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Bacterial communities in sediment of a Mediterranean
marine protected area
Valentina Catania, Gianluca Sarà, Luca Settanni, and Paola Quatrini

Abstract: Biodiversity is crucial in preservation of ecosystems, and bacterial communities play an indispensable
role for the functioning of marine ecosystems. The Mediterranean marine protected area (MPA) “Capo Gallo–Isola
delle Femmine” was instituted to preserve marine biodiversity. The bacterial diversity associated with MPA
sediment was compared with that from sediment of an adjacent harbour exposed to intense nautical traffic. The
MPA sediment showed higher diversity with respect to the impacted site. A 16S rDNA clone library of the MPA
sediment allowed the identification of 7 phyla: Proteobacteria (78%), Firmicutes (11%), Acidobacteria (3%), Actinobacteria
(3%), Bacteroidetes (2%), Planctomycetes (2%), and Cyanobacteria (1%). Analysis of the hydrocarbon (HC)-degrading
bacteria was performed using enrichment cultures. Most of the MPA sediment isolates were affiliated with
Gram-positive G+C rich bacteria, whereas the majority of taxa in the harbour sediment clustered with Alpha- and
Gammaproteobacteria; no Gram-positive HC degraders were isolated from the harbour sediment. Our results show
that protection probably has an influence on bacterial diversity, and suggest the importance of monitoring the
effects of protection at microbial level as well. This study creates a baseline of data that can be used to assess
changes over time in bacterial communities associated with a Mediterranean MPA.

Key words: bacterial communities, hydrocarbon-degrading bacteria, marine protected areas, Bacteriovorax, DGGE
analysis.

Résumé : La biodiversité est cruciale à la préservation des écosystèmes, et les communautés bactériennes jouent
un rôle indispensable dans le fonctionnement des écosystèmes marins. La Zone de Protection Marine de la
Méditerranée (ZPM) « Capo Gallo–Isola delle Femmine » a été établie afin de préserver la biodiversité marine. On a
comparé la diversité bactérienne associée aux sédiments de la ZPM à celle de sédiments d’un port adjacent exposé
à la circulation nautique. Les sédiments de la ZPM ont révélé une plus grande diversité par rapport au site touché
par la circulation. Une banque de clones d’ADN ribosomal 16S des sédiments de la ZPM a permis de recenser
7 phyla, soit Proteobacteria (78 %), Firmicutes (11 %), Acidobacteria (3 %), Actinobacteria (3 %), Bacteroidetes (2 %),
Planctomycetes (2 %) et Cyanobacteria (1 %). L’analyse des bactéries dégradant les hydrocarbures a été réalisée au
moyen de cultures d’enrichissement. La plupart des isolats de la ZPM étaient affiliés aux Gram positifs riches en
G+C tandis que la majorité des taxons dans le port se regroupaient dans les Alpha et Gamma Proteobacteria; aucun
Gram positif dégradant les HC n’a été isolé des sédiments du port. Nos résultats montrent que la protection a
probablement une influence sur la diversité bactérienne, et mettent en relief l’importance de surveiller les effets
de la protection au nuveau microbien. Cette étude fournit des données de référence qui pourront être utilisées pour
évaluer les changements chronologiques dans les communautés microbiennes associées à une ZPM méditerranéenne.

Mots-clés : communautés bactériennes, bactéries dégradant les hydrocarbures, zones de protection marines,
Bacteriovorax, analyse DGGE.

Introduction
The analysis of biodiversity is mainly devoted to plants

and animals, while the diversity of microbes is rarely
considered. The data available for Bacteria, Archaea, and

Protista are somewhat limited, and microbial diversity
is substantially underestimated (Kemp and Aller 2004;
Pontes et al. 2007). The Mediterranean Sea is a marine bio-
diversity hot spot. It has been estimated that 17 000 species
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occur in the Mediterranean Sea, and of these, at least 26%
are prokaryotic (Bacteria and Archaea) and eukaryotic
(Protista) marine microbes (Coll et al. 2010).

