.1 g L−1 yeast extract
and 0.1 g L−1 glucose to M9 solution (described in
Section 2.2.1.). One-hundred fifty (150) millilitre glass serum
bottles with a sealing cap were used with a working volume of
50 mL (sterilized liquid media). The appropriate stain was
transferred from the agar plate into the serum bottle with a
loop (see Section 2.2.1), and sealed. All bottles were incubat-
ed at 30 °C and 120 rpm. Pure strain liquid cultures were
prepared as described above to be used for biodegradation test
with real bilge wastewater. Batch tests were conducted to
determine the capacity of pure strains to degrade bilge waste-
water individually as well as in a consortium (Exp. 1A and 1B,
Table 1 and Table S5). For biodegradation capacity monitor-
ing, Chemical Oxygen Demand (COD) was selected as a re-
liable and representative parameter quantifying larger part of
organic compounds found in this wastewater type (Tran et al.
2015). Experiments were conducted in a low (below 2000 mg
L−1) andmedium range (2500–3500mgL−1) of initial COD in
wastewater (see Table S5). The growth of strains in pure cul-
tures was monitored by measuring Optical Density at 600nm
(OD600). Abiotic degradation was investigated by creating
samples without strain addition (control samples). Ιn order to
ensure colony abundance, strains were added in the bottles: (i)
from liquid cultures (with 1 mL addition), and (ii) from petri
plates with the use of a loop. All bottles were incubated at 33
°C and 100 rpm. Sampling was accomplished by piercing the
silicone septa of the serum bottle with a sterilized needle con-
nected to a syringe for liquid extraction.

Mixed cultures

Open mixed aerobic culture biodegradation tests

Open cultures were examined for the biodegradation of raw
bilge wastewater under aerobic conditions. Nonsterile condi-
tions were applied; however the wastewater was heated (121
°C for 10 min) in order to thermally eliminate volatile
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compounds. Batch biodegradation experiments were conduct-
ed in conical flasks of 250 mL capacity and 100 mL working
volume. Samples were created by adding in each flask 90 mL
of raw bilge wastewater and 10 mL of the appropriate starting
liquid culture (see Section 2.2.2). A flask with 100mL of bilge
wastewater was used (control sample) in order to monitor
biodegradation due to microbial growth of autochthonous spe-
cies present in the wastewater. All flasks were covered with
cotton and aluminium foil on top and placed in a shaking
incubator at 100 rpm and a constant temperature of 33 °C.
COD was monitored over time and experiments were con-
ducted at three initial COD range levels: low (below
2000 mg L−1), medium (2500–3500 mg L−1) and high (higher
than 5000 mg L−1). All nine (9) liquid cultures (see
Section 2.2.1) were tested in a first experimental cycle with
medium COD concentration and in a second one with low
COD concentration (Exp. 2A, Table 1). During these experi-
ments and as an open headspace was used, a test was per-
formed in order to ensure that COD removal was not enchased
due to volatilization of organic compounds. For this reason,
the same initial conditions were applied under two different
headspace conditions: open headspace and closed headspace.

Subsequently, two open cultures were chosen in order to
examine biodegradation at a high initial COD level and real
industrial conditions, whereas sterilization is usually not fea-
sible (Exp. 2B, Table 1). Triplicates of each open culture and
control sample were created and monitored over time. During
this experiment, the microbial community and diversity were
examined and compared with the indigenous species initially
present in the wastewater.

Mixed anaerobic culture biodegradation tests

For the determination of anaerobic microorganism’s ability to
biodegrade real bilge wastewater, batch tests were performed

under anaerobic conditions (Exp. 3A, Table 1). Anaerobic
granular sludge withdrawn from a full-scale Internal
Circulation (IC) bioreactor treating dairy wastewater operated
at pH 7.0–7.5 (Charalambides Christis Ltd, Limassol, Cyprus)
was used as inoculum in the present study. Glass serum bottles
were used (total volume of 125 mL) filled with 70 mL of bilge
wastewater and 55 mL of headspace. The headspace in each
serum bottle was flushed with CO2 gas (99.99% purity) for
5 min to remove oxygen before sealing the bottle with a butyl
rubber septa and aluminium crimp cap to avoid gas leaks.
Three type of samples were created: (i) granular sludge that
has already been exposed to bilge wastewater for 90 days
(mixed anaerobic culture 1;MAnC 1), (ii) granular sludge that
was exposed for the first time to bilge wastewater (mixed
anaerobic culture 2; MAnC 2) and (iii) raw bilge wastewater
for the monitoring of biomass development (Control). The
methane production was monitored in the headspace over 51
days and COD decrease of the wastewater was compared after
51 days of treatment. By the end of the experiment, the mi-
crobial profile in each sample was determined and compared
with the microbial profile of the initial granular sludge used.

