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A number of previous studies have shown that the relationships of symbiosis existing between mussels
and microorganisms are directly dependent on the environmental conditions. However, little is known
about existing relationships between mussels and bacteria in hydrocarbon-impacted marine environments.
The aim of this preliminary study is to investigate the presence of oil-degrading bacteria in the mussel
Mytilus galloprovincialis during growth in polluted ecosystems. All the experiments were carried out in
a mesocosm system designed to simulate chronic pollution and to enable direct exposure of mussels to
chemicals. Quantitative (4′,6-diamidino-2-phenylindole, colony-forming units, Most Probable Number)
analyses and screening (presence/absence) of metabolic functional genes were performed to analyse bac-
terial populations inside the gills of mussels exposed and not exposed to hydrocarbons. The data obtained
show that the presence of hydrocarbons affected the abundance of bacteria inside the gills of specimens and
determines selection for specific (hydrocarbon-degrading) bacteria (i.e. Alcanivorax sp. and Marinobacter
sp.). However, is not yet clear whether the presence of such genera of bacteria inside the mussel is due to
symbiosis or as a result of filtration.

Keywords: Mytilus galloprovincialis; hydrocarbonoclastic bacteria; symbiont; Alcanivorax;
Marinobacter

1. Introduction

Petroleum hydrocarbons are the most widespread contaminants in the environment [1], entering
into aquatic environments due to catastrophic accidents (shipping disasters or pipeline failures),
chronic pollution (ships, ports, oil terminals, freshwater run-off, rivers and sewage systems),
natural oil seepages and natural sources (biota) [2].

Marine organisms can take up contaminants from bottom sediments, suspended particulate
material and food sources. Incorporation rates depend on both the availability of the contaminants
and also on several biotic and abiotic factors. Bivalves are ecologically important members of
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coastal and estuarine communities [3]. In polluted environments, indicator organisms such as
Mytilus galloprovincialis can accumulate hydrophobic contaminants. These bivalves filter large
volumes of water to meet their food requirements and accumulate dissolved oil components
and particles containing hydrocarbons present in oil-polluted water columns. By contrast, active
suspension feeders with powerful water-filtration mechanisms (e.g. bivalve molluscs) may also
affect the levels of the bacterioplankton in the water column [4]. In nearly all polluted marine
environments, hydrocarbon-degrading bacteria [5–7] are able to multiply and degrade even in
complex hydrocarbon mixtures such as crude oil. In fact, given a supply of essential nutrients
(as nitrogen and phosphorous), these bacteria can significantly decrease the amount of pollu-
tants [7–10]. The relationship between heterotrophic and hydrocarbon-degrading bacteria and
benthic filter feeders may be functionally important to aquatic ecosystems, especially polluted
ones. Several studies have shown that the mussels’ filter-feeding activity may exert control on
microbial communities in terms of both abundance and biodiversity [11]. No study to date has
investigated the relationship between hydrocarbon-degrading bacteria and mussels in a polluted
environment.

This study represents a first approach to investigate the presence of hydrocarbon-degrading
bacteria in M. galloprovincialis during growth in polluted ecosystems.

Quantitative analyses of heterotrophic and hydrocarbon-degrading bacteria [4′,6-diamidino-2-
phenylindole (DAPI), colony-forming units (CFU), Most Probable Number (MPN)] and screening
(presence/absence) of metabolic functional genes were performed in both seawater samples and
mussels collected (for 35 days; 5 weeks) from a mesocosm system. Hydrocarbon-degrading
bacteria in seawater and mussels were investigated and compared in both contaminated and
pristine mesocosms.

2. Materials and methods

2.1. Sampling and storage

Mytilus galloprovincialis specimens were harvested in September 2008 from Lake Faro
(38◦15′59.95′′N; 15◦38′19.56′′E), located on the north-eastern point of Sicily (Messina, Italy).
Lake Faro is a meromictic lake with a surface area of 0.263 km2 and reaches a maximum depth of
∼30 m at its centre. GC-MS analysis was used to reveal the presence of chemicals in lake water
(data not shown). Mussels were collected by hand and transported to the laboratory within 30 min.

After 3 days housed in deprivation tanks, the organisms were transferred to experimental
mesocosms. In total, 150 (±10) organisms were included in each mesocosm.