The need to protect natural marine resources is forc-
ing stronger conservation efforts, which are leading to
an increasing number of marine protected areas (MPAs)
worldwide. MPAs are essential for conservation of biodiver-
sity by offering a protection from major anthropogenic
threats, such as chemical contamination, eutrophication,
overexploitation, and species invasions (Fraschetti et al.
2002). The knowledge of the ecological effects of protec-
tion is still limited because of the complexity of pro-
cesses and the difficulty in quantifying them (Jameson
et al. 2002; La Manna et al. 2015). Microbial communities
are the basis of life on earth and provide fundamental
ecosystem services by catalysing biogeochemical reac-
tions that drive global nutrient cycles and by directly
interacting with the biota. Unlike plant and animal
diversity, microbial diversity is not considered under
menace, as bacteria are known for their redundancy,
resistance, and resilience (Bodelier 2011). However, all
these aspects have not been analysed enough because of
inadequate methods to assess microbial diversity. Molec-
ular culture-independent approaches are now available
to overcome the previous limit of bacteria cultivability,
and knowledge of bacterial diversity has been rapidly
expanding in recent decades. Phylogenetic and taxo-
nomic diversity and functional diversity, based on func-
tional gene and (or) protein sequence diversity, are
enhancing our ability to link microbial diversity to the
functioning of microbial communities and ecosystems
in the so-called biodiversity–ecosystem functioning rela-
tionship (Krause et al. 2014).

Only a few studies have been carried out on microbial
diversity of MPAs (Yeung et al. 2010), and to our knowledge,
there are no reports on microbial diversity of sediment
from MPAs in the Mediterranean Sea. The Mediterranean
marine protected area “Capo Gallo–Isola delle Femmine”
was instituted in 2002 in the gulf of Palermo, Italy.

The aim of this study was to analyse the bacterial di-
versity associated with sediment of the Mediterranean
MPA Capo Gallo–Isola delle Femmine to evaluate the ef-
fect of protection on the microbial component of biodi-
versity. As one of the most threatening risks of coastal
sediment is the contamination by hydrocarbons (HCs),
attention has been devoted to analyse the cultivable frac-
tion of HC-degrading bacteria to evaluate the effect of
protection on the distribution and composition of this
important functional group of bacteria. Here, the effect
of protection on sedimentary bacterial diversity was as-
sessed through a comparison with an adjacent impacted
area.

Materials and methods
Study area and design

We conducted this study in the marine protected area
(MPA) Capo Gallo–Isola delle Femmine (northwest Sicily,

Italy) (Fig. 1). This MPA is an area of approximately 20 km2,
with 3 zones of different levels of protection: the A-zone,
a no-take zone, where no recreational use, including div-
ing and fishing, is allowed and access is limited to boats
for monitoring and scientific research; the B-zone, where
recreational use is allowed; and the C-zone, where recre-
ational use is allowed as well as fishing with permits from
the local authorities. Recreational nautical traffic includes
activities such as boat passages and mooring within buoy
fields.