Analytical methods and apparatus

The oxidation of chloride ions present in bilge wastewater was
taken into consideration for the analysis of COD, as the salin-
ity of the examined wastewater was high (greater than 25 ppt,
see Table S5) (Vyrides and Stuckey 2009). Therefore, a mod-
ified method was used (Freire and Sant’Anna 1998). The ap-
propriate dilution of samples took place prior to digestion (in
order to obtain the desired salinity in samples) and the appro-
priate reagent range was used for digestion and quantification.
Different calibration curves were created and used for quanti-
fication, depending on the salinity of each sample measured.
For samples with less than 2000 mg L−1 concentration of

Table 1 Experimental description

Name Conditions Environment Headspace COD
range1

Pure
strains

Consortium Open mixed
cultures

Identification Toxicity
tests

Exp. 1A Sterile Aerobic Closed Medium Yes No No 16S rRNA gene
sequencing

No

Exp. 1B Sterile Aerobic Closed Low Yes Yes No 16S rRNA gene
sequencing

No

Exp. 2Ai Nonsterile Aerobic Open Medium No No Yes none No

Exp.
2Aii

Nonsterile Aerobic Open Low No No Yes none No

Exp.
2Aiii

Nonsterile Aerobic Open +
closed

low No No Yes none No

Exp. 2B Nonsterile Aerobic Open High No No Yes Next-Generation
Sequencing

Yes

Exp. 3A Nonsterile Anaerobic Closed High No No Yes Next-Generation
Sequencing

Yes

1 COD range: low (below 2000 mg L−1 ), medium (2500–3500 mg L−1 ) and high (above 5000 mg L−1 )
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chloride, the COD was analysed according to Standard
Methods (APHA 2012) . The absorbance of digested samples
was measured at 600 nm or 420 nm using a portable spectro-
photometer (Hach DR1900). Biochemical Oxygen Demand
(BOD) was determined by a five-day BOD test (BOD5) using
a respirometric system (Lovibond BD 600). Temperature, sa-
linity and pH were measured using portable instruments
(Consort C6030). For the determination of microbial growth,
OD600 was measured with a benchtop spectrophotometer at
600 nm (Jenway 7315 UV/Visible spectrophotometer). The
gas composition was measured using a gas chromatograph,
coupled with a thermal conductivity detector (GC-TCD,
Agilent technologies 7820A GC system, Wilmington, DE)
according to the method described byVardanyan et al. (2018).

Next-generation sequencing

Appropriate amount of liquid from open cultures was centri-
fuged in order to collect 180–220 mg of biomass. Then, the
total genomic DNA was extracted through the NucleoSpin
DNA stool (Macherey-Nagel, Germany) and was then sent
to DNASense Company (Denmark) for sequencing. Bacteria
16SV1–3 rRNA gene sequencing libraries were prepared by a
custom protocol. Up to 10 ng of extracted DNA was used as
template for PCR amplification of the bacteria 16S V1–3
rRNA gene amplicons. Each PCR reaction (25 μL) contained
dNTPs (100 μM of each), MgSO4 (1.5 mM), Platinum Taq
DNA polymerase HF (0.5 U/reaction), PlatinumHigh Fidelity
buffer (1X) (Thermo Fisher Scientific, USA) and barcoded
library adaptors (400 nM of each forward and reverse). PCR
was conducted with the following programme: initial denatur-
ation at 95 °C for 2 min, 30 cycles of amplification (95 °C for
20 s, 56 °C for 30 s, 72 °C for 60 s) and a final elongation at 72
°C for 5 min. Duplicate PCR reactions were performed for
each sample and the duplicates were pooled after PCR. The
adaptors contain 16S V1–3 specific primers: [27F]
AGAGTTTGATCCTGGCTCAG and [534R] ATTACCGC
GGCTGCTGG (Ward et al. 2012). The resulting amplicon
libraries were purified using the standard protocol for
Agencourt Ampure XP Beads (Beckman Coulter, USA) with
a bead to sample ratio of 4:5. DNA was eluted in 25 μL of
nuclease free water (Qiagen, Germany). DNA concentration
was measured using Qubit dsDNA HS Assay kit (Thermo
Fisher Scientific, USA). Gel electrophoresis using
Tapestation 2200 and D1000/High sensitivity D1000
screentapes (Agilent, USA) was used to validate product size
and purity of a subset of sequencing libraries. The purified
sequencing libraries were pooled in equimolar concentrations
and diluted to 6 nM. The samples were paired-end sequenced
(2×300 bp) on a MiSeq (Illumina, USA) using a MiSeq
Reagent kit v3 (Illumina, USA) and bioinformatics processing
was performed by DNASense Company (Denmark).