2.2. Experimental mesocosms

The experiments were performed into two rectangular fibreglass tanks of 768 L capacity (120 ×
80 × 80 cm). Each mesocosm was filled with 500 L of natural seawater collected directly from
the Straits of Messina (Italy).

Before introduction into the mesocosms, seawater was filtered through a 200-μm nylon mesh
(Millipore, Milan, Italy) to screen out large metazoans and detritus. To ensure a constant level
of water inside the mesocosm tank, the flow of water was controlled by an overflow (a vertical
conduct placed on the bottom of the tank) that discharges excess of seawater; the microcosms
were filled continuously for the entire experimental period (Figure 1).

Mean water temperature was 16.5–17.5 ◦C, with daily temperature fluctuations not exceeding
2 ◦C. Mesocosms were illuminated by a fluorescence lamp, which consisted of four light bulbs
(36 W, 80 cm) providing light on a 14/10 h light/dark period.
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Figure 1. Schematic representation of the microcosm systems used in this study. (1) Tube for water filling, (2) overflow
system for discharge of excess seawater, (3) system for seawater outflow, (4) crude oil, (5) Mytilus galloprovincialis.

The tank containing natural seawater without crude oil is referred to as mesocosm ‘SW’ and
a second tank containing natural seawater spiked with 500 mL (∼13 mg·L−1) of Arabian Light
Crude Oil is referred to as mesocosm ‘OIL’.

2.3. Sampling strategy and surveyed parameters

The total duration of the experiment was 5 weeks (35 days). To monitor the dynamics of bacterial
populations in seawater and the gills of mussels, 500 mL of seawater and/or 10 organisms, were
taken aseptically, respectively, from each mesocosm (SW and OIL) every week (T1, T2, T3, T4

and T5) from the time of oil spiking (time zero). Numbers of total bacteria (DAPI), cultivable
bacteria (CFU) and MPN, as well as microbial metabolic activity (screening of functional genes)
were measured.

All mussels analysed in this study were cleaned under running tap water with a stiff brush and
aseptically shucked using a sterilised knife. After dissection, all gill samples were washed four
times with 0.2-μm-filtered and autoclaved seawater to remove any loosely associated microbes.

Gills were processed immediately for microbial cell counts and DNA/RNA extraction. With the
exception of the screening for bacterial functional genes, all parameters detected were measured
in triplicate.

2.4. Bacterial counts

Samples of gill tissue were thawed and gently ground in 10% formaldehyde (Sigma-Aldrich,
Milan, Italy) in artificial seawater using a ground-glass tissue grinder. After appropriate dilution,
aliquots of the homogenates were stained with 1 mg·L−1 DAPI (Sigma-Aldrich) for 5 min and
collected on a black, 0.2-μm Nuclepore filter (Millipore, Milan, Italy). The abundance of bacteria,
expressed as the number of cells·g−1, was determined by epifluorescence counting.

Bacteria present in samples of seawater were analysed and measured, as described by Cappello
et al. [3] and Hueh and Chan [12], these results were expressed as the number of cells·mL−1.
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2.5. Heterotrophic cultivable bacteria

Heterotrophic culturable bacteria in both mussel gills and seawater were estimated by spreading
100 μL of 10-fold dilutions of either gill homogenate or seawater on plates of Marine Agar 2216
medium (Difco, Milan, Italy), followed by incubation at 20 ◦C for 7 days. The results obtained
for bacteria from mussel gills were expressed as CFU·g−1; the results for heterotrophic cultivable
bacteria in seawater were expressed as CFU·mL−1.

2.6. Cultivable hydrocarbon-degrading bacteria

Culturable oil-degrading bacteria present in seawater and mussel gills were estimated by spreading
100 μL of 10-fold dilutions of seawater or gill homogenate on plates of ONR7a medium [8], and
incubating at 20 ◦C for 7 days. The results obtained for culturable bacteria from mussel gills
were expressed as CFUONR7a·g−1: the results for culturable hydrocarbon-degrading bacteria from
seawater were expressed as CFUONR7a·mL−1.

Samples of homogenate and seawater were spread simultaneously on plates of ONR7a medium
with and without exposure to sterile crude oil as the only source of carbon and energy. This
cultivation step is essential for the identification of obligate hydrocarbon-degrading bacteria.