Superficial sediment cores for bacterial analysis were
collected by scuba divers along the MPA protection
gradient: 2 sites were chosen in the no-take A-zone (A1:
38°12=46.2==N, 13°14=10.8==E — depth 9 m; A2: 38°13=19.1==N,
13°18=26.3==E — depth 8 m); 1 site was chosen in the general
partially protected B-zone (38°12=25.7==N, 13°14=03.5==E —
depth 8.6 m). The impacted site was chosen within the area of
an external adjacent small fishing harbour (the C-zone;
Arenella: 38°09=07.4==N, 13°22=30.5==E — depth 7 m) with a
high number of fishery activities and intense nautical
traffic. Owing to intensive boating activities, a complex
mixture containing a broad spectrum of HCs is released
into the harbour environment and in the proximal areas
by combustion of fossil fuels. Accordingly, sediments
were highly contaminated, as they showed total poly-
cyclic aromatic hydrocarbons (!PAHs) concentrations that
would classify them as highly contaminated (total PAH
concentrations exceeding 0.500 mg·kg–1; Italian regula-
tory limits for marine sediment; G.U.R.I., D.M. 367/03,
2004), indicating the combustion as a major source for
this geographic area (Di Leonardo et al. 2009). In the
no-take A-zone, no sedimentary contamination due to
local nautical traffic should be present and, coherently,
!PAHs concentrations were under the Italian regulatory
limits (Di Leonardo et al. 2009). Sediment composition is
predominantly limestone with a biogenic component,
especially in coarse sediment. The particle size analysis
shows fine sand near the coast and coarse and medium
sand beyond the coast (up to 2 mm; G. Sarà, Università
degli Studi di Palermo, personal communication). Sedi-
ment samples were collected in triplicate from all sites
(0–5 cm) using sterilized tube cores (50 mL) and were
immediately stored on board in freezer storage bags.
Once brought back to the laboratory within 2 h, sedi-
mentary samples from the same site were pooled to-
gether and immediately centrifuged at 6000g (4 °C;
15 min) to eliminate seawater. Aliquots were used for
immediate analysis or stored for future analyses (–20 °C).

DNA extraction from the sediment
Total DNA was extracted from pooled sediment of

each collected core (500 mg wet mass) using the FastDNA
Spin kit for soil (MP Biomedicals, USA) according to the
manufacturer’s instructions, except in the last step,
where the elution was repeated twice with 50 "L of
DNase- and RNase-free water. The DNA samples were
analysed by electrophoresis in 1% (m/v) agarose gel with
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1% ethidium bromide; nucleic acids were quantified us-
ing a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies) and stored at −20 °C until further pro-
cessed.

PCR–DGGE (polymerase chain reaction – denaturing
gradient gel electrophoresis) analysis

The 16S rRNA PCR–DGGE analysis of the bacterial com-
munities was performed with the total DNA extracted
from the sediment of the MPA (A1, A2, and B1 sites) and
the harbour in triplicate. Primers 341f-GC and 354r (cor-
responding to positions 341–534 in the Escherichia coli
16S rDNA sequence) were used to amplify the V3 variable
region of the bacterial 16S rDNA gene (Muyzer et al.
1993). PCR amplification was performed in a 50 "L reac-
tion volume with 0.8 "L of Phire Hot Start II DNA Poly-
merase (Thermo Scientific), 1× PCR buffer, 500 nmol·L–1

(each) primer, 0.30 mmol·L–1 dNTP, and 100–150 ng of
DNA. The PCR procedure was as follows: an initial cycle
of 30 s at 98 °C, followed by 40 cycles of 15 s at 98 °C, 10 s
at 66 °C, 10 s at 72 °C, with a final extension of 2 min at
72 °C. Amplification products were analysed by electro-
phoresis in 1.5% (m/v) agarose gels with ethidium bro-
mide. DGGE was performed with the INGENY phor-U2
system instrument (Ingeny, Leiden, the Netherlands);
PCR samples were applied directly onto the 8% (m/v)
acrylamide:bisacrylamide (37.5:1) gel in a 1× TAE buffer

with a 35%–70% denaturing gradient (100% denaturant
corresponding to 7 mol·L–1 urea and 40% (v/v) deionised
formamide). Electrophoresis was performed at 60 °C
with 1× TAE for 17 h. Gels were stained with SYBR Gold
nucleic acid gel stain (Molecular Probes, Invitrogen) in
accordance with the manufacturer’s instructions, and
the gel image was captured with a Gel Doc 2000 (Bio-Rad).
DGGE profiles were visually analysed and the relative
position of each band was recorded in a resulting 0–1
matrix that was input into the PAST software package
(version 3.0) and analysed using multivariate cluster analy-
sis based on Jaccard dissimilarity (Hammer et al. 2001).