Acute toxicity screening with Aliivibrio fischeri

The widely applied acute toxicity assay using the marine
bacteria A. fischeri was used as a screening test to evalu-
ate the treatment conditions resulting to lower toxicity.
The bioluminescence inhibition of the marine bacterium
Aliivibrio fischeri was used to infer acute toxic effects, as
described elsewhere (Vasquez and Fatta-Kassinos 2013).
Lyophilized bacteria were hydrated using a reconstitution
solution provided by the kit manufacturer (Microtox,
Modern Water, UK). The raw initial wastewater and
mixed cultures (aerobic and anaerobic) were tested. Prior
to testing, all samples were filtered using a 0.22 μm sy-
ringe filter and pH and salinity were adjusted. Serial 1:1
dilutions of the samples were done using a 2% NaCl so-
lution to test four concentrations in the range 9.9–99%
and a control in which only bacteria and the 2% NaCl
solution were used. An initial inoculum of 10 μL of the
bacteria was exposed to 990 μL of samples or NaCl so-
lution for 5 and 15 min. The bioluminescence at time 0, 5
and 15 min was calculated using a self-calibrating pho-
tometer (M500, Modern Water UK) to estimate growth
inhibition towards the bacteria. Each sample was tested
in triplicates and a positive control with phenol was also
used. The inhibition of bioluminescence was calculated
comparing the bioluminescence in the control experiment
with the bioluminescence of each sample. The level of
toxicity was then categorized as extremely toxic
(Inhibition >90%), highly toxic (70% < Inhibition <
90%), moderately toxic (50% < Inhibition < 70%),
medium-low toxic (30% < Inhibition < 50%), low toxic
(10% < Inhibition < 30%) and non-toxic (00% <
Inhibition < 10%).

Equations

COD removal in batch reactors was calculated according to
Eq. (1):

Removal% ¼ 1
CODout

CODin

� �
� 100 ð1Þ

where CODin is the COD value in influent wastewater (mg
L−1) and CODout is the value in treated wastewater (mg L−1).

The mass (mg) of COD removed per 10 mL of liquid cul-
ture in batch reactors was calculated according to Eq. (2):

mg of COD removed ¼ CODinVin−CODoutVout

V in

� �

� 0:01L ð2Þ

where CODin is the COD value in influent wastewater (mg
L−1) and CODout is the value in treated wastewater (mg L−1),
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Vin is the volume of the liquid culture at the beginning of the
experiment and Vout is the volume at the end of the
experiment.

Bacterial growth rate (μ as h−1) in pure strain cultures was
calculated according to Eq. (3):

μ ¼ 2:303 logOD2−logOD1ð Þ½ �
t2−t1

ð3Þ

where logOD1 and logOD2 are the OD600 values at the respec-
tive time t1 and t2 (h) (Widdel 2010).

Toxicity was evaluated by determining in the first place the
percentage of bioluminescence inhibition (I) according to Eq. (4):

Ι ¼ 100−
Ic−I s
I c

� 100

� �
ð4Þ

where Ic is the bioluminescence value when Aliivibrio fischeri
was exposed to saline control solution and Is is the biolumines-
cence value when Aliivibrio fischeri was exposed to each test
sample (Parmaki et al. 2018).

As described by Parmaki et al. (2018), a linear regression of
the inhibition (I), as Γ value (Eq. (5), was logarithmically
plotted against the concentration of the compound. Then, the
EC50 value, as the concentration that inhibited 50% of the
population, was identified and the Toxicity Units (TU50) were
calculated as shown in Eq. (6).

Γ ¼ I
100−I

ð5Þ

TU50 ¼ 100

EC50
ð6Þ

Data analysis

For the 16s rRNA result analysis, the software BioEdit 7.2.5.0
was used and for the creation of phylogenetic trees, the software
MEGA-X 10.0.5 was used. Phylogenetic trees of microbial iso-
lates were obtained by evolutionary analysis using Maximum
Likelihood method and the Jukes–Cantor model. Graphs were
created with the software GraphPad Prism. In order to compare
the COD values during the second biodegradation test with open
cultures, one-way ANOVA was used with Tukey post-test for
significant differences between groups.

Results and discussion

Isolation of bilge wastewater degrading aerobic
strains

Fromthenine (9) sources initially selected, threepurifiedaer-
obic strains couldbe identified followinggradual exposure to

bilgewastewater. The following three strainswere identified
and were able to grow and multiply in bilge wastewater: (i)
Halomonas alkaliphilaS5a (ACCN:MT374099), (ii)Vibrio
an t i quar iu s S8 ib (ACCN: MT374098 ) and ( i i i )
Pseudodongh i co la x i amenens i s S8 i i a . (ACCN:
ΜT374100), GenBank SUB7324019. For each strain, a par-
tial 16S rRNA sequence was obtained and through sequence
alignment and after gene alignment was implemented by the
BLAST programme of NCBI (www.ncbi.nlm.nih.gov), the
similarities with known strains were determined. Strain S5a
presented 100% similarity (identities 1466/1466 base pairs)
with Halomonas alkaliphila (CP024811.1), strain S8ib pre-
sented 99.93% (identities 1425/1426 base pairs) with Vibrio
antiquarius (CP001805.1) and strain S8iia presented 100%
similarity (identities 1394/1394) with Pseudodonghicola
xiamenensis (NR_043565.1).Theisolatedstrainswere there-
fore named accordingly and their phylogenetic tree is shown
in Fig. 1. As described in Fig. 1,H. alkaliphila S5a also pre-
sents high similarity with H. venusta while V. antiquarius
S8ib is closely related to V. diabolicus, V. alginolyticus and
V. parahaemolyt icus . Final ly, Pseudodonghicola
xiamenensis S8iia is closely related toDonghicola eburneus
strain.