2.7. Most Probable Number

Hydrocarbon-degrading bacteria in mussel gills and seawater were enumerated using a minia-
turised MPN method, as described by Cappello et al. [3] and Brown et al. [13]. A ‘five-tube’ MPN
was performed using sterile 24-well (3 mL each) tissue culture test plates containing 2 mL of ster-
ile Bushnell–Hass (B–H) medium (Difco) with the addition of NaCl to final concentration of 2%
(w/v) (pH 7.0) per well. Tenfold serial dilutions of samples (10−2 to 10−9) were prepared in B–H
medium. Wells were inoculated with 100 μL of sample dilutions. Following sample inoculation,
10 μL of sterile Arabian Light Crude Oil was applied at the centre of each well. The remaining
four wells of each plate were used as a reference (B–H medium + oil). Plates were incubated at
20 ± 1 ◦C for 20 days. Wells were scored as positive when oil emulsification was clearly indicated
by the disruption of the oil film and/or the oil ‘ring’ produced on the surface of the medium in
contact with the wall of the well, accompanied by changes in the oil colour. Uncertain positive
scores were confirmed by an emulsification test, performed by inoculating 100 μL of the well
contents in a 15 × 150 mm test tube with 10 mL of the sterile culture medium, addition of 20 μL
of sterile oil and incubation at 20 ◦C for 15 days in a thermostat under agitation. The MPN index
was calculated according to American Public Health Association.

2.8. RNA extraction

Extraction of RNA from mussel gill samples was performed using a DNeasy Tissue kit (QIAGEN,
Valencia, CA, USA) according to the manufacturer’s protocol. Extraction of RNA from seawater
samples was performed using a DNA/RNA extraction kit (QIAGEN).

2.9. Reverse transcription and polymerase chain reaction amplification

In order to be able to remove any genomic DNA contamination all samples were treated with
DNase I [14]. Heteroduplex rRNA–crDNA was synthesised by reverse transcription (RT) using
random hexamer primers and SuperScript II RNase H-free reverse transcriptase (LifeTechnologies
Inc., Rockville, MD, USA) according to Yakimov et al. [15]. The crDNA end product was used
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as the template for a standard amplification with a polymerase chain reaction (PCR). Possi-
ble DNA contamination of RNA templates was routinely monitored by PCR amplification of
aliquots of RNA that were not reverse transcribed; no contaminating DNA was detected in any
of these reactions.

Primers used for PCR included (1) the universal reverse primer (Uni_1492R) and 16S rRNA
forward domain-specific bacteria, Bac27_F (5′-AGAGTTTGATCCTGGCTCAG-3′), [16]; (2) the
primer for the functional gene for alkane hydroxylases of Alcanivorax borkumensis, AlkB1-R (5′-
GCTTAGGAACAACGGTTCAGG-3′) and AlkB1-F (5′-AATTGGCCTATATCTC GTA-3′); (3)
the primer for the functional gene for alkane hydroxylases of Thalassolituus oleivorans, AlkB-
ThlR342 (5′-GGGCCATACAGAGCAAGCAA-3′) and Alkb-ThlF125 (5′-GACGTCGCCACA
CCTGCC-3′); and (4) the primer for the functional gene for the biphenyl 2,3-dioxygenase of
Pseudomonas sp. and Rhodococcus sp., Bph-R (5′-GCNGCRAAYTTCCARTTRCANGG-3′) and
Bph-F (5′-TGCAGCTACCACGGCTGGGCCTA-3′).

PCR (initial denaturation: 5 min hot-start at 95 ◦C; 1 min at 94 ◦C, 1 min at 50 ◦C, for universal
primers, or 1 min at 60 ◦C for functional primers; 2 min at 72 ◦C, 30 cycles; extension: 10 min
at 72 ◦C) was performed with GeneAmp 5700 (PE Applied Biosystems, Foster City, CA, USA),
using a 50 μL (total volume) mixture containing 10 μL Q solution (Qiagen, Hilden, Germany),
5 μL Qiagen reaction buffer, 1 μM of each forward and reverse primer, 10 μM dNTPs (Gibco,
Invitrogen Co., Carlsbad, CA, USA), 2.0 mL (50–100 ng) of template and 2.0 U of Qiagen Taq
pDNA polymerase (Qiagen).