Construction of a 16S rRNA gene library from the MPA
sediment

The total DNA extracted from the sediment of the A1
site was used as a template to amplify the bacterial 16S
rRNA gene with primers fDl and rDl (Weisburg et al.
1991), as described above. The amplicon was gel-purified
using the QIAquick Gel Extraction kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions.
PCR product (150 ng) was cloned into the pCR 2.1-TOPO
vector (Invitrogen) and transformed into One shot TOP10
chemically competent cells of Escherichia coli using the
TOPO TA Cloning kit (version M), as recommended by the
manufacturer (Invitrogen). After selection on X-gal and
kanamycin Luria–Bertani agar, clones were archived at

Fig. 1. The study area — the marine protected area Capo Gallo–Isola delle Femmine, southern Mediterranean, Italy. The map
shows the sampling sites B1, A1, A2, and the Arenella harbour.
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−80 °C in 20% glycerol. Plasmid DNA was extracted from
140 candidate-positive colonies using the alkaline lysis
procedure (Sambrook et al. 1989); about 100 ng of each
plasmid DNA was digested using the enzymes EcoRI and
PstI (Invitrogen) at 37 °C for 60 min. Restriction digests
were analysed by agarose gel electrophoresis (1.5% aga-
rose, 1× TAE buffer), and the resulting RFLP patterns were
used to assign the clones to operational taxonomic units
(OTUs). One representative clone of each OTU was cho-
sen; plasmid DNA was extracted using the Gen Elute Plas-
mid Miniprep kit (Sigma–Aldrich) and its insert was
sequenced using the fDl and rDl primers as described
above. The amplified 16S rRNA gene was bidirectionally
sequenced and sequences were compared with sequences in
the EMBL–SwissProt–GenBank nonredundant nucleo-
tide database using Mega BLAST algorithm (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) and the Naïve Bayesian rRNA
Classifier version 2.8, of the Ribosomal Database Project II
(Cole et al. 2014).

Sequences were submitted to the DDBJ–EMBL–GenBank
database under accession Nos. KT906693–KT906712.

Isolation and identification of HC-degrading bacteria
Enrichment cultures were set up in the presence of

HCs as the sole carbon source to isolate the HC-degrading
bacteria. For the enrichments, 1 g of sediment from the
A1 site of the MPA and from the Arenella harbour were
added to 250 mL Erlenmeyer flasks containing 50 mL of
Bushnell Haas Mineral Salts (BHSM) medium (Difco). A
mixture of the n-alkanes C12, C15, C16, (1 g·L−1) or Diesel oil
(1 g·L−1) was then added to the medium (Quatrini et al.
2008). Flasks were incubated without shaking for 15 days
at room temperature. Subcultures were prepared by
transferring 1 mL from the enrichment cultures to flasks
containing 50 mL of fresh BHSM medium and the HCs.
The new enrichment cultures were cultivated under the
same conditions for 1 month. Serial dilutions were then
spread on BHSM agar medium plates, with diesel oil or
n-alkanes, supplied on a filter paper on the lid of the Petri
dish; the concentrations were the same as described pre-
viously. After incubation at room temperature, individ-
ual colonies with different morphologies were selected
and purified by repeated streaking on the same medium.
All the apparently different colonies growing on HC
plates were isolated in pure culture and analysed by ob-
servation under a microscope (cell shape, mobility, Gram
stain reaction). All the isolates that were able to grow on
diesel oil or alkanes as sole C source and showing at least
characteristic different from the others were further
characterized by PCR analysis of the internally tran-
scribed spacer (ITS) between the 16S and the 23S rRNA
genes (16S–23S ITS).