The strain Halomonas alkaliphila S5a, was isolated
from raw bilge wastewater (Table S1) and is a Gram-
negative halophilic proteobacteria. Halophilic bacteria
have the well-known advantages of surviving in high sa-
linity environments and at the same time degrade contam-
inants, rendering these bacteria suitable and desirable for
treatment processes dealing with saline wastewater
(Zhuang et al. 2010). They have also been studied for
their capacity to degrade hydrocarbons (Castillo-Carvajal
et al. 2014). In previous studies, the biodegradation of
sal ine petrochemical wastewater by Halomonas
alkaliphila grown in a consortium was investigated
(Ahmadi et al. 2017), as well as its nitrification and deni-
trification capacity under high salinity concentration
(Wang et al. 2017).

The second strain, Vibrio antiquarius S8ib, was isolated
from an oily mud sample. Vibrio is a genus of Gram-
negative bacteria, typically found in seawater. Vibrio
antiquarius has been recently isolated from a mesophilic bac-
terial community associated with hydrothermal vents (East
Pacific Rise; Hasan et al. 2015) and from clam and oysters
in Korea; Ruditapes philippinarum (Dahanayake et al. 2019)
andCrassostrea gigas (Dahanayake et al. 2018). As far as, we
know no records exist regarding its capacity to biodegrade
organic compounds present in wastewater.

The third strain, Pseudodonghicola xiamenensis S8iia was
also isolated from an oily mud sample. As described by
Hameed et al. (2014), Pseudodonghicola xiamenensis is a
Gram-negative, non-pigmented, strictly aerobic bacterium. It
has been previously isolated in China from surface seawater
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(Hameed et al. 2014) as well as from oil-contaminated surface
water (Tan et al. 2009). Therefore, its potential to survive in
oil-contaminated water is known but no biodegradation tests
have been reported previously.

Bilge wastewater biodegradation under sterile
conditions

Single strain biodegradation tests

Each strain was tested individually for its capacity to biode-
grade organic compounds present in real saline bilge

wastewater (Exp. 1A, Table 1). The highest growth rate for
all strains was observed within the first 28 h of contact time
and the highest OD600 value was observed at 28 h of growth
for Halomonas alkaliphila S5a and Vibrio antiquarius S8ib
and at 76 h for Pseudodonghicola xiamenensis S8iia (Fig. 2a
and b). The larger part of COD removal (greater than 88.5%)
occurred within the 76 first hours of contact time, while the
total COD reduction after 10 days of treatment was 72.5%,
61.0% and 77.6% for Halomonas alkaliphila S5a, Vibrio
antiquarius S8ib and Pseudodonghicola xiamenensis S8iia,
respectively (Fig. 2a and b). No significant decrease of COD
was identified in the control sample (less than 4% of COD

Fig. 1 Phylogenetic trees of
microbial isolates obtained by
evolutionary analysis using
Maximum Likelihood method
and the Jukes–Cantor model. The
percentage of trees in which the
associated taxa clustered together
is shown next to the branches.
Bootstrapmethodwas used as test
of phylogeny with 100 replica-
tions. The tree is drawn to scale,
with branch lengths measured in
the number of substitutions per
site. Evolutionary analyses were
conducted in MEGA X. (a)
Halomonas alkaliphila S5a, (b)
Vibrio antiquarius S8ib and (c)
Pseudodonghicola xiamenensis
S8iia
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reduction after 10 days), in which abiotic conditions were
implemented and sterilized wastewater was used. In addition,
by the end of the experiment, the gas composition in the head-
space of each sample was examined. It was found that the O2/
N2 (%) in the samples with pure strains was lower, compared
to the control sample, more likely due to O2 utilization by
microorganisms for bilge biodegradation. Carbon dioxide
(end product) in the samples with pure strains was 6 times
higher compared to the control sample (Table S4), indicating
degradation due to biological activity.

Taking into consideration that the BOD5/COD ratio of the
wastewater used was 0.32 (Table S5) and the wastewater ex-
amined is classified as medium biodegradable (Bouknana
et al. 2014), the performance of the three strains is found to
be satisfactory and promising. In a similar study (Ahmadi
et al. 2017), a consortium containing the strain Halomonas
alkaliphila was tested in an activated sludge lab-scale biore-
actor treating saline petrochemical wastewater. The highest
COD removal rate achieved was 78.7% for 4 days of contact
time (HRT, hydraulic retention time) at a relatively low initial
COD (1356 mg L−1) and a similar salinity level with this
study. As far as we know, no relative study has been conduct-
ed for the strains Vibrio antiquarius and Pseudodonghicola
xiamenensis.