2.10. Taxonomic characterisation of isolates from mussel gills

Bacteria obtained from spreading homogenate of mussel gills in ONR7a with oil as the carbon
and energy source were isolated with regard to different colony morphology. 16S rDNA data
were analysed to perform taxonomic characterisation of the isolated strains. Total DNA extrac-
tion of bacterial strains was performed with the CTAB method [5]. The 16S rDNA loci were
amplified using one primer pair, the above reverse primer (Uni_1492R) and 16S rRNA forward
domain-specific bacteria, Bac27_F, [16]. PCR amplification was performed in a total volume of
50 mL, as described above. The 16S rDNA amplified was sequenced with a BigDye Terminator
v3.1 cycle sequencing kit on an automated capillary sequencer (model 3100 Avant Genetic Ana-
lyzer, Applied Biosystems). Analysis and phylogenetic affiliates of sequences was performed as
described before [7,9,15]. The sequences similarity of individual inserts was analysed with the pro-
gram FASTA Nucleotide Database Query available through the EMBL–European Bioinformatics
Institute.

2.11. Statistical analysis

Statistically significant differences between data (DAPI count, CFU count, MPN) obtained from
seawater and mussels of control (SW) and oil-polluted microcosms (OIL) were evaluated by
analysis of variance (ANOVA).

3. Results

3.1. Total bacterial abundance

The total bacterial density in the seawater mesocosm (SW) remained constant over the course of
the experiment, with values similar to the cell counts at the outset (2.5 × 105 mL−1). Conversely, in
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Figure 2. Bacterial abundance determined by DAPI staining. Concentration of the cells observed in the gills of
mussels (cell·g−1 tissue) during exposure to hydrocarbons (OIL, filled squares) and in the control experiment (SW,
filled circles). Bacteria from polluted and unpolluted seawater (cells·mL−1) are depicted by empty squares and
circles.

oil-spiked seawater of mesocosm OIL, total bacterial density increased by one order of magnitude
in comparison with the beginning of the experiment, and remained constant with a maximum of
3.1 × 106 cells·mL−1 for the whole experiment (Figure 2).

Measurements of bacterial abundance within the gills of mussels in the unpolluted microcosm
showed a mean value of 109 cell·g−1. As can be seen in Figure 2, this value remains constant
until the end of the experiment (T5). This is in stark contrast to cell counts obtained from gills of
mussels exposed to oil. Although total bacterial cell counts for the first week of the experiment
(T1) were similar to those found in the seawater control experiment, gills from mussel specimens
in the oil-impacted mesocosm showed a general increase of one order of magnitude with values
ranging from 3.2 × 109 cell·g−1 (T2) to 3.2 × 1010 cell·g−1 (T3) starting in the second week of
the experiment (T2).

3.2. Counts of heterotrophic culturable bacteria (CFU)

Heterotrophic culturable bacteria cell numbers were determined by CFU plate counts on
Marine Agar.

In seawater of mesocosm SW, the concentration of heterotrophic culturable bacteria increased
from T0 to T5 (3.3 × 103 CFU·mL−1 and 8.8 × 104 CFU·mL−1, respectively). A onefold increase
in CFU was observed in seawater from the oil-spiked mesocosm, where heterotrophic culturable
bacteria cell numbers increased to 4.1 × 105 CFU·mL−1 after 5 weeks (Figure 3).

Microbial populations on the gills of M. galloprovincialis from mesocosm SW were constant
(∼106CFU·g−1) over the whole course of this study (Figure 3). The number of CFUs enriched
from the gills of M. galloprovincialis exposed to the hydrocarbons increased by two orders of
magnitude after the first 2 weeks of the experiment, with values ranging from 4.9 × 106 CFU·g−1

(T2) to 2.7 × 107 CFU·g−1 (T3). These values remained constant until the end of the experiment
(Figure 3).
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Figure 3. Measure of culturable heterotrophic bacteria on marine agar (CFU). The numbers of CFU·g−1 found in gills
of mussels from polluted and unpolluted systems are indicated as squares and filled circles, respectively. The CFU·mL−1

of water for SW and OIL mesocosms are indicated by empty squares and circles, respectively.

Figure 4. Counts of culturable bacteria on ONR7a plates (CFUONR7a). The CFUONR7a·g−1 found in gills of mussels in
polluted (OIL) and unpolluted (SW) mesocosms are shown by filled squares and circles, respectively. The CFUONR7a·mL−1

of water from SW and OIL mesocosms are shown by empty squares and circles, respectively.