The ribosomal 16S–23S intergenic spacer region of the
isolates was amplified by colony PCR for phylogenetic
analysis. PCR amplification was performed by using
primers ITSF (5=-GTCGTAACAAGGTAGCCGTA-3=) and
ITSReub (5=-GCCAAGGCATCCACC-3=); complementary to

positions 1423 and 1443 of the 16S rRNA and positions 38
and 23 of the 23S rRNA of E. coli respectively (Cardinale
et al. 2004). The amplification reaction mixture consisted
of 1× PCR reaction buffer, 1.5 mmol·L–1 MgCl2, 0.25 mmol·L–1

dNTP, 0.2 "mol·L–1 (each) primer, 1 U of Taq Hot Start
DNA polymerase, and 1 "L of colony TE lysate. The PCR
program consisted of an initial activation step of the
enzyme at 95 °C for 15 min, followed by a denaturation
step at 95 °C for 5 min, 30 cycles of denaturation at 95 °C
for 1 min, annealing at 55 °C for 1 min, and elongation at
72 °C for 1.5 min, followed by a final elongation step at
72 °C for 7 min. The ITS-PCR amplification products were
separated by electrophoresis on a 1% agarose gel. Strains
having overlapping ITS-PCR amplification patterns were
assigned to the same OTUs. The 16S rRNA gene of 1 strain
representative of each OTU was amplified using the uni-
versal primers fDl and rDl (Weisburg et al. 1991) using the
same conditions described above. The amplified 16S rRNA
gene was sequenced and compared with sequences in the
EMBL–SwissProt–GenBank nonredundant nucleotide data-
base using Mega BLAST algorithm (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) and the Naïve Bayesian rRNA Classifier
version 2.8, of the Ribosomal Database Project II (Cole et al.
2014).

Sequences were submitted to the DDBJ–EMBL–GenBank
database under accession Nos. KT933187–KT933197.

Results
Bacterial diversity of the sediment

Sedimentary bacterial diversity of the MPA and the
adjacent harbour was analysed by 16S rDNA PCR–DGGE
(Fig. 2). The 3 replicates, obtained by pooling the sedi-
mentary samples from the same site, showed almost
identical DGGE profiles. Cluster analysis based on the
DGGE profiles indicated that the bacterial communities
from the MPA grouped together, while the harbour com-
munity was separated. The PCR–DGGE profiles of the
MPA revealed the presence of 61, 57, and 62 putative
OTUs in the A1, A2, and B1 sites, respectively. Conversely,
only 41 OTUs were identified in the impacted site. The
MPA bacterial communities (A1, A2, and B1 sites) shared
18 OTUs, while only 11 OTUs were common between the
MPA and harbour sediment. Richness and diversity indi-
ces are shown in Table 1; all the indices related to the
MPA are higher than those related to the harbour, and
within the MPA, the B zone hosts slightly higher diver-
sity than the no-take A zones.

Composition of the bacterial community of MPA
sediment

One hundred and forty 16S rRNA clones were clustered
into 20 OTUs by ARDRA. The OTUs were affiliated with
7 phyla: Proteobacteria (78%), Firmicutes (11%), Acidobacteria
(3%), Actinobacteria (3%), Bacteroidetes (2%), Planctomycetes
(2%), and Cyanobacteria (1%). Within the dominating phy-
lum Proteobacteria, Deltaproteobacteria was the most abun-
dant class (61%), followed by Alphaproteobacteria (29%) and
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Gammaproteobacteria (10%). Most of the sequences dis-
played the highest identity with uncultivated marine
bacteria and a lower identity with the 16S rRNA genes
of known bacteria (Table 2). The most abundant se-
quences had their closest relatives in the marine bacte-
rial genera Bacteriovorax (25%, Desulfosarcina (21%), and
Oceanirhabdus (8%). A large number of sequences (23%)
were distantly related to the genus Lutibaculum (92% nu-
cleotide identity). The Bacteriovorax sequences retrieved
in the MPA have their closest relatives in the compo-
nents of the microbiota of the sessile, filter-feeding ma-
rine invertebrate Ciona intestinalis (Dishaw et al. 2014).
Bacteriovorax marinus, which is the closest cultivated rel-
ative, usually attaches to Gram-negative bacteria and

penetrates through the cell wall to form a bdelloplast, in
which it is able to replicate (Crossman et al. 2013). The
abundant presence of sulfate-reducing Deltaproteobacteria, dis-
tantly related to Desulfosarcina, indicates anoxic condi-
tions of the sediment. These bacteria have recently been
described as having a role in anaerobic methane oxida-
tion in association with archaeal methane oxidizers (Beal
et al. 2009) and in alkanes degradation at marine seeps
(Kleindienst et al. 2014).