Consortium biodegradation test

Τhe performance of a consortium including all three strains was
examined and compared with the performance of each strain
individually (Exp. 1B, Table 1). In this experiment, bilge waste-
water from another sampling period was used with a lower initial
COD level and lower BOD5/COD ratio equal to 0.13 (Table S5).
During this experiment, lower biodegradation potential of indi-
vidual strains was observed, in comparison with the Exp. 1A
(Table 1). Though COD in this case was relatively lower, the
wastewater is still characterised as refractory wastewater due to
the high content of non-biodegradable compounds (Tran et al.

2015). It is highly probable that the metabolic activity of the
stains was lower due to different wastewater compositions, with
fewer easily biodegradable compounds (e.g. low-molecular-
weight PAHs) (Nikolopoulou et al. 2013). It is also possible that
due to stress factors, the microorganism released soluble micro-
bial products, resulting in a final increase of soluble COD
(Lefebvre and Moletta 2006), decreasing thus the recorded
biodegradation.

There were no significant differences exhibited between
the performance of single strain and consortium treatment, in
terms of COD decrease (Fig. 2c). It is likely that the organic
compounds able to be degraded are fully utilized in a similar
rate and the remaining refractory organic compounds can no
longer be degraded biologically. There could also exist antag-
onistic trends within the consortium due to proteolytic sub-
stances produced by the metabolic pathway of each strain
(Feichtmayer et al. 2017), inhibiting optimal growth in the
consortium, thus biodegradation. A similar trend was ob-
served by Cerqueira et al. (2011) who compared pure and
mixed bacteria cultures for the degradation of oily sludge
and observed closely related performance of the consortium
compared with the single strains in the saturated fraction of the
sludge.

Open mixed aerobic cultures: performance and
microbial diversity

Biodegradation tests

The biodegradation of raw bilge wastewater, from different
sampling periods, having different initial COD (low, medium
and high) was tested by open mixed aerobic cultures (OMAC)
under non-sterile conditions (Exp. 2A, Table 1) in order to
reproduce real industrial conditions. All nine starting liquid
cultures were examined and compared for their capacity to
biodegrade bilge wastewater in order to identify the most effi-
cient open cultures. Two degradation tests were performed at a
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medium and low initial COD level and the COD decrease was
monitored over time (Fig. S6). During low organic loading test,
lower biodegradation rates were recorded, as previously ob-
served using sterile conditions and pure cultures (see
Section 3.2.1). Unexpectedly, the COD removal observed in
the control sample (containing only raw bilge wastewater)
was at a similar level with removal observed in the cultures,
indicating that autochthonous species present in the wastewater
may grow and contribute to biodegradation. Since there was no
exceptional performance observed in a specific OMAC, the two
cultures fromwhichmicroorganisms were isolated were chosen
for the performance of a high organic load biodegradation test
(OMAC 1 and OMAC 8, originating from raw bilge wastewa-
ter and an oily mud sample). Total COD removal rates reached
59.9 ± 3.0%, 58.5 ± 1.2% and 58.0 ± 3.3% for the two open
cultures (OMAC 1, OMAC 8) and the control sample, respec-
tively (Fig. 3a, b). The removal recorded under high organic
load after 9 days of treatment was lower, compared to previous
experiments whereas after 3 days of treatment of medium range
organic load wastewater, COD removal varied between 61 and
73%. (Exp. 2Ai, Table 1). Furthermore, during this experiment,
a significant part of biodegradation occurred between the 6th

and 9th day, whereas in previous experiments with low and
medium initial COD, the larger part of biodegradation took
place prior to the 5th day of treatment. This could be explained
due to the longer adaptation time needed for the biodegradation
to begin and to the greater availability of biodegradable organic
compounds in the wastewater prolonging the biodegradation
period. Comparing the two OMAC and control sample (Fig.
3a) and after 9 days of treatment, only one open culture dem-
onstrated a statistically lower average COD value (OMAC 1).

Abiotic degradation of bilge wastewater was previously test-
ed, indicating that no significant degradation occurs under sterile
conditions and closed headspace (see Section 3.2.1.). However,
this experiment took place with an open headspace and a
nonsterile environment and a parallel experiment was conducted
with the same initial and working conditions with a close head-
space in order to test possible decrease of COD in open head-
space bottles due to volatilization. The deterioration recorded in
both cases was the same, regardless of the headspace condition
(Fig. S7), therefore it was concluded that the headspace condition
did not influence the COD removal observed. Volatilization was
not expected to occur as partial sterilization of bilge was accom-
plished in order to thermally eliminate volatile compounds. In a
similar study where volatile compounds were not eliminated
prior to treatment, low deterioration due to volatilization was
observed (11.4% decrease of the total hydrocarbon amount, after
14 days of treatment) (Nievas et al. 2006).