3.3. Counts of the culturable bacteria on ONR7a (CFUONR7a)

As can be seen in Figure 4, the abundance of culturable hydrocarbon-degrading bacteria in the SW
mesocosm remained constant over the whole experiment (∼103 CFUONR7a·mL−1). An increase
in CFUONR7a was observed in seawater from the polluted mesocosm (OIL). Values of 4.21 ×
105 CFUONR7a·mL−1 were detected after 5 weeks (T5).
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Figure 5. Count of culturable bacteria grown on ONR7a plates amended withArabian Light Crude Oil (CFUONR7a+OIL).
The CFUONR7a+OIL in gills of mussels collected from polluted (OIL) and unpolluted (SW) mesocosms are shown by
squares and circles filled, respectively, and were expressed as CFUONR7a+OIL·g−1. The CFUONR7a+OIL·mL−1 of water
from OIL and SW mesocosms are shown by empty squares and circles, respectively.

In the SW mesocosm, the abundance of colony-forming bacteria inside the mussel gills
decreased by one order of magnitude, with values ranging from 2.70 × 106 CFUONR7a·g−1 (T0)
to 2.72 × 105 CFUONR7a·g−1 (T1). These values (∼105 CFUONR7a·g−1) remained constant until
the end of the experiment. In the gills of M. galloprovincialis exposed to hydrocarbons (meso-
cosm OIL), the numbers of colony-forming oil-degrading microbes showed average values of
106 CFUONR7a·g−1 in the first 2 weeks of the experiment. However, these values increase by one
order of magnitude in the third week, with values ranging from 2 × 106 CFUONR7a·g−1 (T2) to
2.78 × 107 CFUONR7a·g−1 (T3). As shown in Figure 4, these values remained stable until the end
of the experiment.

3.4. Calculation of the culturable bacteria on ONR7a with oil (CFUONR7a+OIL)

In the control mesocosm (SW), the abundance of oil-degrading bacteria was stable over the whole
course of the experiment, whereas a twofold increase in CFUONR7a+OIL was observed after 5 weeks
in the OIL mesocosm, with final values of 1.9 × 105 CFUONR7a+OIL·mL−1.

Counts of oil-degrading culturable bacteria in mussel gills from the unpolluted mesocosm (SW)
were ∼ 104 CFUONR7a+OIL·g−1 for the entire experiment. In the OIL mesocosm, an increase in
these bacteria was observed during the first week (from 2.5 × 104 to 6 × 105 CFUONR7a+OIL· g−1)
and numbers remained constant for the whole study (Figure 5).

3.5. Most Probable Number

The numbers of hydrocarbon-degrading bacteria were evaluated using the MPN method performed
on B–H broth amended with 2% (w/v) of NaCl.

In samples of seawater collected from mesocosms SW and OIL, the populations of
hydrocarbon-degrading bacteria (MPN) were constant to the end of the experiments and reached
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Figure 6. MPN of bacteria from seawater and mussel gills are displayed as MPN·mL−1 and MPN·g−1, respectively.
MPN observed in mussel gills of OIL and SW microcosms are indicated by filled squares and circles, respectively. Bacteria
present in polluted and unpolluted seawater are depicted by empty squares and circles, respectively.

3.2 × 101 MPN·mL−1 (Figure 6). In mussels obtained from the unpolluted tank, values were
10−1 MPN·g−1 and were stable to the end of the experiment. The MPN in bacteria enriched from
the gills of M. galloprovincialis in the polluted mesocosm increased from 2.3 × 103 MPN·g−1

(T0) to 1.20 × 102 MPN·g−1 and 2.3 × 103 MPN·g−1, respectively, after the first and the second
week of the experiment (T1 and T2). These values (∼103 MPN·g−1), remained constant to the end
of the experiment (T5) (Figure 6).

3.6. Screening of functional genes

Screening (presence/absence) of gene expression linked to hydrocarbon degradation was per-
formed on bacterial crDNA extracted from seawater and mussel gills in both unpolluted and
polluted mesocosms.As shown in Table 1, the PCR amplification using universal bacterial primers
(27F-1492R) gave positive results for all samples obtained in this study. In seawater samples col-
lected from the unpolluted mesocosm (SW), no positive amplification was detected for any of the

Table 1. Expression of functional genes of the microbial population present in seawater and from the gills of mussels
during mesocosm (SW and OIL) experiments.