The presence of bacteria distantly related to Lutibaculum
appears quite unexpected, as the type strain of this novel
genus, L. baratangense (gen. nov. sp nov.), was isolated and
described for the first time from mud of a volcano (Singh
et al. 2014). However, other genera in the order Rhizobiales
close to Lutibaculum, such as Amorphus and Bauldia, are of
marine origin, and the sequences of bacteria from MPA
sediment samples, in particular, show high similarity with an
uncultivated specimen detected in a deep-sea octacoral (Penn
et al. 2006).

HC degraders of MPA and harbour
The HC-degrading bacteria isolated by enrichment cul-

tures from the MPA sediment were remarkably different
from those of the harbour sediment (Table 3). The MPA
isolates were affiliated with 3 phyla: Actinobacteria, Firmicutes,
and Proteobacteria, while all the harbour isolates be-
longed uniquely to the Proteobacteria phylum in the

Fig. 2. Denaturing gradient gel electrophoresis (DGGE) analysis. (a) Cluster analysis dendrogram displaying the bacterial
community of sediment samples collected from the integral reserve zone of the marine protected area of Capo Gallo–Isola
delle Femmine A1 site (samples 1, 2, 3) and A2 site (samples 4, 5, 6), from the general reserve site B1 (samples 7, 8, 9) and from
1 site of impacted Arenella harbour (samples 10, 11, 12). PAST Jaccard’s 100 bootstrap analysis was used to measure similarity
among the samples banding patterns. (b) DGGE profile (35%–70% denaturant) of PCR-amplified V3 region fragments of the
16S rDNA gene from sediment samples.

Table 1. Bacterial diversity indices of the marine sediment
based on DGGE patterns.

Index Area B1 Area A1 Area A2 Harbour

Taxa, S 61.66 61 57 40.66
Simpson, 1 – D 0.98 1 0.98 0.97
Shannon, H 4.12 4.10 4.04 3.70
Brillouin 3.17 3.15 3.09 2.77
Menhinick 7.85 7.80 7.54 6.37
Margalef 14.72 14.59 13.85 10.70
Berger–Parker 0.016 0.016 0.018 0.025
Chao1 1932 1903 1659 848

Note: Areas A1, A2, B1, and Harbour are indicated in Fig. 1.
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classes Alpha-, Beta-, and Gammaproteobacteria. The Gram-
positive MPA isolates had their closest relatives in the
HC-degrading Dietzia, Microbacterium, and Exiguobacterium
(Johnson and Hill 2003; Alonso-Gutiérrez et al. 2011; Ganesh
Kumar et al. 2014). Gammaproteobacteria were affiliated with
the HC-degrading genera Acinetobacter and Stenotrophomonas
(McGenity et al. 2012). The HC-degrading bacteria affiliated
with Alphaproteobacteria and Betaproteobacteria belong to
the genera Ochrobactrum, Sphingobium, and Achromobacter
(Dudášová et al. 2014). The Gram-negative isolates from the
MPA belonging to the genera Acinetobacter and Ochrobactrum,
also known HC degraders (Jung et al. 2010), were detected
in both the MPA and harbour sediments.