Ecotoxicological assessment

As presented in Table 2, raw bilge wastewater was ex-
tremely toxic (>90%) in all tested concentrations after 5

and 15 min of exposure. By the end of the treatment
period (9 days), the control sample was less toxic than
the raw bilge wastewater but still considered as highly
toxic (>70%) in most of the concentrations evaluated.
After 3 days of treatment, effluents from both OMAC
and control sample were slightly less toxic compared to
initial wastewater. Between the three testing conditions,
samples from the OMAC 1 presented higher toxicity
while the same toxicity levels were recorded for OMAC
8 and control sample. Interestingly, after nine (9) days of
treatment, samples from OMAC 1 had moderate toxicity
at concentrations of 9.9%, 24.8% and 49.5%; whereas
samples from OMAC 8 remained highly toxic at concen-
tration of 49.5% and above and the control sample
remained highly toxic at concentration of 24.8% and
above. This finding indicates that the consortium in
OMAC 1 was able to break down the toxic transformation
products that were created. All samples tested were at
least moderately toxic even after 9 days of treatment, in-
dicating that more treatment steps or longer treatment pe-
riods should be considered in future studies.

Aerobic microbial profile

The relative abundance of microorganisms in raw waste-
water and cultures that were tested under high organic
load is presented in Fig. 4 (Table S9). At the end of the
experiment (Exp. 2B, Table 1), both open cultures had
similarities, with Alphaproteobacteria being the dominant
class (94%) and genus Pseudodonghicola being the dom-
inant genus with 53.6% and 47.2% relative abundance in
OMAC 1 and OMAC 8, respectively. It is worth mention-
ing that in the control sample (which was exposed to bilge
for 9 days with an open headspace) Alphaproteobacteria
was the dominant class (79%) and Ochrobactrum and
Pseudodonghicola were the most abundant genera
(56.0% and 19.7%, respectively). The high abundance of
Pseudodonghicola in open mixed aerobic cultures
(Tab le S9) i s in l ine wi th the i so la t ed s t r a in
(Section 3.1) and this points out that aerobic treatment
o f b i l g e w a s t ew a t e r f a v o u r s t h e g r ow t h o f
Alphaproteobacteria and Pseudodonghicola. The higher
abundance of Pseudodonghicola in OMAC 1 may be re-
lated to better performance of this culture regarding COD
removal as well as higher toxicity decrease compared to
OMAC 8. It is worth mentioning that Pseudodonghicola
xiamenensis S8iia was the strain that exhibited better per-
formance when cultured in single strain cultures
(Section 3.2.1). Regarding the other strains isolated,
Halomonas and Vibrio genera, they did not have a high
relative abundance in the examined open mixed aerobic
cultures and this could have been due to isolation
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Fig. 3 (a) COD values during
bilge treatment with open mixed
aerobic cultures (OMAC) and
nonsterile conditions (Exp. 2B),
(b) COD removal during aerobic
bilge treatment with open mixed
aerobic cultures (OMAC) and
nonsterile conditions (Exp. 2B)
and (c) CH4 production and COD
removal during treatment of bilge
with mixed anaerobic cultures
(MAnC) and nonsterile condi-
tions (Exp 3A)

Table 2 Acute toxicity of bilge
during aerobic treatment with mix
open cultures: (i) initial bilge
wastewater, (ii) open mixed aero-
bic culture 1 (OMAC1), (iii) open
mixed aerobic culture 8 (OMAC
8) and (iv) control sample
(Control), after 3 and 9 day treat-
ment, respectively. Symbols refer
to (+) moderate, (+++) highly,
(+++++) extremely toxic samples

%
concentration

t=0 t=3d t=9d

Bilge
wastewater

OMAC 1 OMAC 8 Control OMAC 1 OMAC 8 Control

9.9 +++++ +++ + + + + +

24.8 +++++ +++ +++ +++ + + +++

49.5 +++++ +++ +++ +++ + +++ +++

99 +++++ +++++ +++ +++ +++ +++ +++
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procedure (e.g. favourable growth in agar plates but not in
real wastewater).

Celeribacter (from Alphaproteobacteria class), the second
genus recorded in high abundance in open mixed aerobic cul-
tures (19.8% in OMAC 1 and 31.7% in OMAC 8) is a well-
known genus containingGram-negative, moderately halophil-
ic, rod-shaped bacteria, encountered and isolated from marine
environments (Oh et al. 2015). Celeribacter species are
known to biodegrade PAHs and are frequently encountered
in bioremediation activities (Cao et al. 2015; Jami et al. 2016).
Marispirillum genus (also from the Alphaproteobacteria
class) was found in OMAC 1 at 12.6% and OMAC 8 at
3.4% and have been reported for their ability to degrade hy-
drocarbons (Kim et al. 2010) as well as for their capacity to
reduce surface tension and emulsify oils (Gomes et al. 2018).