Non-polluted microcosm (Microcosm SW) Polluted microcosm (Microcosm OIL)

Seawater
16 crDNA + + + + + + + + + + + +
AlkB-1 − − − − − − + + + + +
AlkB-Thal − − − − − − − + + − − −
BHF − − − − − − − − − − − −

Gills
16 crDNA + + + + + + + + + + + +
AlkB-1 − − − − − − − − − − − −
AlkB-Thal − − − − − − − − − − − −
BHF − − − − − − − − − − − −
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Figure 7. Phylogenetic tree of 16S rRNA sequences of the bacteria isolates from gills of mussels (cultivation in plate
of ONR7a with Arabian Light Crude Oil). The tree was constructed using sequences of a comparable region of the 16S
rRNA gene sequences available in public databases. Neighbour-joining analysis using 1000 bootstrap replicates was used
to infer tree topology. The bar represents 0.1% sequence divergence.

functional genes analysed; by contrast, in seawater samples collected from the polluted mesocosm
(OIL), positive amplification was observed for the alkane monoxygenase gene of Alcanivorax sp.
After 2 weeks of incubation (T2 and T3), positive amplification of the Thalassolituus sp. alkane
monoxygenase gene was observed. By contrast, no amplification was registered for biphenyl
monoxigenase of Pseudomonas sp. and Rhodococcus sp. (BHP) in any sample within this study.

As shown in Figure 7, in samples of gills from both unpolluted and polluted systems, no
positive PCR amplification was obtained when the primers for the amplification of the specific
functional genes in study were used [alkane monoxigenase of Alcanivorax sp. (Alkb1); alkane
monoxigenase of Thalassolituus sp. (Alk-B); biphenyl monoxigenase of Pseudomonas sp. and
Rhodococcus sp. (BHP)].

3.7. Taxonomic analysis of microbial isolates from mussel gills

At the end of the experiment (T5), 32 bacterial strains were isolated from ONR7a plates spiked with
crude oil. Of these, 12 strains were isolated from mussels in the unpolluted system and 20 strains
were isolated from mussels exposed to the oil. All of the isolates were chosen based on variations
in colony morphology. To determine the capacity to degrade hydrocarbons, these bacteria were
replated on ONR7a with and without oil. All bacteria obtained from the SW mesocosm were
capable of growing in both the presence or absence of crude oil. Conversely, only 5 of the 20
strains obtained from the OIL mesocosm showed exclusive capacity to grow in the presence of
hydrocarbons. The five isolates were identified as MGE-01, -02, -03, -04 and -05. As shown
in Figure 7, phylogenetic analysis of 16S crDNA showed that all isolates to belong to the γ -
Proteobacteria. Two of these strains (MGE-01 and -02) were related to the genus Alcanivorax (98
and 99% identity, respectively) and three strains (MGE-03, -04 and -05) were related to the genus
Marinobacter hydrocarbonoclasticus (100, 98 and 100% identity, respectively).

4. Discussion

In recent years, there has been growing interest in the study of marine organisms living
in oil-impacted ecosystems. However, little research has been conducted on the relationship
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between complex metazoan organisms (e.g. mussels) and prokaryotes in polluted ecosystems.
This study focuses, for first time, on bacterial abundance on the gills of filter-feeding organisms
(M. galloprovincialis) during exposure to hydrocarbons.

Several studies reported that under certain environmental conditions, symbiosis between mus-
sels and bacteria can be found in specific structures of the gills named ‘bacteriosomes’ [17]. The
abundance of symbionts in mussels is not species specific, but can vary considerably among mus-
sel populations [18]. Both qualitative and quantitative differences in microbes prevailing in or
on mussels are related to the different chemical–physical characteristics of the sites from which
these mussels are collected [19].

As reported previously [20,21], mussel filtration activity can affect microbial communities
in terms of both abundance and biodiversity. Some studies [11,12,20–22] have shown that
mussels are natural habitats for some bacterial species such as Vibrio, Pseudomonas, Acineto-
bacter and Aeromonas [3,23]. However, as stated above, to date, very little research has aimed
at understanding the processes of symbiosis between bacteria and mussels in oil-contaminated
ecosystems.