Discussion
The analysis of bacterial communities associated with

sediment of a Mediterranean MPA was carried out here
for the first time, with the ultimate aim of shedding light
on the effects of protection on the microbial component
of the benthic biota. Our culture-independent approach,
based on 16S rDNA PCR–DGGE analysis, revealed higher
diversity in the MPA sediment with respect to the im-
pacted site, suggesting that the higher the degree of
protection, the higher the bacterial diversity. Previous
studies have demonstrated the effect of protection on
the microbial communities; protected coral reefs, for ex-
ample, have higher microbial diversity, while the most
degraded reefs show a marked reduction in microbial
species richness (Bruce et al. 2012). The distribution of
MPA bacteria among 20 OTUs from 7 phyla reveals a
complex community that can only partially be described
in terms of functions. Seeking the link between the rich-
ness of bacterial species and the functional diversity is
still an important goal for microbial ecologists. It is be-
lieved that higher number of bacterial species may account
for a higher and more diverse number of functions in the
marine ecosystem (Bodelier 2011; Krause et al. 2014).

Sediment of the B-zone, where the nautical traffic was
moderate and significantly larger than that of the A-zones
(Bracciali et al. 2012), hosted a more diverse bacterial
community than the adjacent no-take zones A1 and A2.
Thus, intermediate levels of disturbance could directly
or indirectly alter the competitive hierarchy of microbial
populations, with more robust or competitive species
increasing their mortality and making free resources for
less competitive species. Such a pattern seems to meet
the Intermediate Disturbance Hypothesis at the micro-
bial scale (Buckling et al. 2000), and it is also corrobo-
rated by a further intriguing finding: the massive
abundance of Bacteriovorax in the A-zone’s sediment. In-
deed, under pristine conditions (overall the A-zones),
bacterial diversity should be reduced by bacterial preda-
tion, and in turn, predators would control bacterial mor-
tality of other Gram-negative bacteria. Bdellovibrio and
like organisms (BALOs) in the MPA A-zones could repre-
sent the competitive-dominant species in the absence ofTa
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disturbance, which plays a role in the control of bacterial
abundance and diversity. While BALOs are often uncul-
tivable (and consequently their prey cannot be studied),
the specificity of some isolates towards seafood-borne
and human pathogens is of interest, as they could act as
controlling agents, shaping bacterial communities through
selective mortality (Chen et al. 2011). Further studies de-
signed to test the cited hypotheses are needed.

The MPA sediment also hosted a more diverse group of
potential HC degraders, including both Gram-positive
and Gram-negative isolates, compared with the harbour
sediment, where most of HC-degrading bacteria belong
to the Gram-negative Gammaproteobacteria (Head et al.
2006) and no HC-degrading Gram-positive bacteria were
isolated. HC-degrading Alpha- and Gammaproteobacteria
are generally associated with a first fast phase of petro-
leum degradation, where Gram-positive bacteria are
never dominant (Kostka et al. 2011; Catania et al. 2015)
The Arenella harbour is characterized by intense nauti-
cal traffic (Bracciali et al. 2012), which presumably causes
the continuous HC accumulation that could reduce di-
versity by eliminating species or by enhancing the dom-
inant species capable of degrading the environmental
pollutants. Nevertheless, the presence of a population of
HC degraders in the MPA sediment could suggest that in
the absence of new HC inputs due to closure of MPA
boundaries, the most persistent components of the oil-
derived old pollutants were buried in the sediment and
subjected to slow degradation by the Gram-positive bac-
teria, known for their catabolic and enzymatic versatility
(Quatrini et al. 2008; Lo Piccolo et al. 2011; De Pasquale
et al. 2012). However, recent studies reported transbound-
ary movements of chemicals into Italian marine environ-
ments, including MPAs (Perra et al. 2011), and as such
may increase the complexity of the scenario.

The MPA microbial assemblage describes the over-
looked potential of marine benthic microbiota to react
to natural changes in seepage. Such an insight opens up
the possibility of wider use of bacterial diversity as a
bioindicator of an ecosystem’s health status in marine
environments. As well, Gammaproteobacteria have the po-
tential for use in bioremediation of marine oil pollution
(Catania et al. 2015).

Our results show that protection has an influence on
bacterial diversity and suggest the importance of moni-
toring the effects of protection also at a microbial scale.
This study creates a baseline of data that can be used to
monitor changes in bacterial diversity and composition,
associated with a Mediterranean MPA, over time.
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