Regarding the initial wastewater used at the beginning of
the biodegradation experiment (for the biodegradation test,
90% of wastewater was used and 10% of liquid culture)
Epsilonproteobacteria was the dominant class with

Sulfurimonas and Sulfurospirillum, the most abundant genus.
Epsilonproteobacteria are found in anoxic and acidic marine
environments (Ng and Chiu 2020), and though they were the
dominant class in the wastewater used for the biodegradation
test, they were not identified in the final culture after 9 days of
treatment. The reason for the init ial presence of
Epsilonproteobacteria could be that prior to use, the waste-
water was stored in anoxic sealed bottles, under conditions
enhancing their survival and growth. Contrariwise,
Alphaproteobacteriawere not present in the initial wastewater
but had a strong presence in the final cultures and control
sample afterwards bilge wastewater was exposed to aerobic
batch conditions. Alphaproteobacteria are able to degrade hy-
drocarbons under aerobic conditions (Cappello et al. 2016;
Chen et al. 2019) and they are commonly found in seawater
(Rajeev et al. 2019). Similar dynamics are described by
Procópio (2020), whereas Alphaproteobacteria is the domi-
nant class in biofilms exposed to oil and chemical surfactants
in a marine environment, with Gammaproteobacteria being

Fig. 4 Microbial profile of: (i) initial bilge wastewater (bilge t=0), (ii)
open mixed aerobic culture 1(OMAC 1 t=9d), (iii) open mixed aerobic
culture 8 (OMAC 8 t=9d) and (iv) control sample (control t=9d) (0.2

cutoff). Class and genus classification is presented in bars and class is
also presented in pie charts as a percentage
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the second more abundant class. On the other hand,
Nisenbaum et al. (2020) enriched a microbial consortium for
bilge biodegradation and the Gammaproteobacteria was the
dominant class (58%) whereas the Alphaproteobacteria were
the second dominant class with 28% relative abundance. The
difference between our study and the study of Nisenbaum
et al. (2020) could be due to the different compositions of
bilge wastewater and the incubation conditions of the
consortium.

Mixed anaerobic cultures: performance and microbial
diversity

Anaerobic digestion

Bilge wastewater biodegradation under anaerobic conditions
(Exp. 3A, Table 1), was tested in lab scale bioreactors under

batch mode. After 51 days of treatment, the maximum COD
removal rate observed was 38%, achieved by the mixed an-
aerobic culture containing granular sludge that has been pre-
viously exposed to bilge wastewater for 90 days (MAnC 1).
Anaerobic treatment of bilge wastewater exhibited lower per-
formance compared to aerobic treatment (38% COD removal
after 51 days versus 58–60% after 9 days, see Fig. 3b, c),
while wastewater of the same COD range was used (high
range). Regardingmethane production, the culture, previously
exposed to bilge (MAnC 1) was able to produce a higher
amount of methane (42.9 mL CH4 in 51 days), indicating that
microorganisms could perform better after longer exposure to
the wastewater. In all samples, more than 70% of methane
production occurred within the first 14 days of treatment,
while the percentage of methane in the produced biogas
remained low (higher value recorded: 47%, on day 31 for
MAnC 1). It is worth mentioning that in the control sample

Fig. 5 Microbial profile (Bacteria and Archaea) of mixed anaerobic
cultures in: (i) mixed anaerobic culture with granular sludge, after 141
days exposure to bilge (MAnC 1), (ii) mixed anaerobic culture with
granular sludge, after 51-day exposure to bilge (MAnC 2), (iii) suspended

biomass formed after 51-day exposure to bilge (Control), and (iv) initial
granular sludge used for mixed anaerobic cultures, not being exposed to
bilge (GS) (2% cutoff). Class and genus classification is presented in bars
and class is also presented in pie charts
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containing only bilge wastewater (nonsterile conditions) a
small COD removal was observed and 18% CH4 production.
Similar studies reported 28% COD removal in 13 days
(Vyrides et al. 2018) and 67±6% COD removal with biogas
production with a CH4 content up to 79±6 % in 30 days
(Morgan-Sagastume et al. 2019). Regarding ecotoxicity tests,
as already described in Section 3.3.2, raw bilge wastewater
was extremely toxic. Bilge wastewater treated under anaero-
bic conditions for 51 days was significantly less toxic than the
initial wastewater, with a TU50 ranging between 4 and 10.
This finding demonstrates that after an extended treatment,
toxic compounds are significantly decomposed.

Anaerobic microbial profile

The relative abundance of bacteria and archaea in the granular
sludge before and after exposure to bilge wastewater, as well
as the groups developed in the wastewater under anaerobic

conditions are presented in Fig. 5 (Table S10). The more effi-
cient culture for the treatment of bilge wastewater (MAnC1)
presented differentiations in its microbial profile, further
discussed below.