The total bacteria (DAPI) counts in this study show that microbial abundance is significantly
higher in the gills of mussels extracted from polluted waters than those sampled in unpolluted
waters.

This is in accordance with data obtained by Cavallo et al. [4], which showed that the total
bacterial concentration detected in the mussels is directly related to bacterial cell counts in water
samples, and highlights the ability of M. galloprovincialis to accumulate bacteria from the sur-
rounding environment. This hypothesis is also supported by other studies, which revealed the
ability of mussels to accumulate bacteria such as Vibrio spp. or other potential pathogens [23].
Our data highlight how the abundance of bacteria in the gills of organisms exposed to oil contami-
nation is greater (∼1010 cell·g−1) than that found in mussels not exposed to hydrocarbon pollution
(∼106 cell·g−1).

Similar results were obtained for the abundance of heterotrophic culturable bacteria. The con-
centration of cells capable of forming colonies (CFU) on plates of Marine Agar was greater than
the concentration found in the SW mesocosms. At the beginning of the experiment, the number
of CFU obtained from mussels (∼106 CFU·g−1) was comparable with that obtained in previous
studies [3]. In contrast to these findings, the abundance of colony-forming microbes in the gills of
the mussels exposed to oil was about five times higher than in the gills of control organisms. The
abundance of colony-forming microbes in the mussel gills may depend directly on the different
concentrations of bacteria present in the two mesocosms (polluted and unpolluted).

Data acquired in this study indicate a predominance of hydrocarbon-degrading microbes in
mussels exposed to oil-polluted seawater. As demonstrated by previous studies [8,9] bacteria
capable of degrading hydrocarbons are widely distributed in the marine environment. Therefore,
culture-dependent and -independent methods are required for an accurate analysis of the microbial
population. Cultivation-based techniques for the identification of microbes are restricted to a small
fraction of marine bacteria which are able to grow on artificial medium [24]. By contrast, culture-
independent molecular biology techniques (e.g. qualitative/quantitative analysis of functional
genes and genomic analysis of 16S DNA) overcome the limitations mentioned above and enable
analysis of microbial characteristics regardless of their ability to grow in pure cultures.

One of the aims of this study was to demonstrate the presence of hydrocarbon-degrading
bacteria in mussel gills as a direct result of the oil pollution to which these organisms have been
exposed. The presence of these bacteria might effectively explain specific processes that lead to
an adaptive function required for the mussel’s resistance to hydrocarbon contamination.

Further evidence of the increased fraction of bacteria able to degrade hydrocarbons is given by
the MPN method. Comparing the data obtained drom gills of non-exposed and exposed mussels,
it is possible to observe a 46× increase in these bacteria in oil-impacted mussels (∼103 MPN·g−1)
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compared with controls (∼10 MPN·g−1). However, to verify whether the abundance of oil-
degrading microbes on mussel gills is accompanied by microbial oil degradation, the data were
backed up by expression analysis of genes related to bacterial degradation of hydrocarbons using
crDNA and PCR amplification in combination with specific functional primers to identify the
active fraction of microbial population. The primers chosen for expression analysis were specific
for the alkane dehydrogenases (or alkane mono-oxygenase) of both Alcanivorax sp. (alk-B1) and
Thalassolituus (alk-B/Thal), because these genes encode central enzymes within the aliphatic
hydrocarbon-degradation processes of obligate hydrocarbonoclastic bacteria (OHCB) species,
which are both ubiquitous and dominant in oil-contaminated environments. Furthermore, both
species were detected in several comparable studies performed at the Messina Strait using a very
similar type of crude oil [3,9,15]. In parallel, gene expression analysis of biphenyl dioxygenase
(BHP) of Pseudomonas and Rhodococcus was conducted. These enzymes are essential for the
degradation of aromatic fractions. However, PCR amplification for samples of crDNA from the
gills of both control and exposed organisms showed negative results (no amplification), which
indicates that these genes were not expressed under the chosen experimental conditions or their
action was inhibited by co-purified substances. Similar to the gene expression of microbial com-
munities on mussel gills, results obtained from seawater samples in the SW control experiment
were negative. In contrast to this, positive PCR amplifications were obtained for the expression
of the alkB genes for both Alcanivorax sp. and Thalassolituus sp. in polluted mesocosms (OIL).
In all experiments, possible DNA contamination of RNA templates was routinely monitored by
PCR amplification of aliquots of RNA that were not reverse transcribed. No contaminating DNA
was detected in any of these reactions. Similarly, positive controls of templates were monitored
by amplification with the universal reverse primer for 16S rRNA.

Quantitative evaluation of the microbial population (DAPI, CFU and MPN) showed that,
although it was possible to identify an increase in the number of hydrocarbon-degrading microbes
in the gills of organisms exposed to hydrocarbons, no metabolic activity of bacteria related to
the genus Alcanivorax, Thalassolituus, Pseudomonas and Rhodococcus could be detected using
molecular analysis.

Three hypotheses may explain these results. First, we can assume that the functional primers
used in this phase of the study are too specific. Although a population of active hydrocarbon-
degrading bacteria in mussel gills could be detected using cultivation-based approaches according
to the numbers of microbes cultivated on ONR7a and MPN plate counts, these cells could not
be identified by PCR because the primers used were not specific for this population. This would
imply that hydrocarbon-degrading microbes present in oil-impacted mussels are different from the
OHCB commonly found in oil-polluted seawater, i.e. Alcanivorax borkumensis and Thalassolituus
oleivorans. The second possible explanation for this phenomenon is based on the idea that although
a population of hydrocarbon-degrading bacteria was present in the mussel gills, this would be
not directly identifiable using molecular screening methods because of a lack of mRNA for the
metabolic genes of oil-degrading microbes. In this explanation, hydrocarbonoclastic bacteria are
present within the gills of the mussels for an effect of natural water filtration, therefore, although
they are accumulated and increasing in number, they do not have a degradative function, are not
so metabolically active and therefore cannot be detected using the expression of functional genes.

Both assumptions can be explained by cultivation-based methods. In fact, during the cultivation
of hydrocarbon-degrading microbes in oil-impacted mussels (CFU with oil), five isolates which
had the specific ability to use oil as a sole source of carbon and energy were obtained. Among
these isolates, three were related to the genus of Alcanivorax and two were related to genus
Marinobacter. Because the primers used for gene expression analysis were specific for organisms
other than these two species, expression of neither gene could be detected.

A. borkumensis is the predominant free-living oil-degrading microbe in all temperate water
bodies. Its presence in seawater at the specific Messina site and using the same type of oil has
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been shown previously [3,9,15]. The presence of cultivable bacteria related to the Alcanivorax
genus and not detected by expression of alkB genes in mussel gills – an essential gene for hydro-
carbon degradation and thus growth of this microbe – implies that these bacteria may well have
been present in the gills in a dormant or starvation state and might have been reactivated upon
hydrocarbon availability in seawater during filtration by mussels.

Although these findings indicate the presence of a possible dormant, mussel-associated pop-
ulation of hydrocarbonoclastic microbes, which has wider implications for both mussel farming
and the use of mussels as pollution indicators, further investigations are required, especially of
mussel populations in chronically polluted areas.

5. Conclusions

The data obtained fulfilled the following objectives of this study: (1) to analyse the relative abun-
dance and diversity of oil-degrading bacteria in the gills of mussels; and (2) to study the correlation
between these bacteria and their host in relation to environmental conditions (presence/absence
of oil).

In this study, it was possible to demonstrate how the effect of the presence/absence of hydro-
carbons may quantitatively influence the abundance of microbial populations within mussel gills.
This presence/absence can also influence the selection of bacteria specific for the environmental
conditions (presence of oil-degrading bacteria) to which the mussels are subjected.

However, it remains unclear whether a symbiotic process between hydrocarbon-degrading
bacteria and filter organisms (mussels) exists or whether the presence of these bacteria in the
mussels is a result of filter feeding. To shed more light on this extremely interesting process,
further analysis is required, for example, (1) genetic screening using functional primers specific
for other microbial groups (e.g. Marinobacter), (2) direct study of microbial population structure
(e.g. by 16S clones libraries), and (3) the use of techniques for the direct functional identification
of mussel-associated bacteria (e.g. fluorescence in situ hybridisation, electronic microscopy of
gills, and fluorescent antibodies labelling and fluorescent microscopy).
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