Regarding bacteria identified, granular sludge forming the
mixed anaerobic cultures demonstrated a large variety of species
in terms of genus classification (with more than 60 genus iden-
tified with over than 0.5% relative abundance) while in the
suspended biomass created in the initial wastewater (Control), a
lower abundance was observed. In all mixed anaerobic cultures
(MAnC 1, MAnC 2 and initial granular sludge used as inocula),
some of the most abundant bacteria groups (class and genus)
were Gammaproteobacteria (Nitrosococcus), Thermotogae
(Me s o t o g a ) , A c t i n o b a c t e r i a (B r o o k l aw n i a ) ,
Deltaproteobacteria (Syntrophorhabdus) and Nitrospira and
Anaerolineae uncultured genus. Nitrosococcus genus are
Ammonia Oxidizing Bacteria (AOB), adapted to saline and acid-
ic environments, regularly found inmarine environments but less

Fig. 5 continued.
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commonly detected in waste water treatment reactors (Fumasoli
et al. 2017). Mesotoga are frequently found in oil-polluted ma-
rine mesophilic anaerobic environments (Nesbø et al. 2019).
Brooklawnia species are nonmotile, mesophilic, neutrophilic fac-
ultative anaerobic bacteria that have been previously identified in
chlorosolvent-contaminated environments (da Costa et al. 2015)
and Syntrophorhabdus are as well nonmotile, mesophilic but
strictly anaerobic bacteria, metabolizing simple aromatic com-
pounds (Kuever 2014). On the other hand, in the control sample
(bilge wastewater exposed to anaerobic conditions for 51 days
where biomass was developed without any initial inocula),
Alphaproteobacteria, Bacteroidia and Thermotogae were the
dominant bacteria classes found and Petrotoga, a thermophilic
anaerobic bacteria proven to degrade oil (Daryasafar et al. 2014),
was a dominant genus. It is worth mentioning that the MAnC1
was the culture with greater performance (higher COD reduction
and CH4 production) and for this culture, the class
Deltaproteobacteria was present at a higher percentage com-
pared to other cultures and samples (MAnC2, Control, GS).

Regarding the identification of archaea, in the initial anaerobic
granular sludge used for the creation of mixed anaerobic cultures
Methanomicrobia class was the dominant class, with the genus
Methanosaeta and Methanolinea dominating and the genus
Methanosacrina being observed at less than 0.5%. In anaerobic
MAnC 1 and MAnC 2,Methanomicrobiawas as well the dom-
inant class but in this case, the genus Methanosacrina (43 and
39% relative abundance, respectively) was recorded as being the
most abundant, followed by Methanosaeta and Methanolinea
(Fig. 5). For the most efficient culture (MAnC1), we can observe
that Thermoplasmata class was recorded at a higher percentage
in comparison to other cultures and samples (MAnC2, Control,
GS).Methanosarcina are of great ecological significance as they
are the only organisms known to utilize acetate, methylamines
and methanol to methane, carbon dioxide and ammonia.
According to a review by De Vrieze et al. (2012),
Methanosarcina is a very robust methanogen and can withstand
various stressful conditions such as high salinity, organic loading
rate, pH, acetate and others and therefore is not surprisingly has
become the dominant genus in anaerobic granular sludge ex-
posed to bilge wastewater.

The exposure of bilge under anaerobic conditions (without
any initial inoculum) pointed out lower CH4 generation (Fig.
3). Microbial profile analysis in the end of the experiment
showed the presence of Methanohalophilus at 90.7% relative
abundance. This is the first study that showed the presence of
indigenous methanogens in bilge wastewater and future stud-
ies can focus on isolation of this strain.

Conclusions

Biological treatment of real bilge wastewater was tested using
several microbial cultures under various conditions. Aerobic

conditions were found more suitable regarding COD reduction.
Pure aerobic cultures with isolated strains Halomonas alkaliphila
S5a, Vibrio antiquarius S8ib and Pseudodonghicola xiamenensis
S8iia were found to have the highest COD removal rate after ten
(10) days of treatment, under medium organic loading (72.5%,
61.0% and 77.6%, respectively). Open mixed aerobic cultures
had satisfactoryCOD removal rates after nine (9) days of treatment
and high organic loading (from58.0 to 59.9%CODremoval). The
treatment efficiency decreased importantlywhen loworganic load-
ing conditions were tested. 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
importantly due to biodegradation. The microbial profile analysis
in the end of the open mixed aerobic culture experiment revealed
that Alphaproteobacteria, Pseudodonghicola were the dominant
class and genus, respectively, both in the cultures and the control
sample. The fact that Pseudodonghicola was isolated from bilge
wastewater but also was the dominant genus identified both in the
control sample and in the open mixed cultures shows that it is
naturally thriving during aerobic treatment of the examined bilge
wastewater. Anaerobic digestion, after 51 days of treatment,
achieved poor COD removal rates (from 18 to 38%), while biogas
production and methane percentage were low. Contrariwise, the
toxicity decrease was important. By the end of bilge wastewater
anaerobic treatment (51 days), Methanosacrina genus exhibited
the higher relative abundance in granular sludge and
Methanohalophilus was identified in the control sample (raw
bilge).
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