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a b s t r a c t

Gas hydrothermal vents are used as a natural analogue for studying the effects of CO2 leakage from
hypothetical shallow marine storage sites on benthic and pelagic systems. This study investigated the
interrelationships between planktonic prokaryotes and viruses in the Panarea Islands hydrothermal
system (southern Tyrrhenian Sea, Italy), especially their abundance, distribution and diversity. No
difference in prokaryotic abundance was shown between high-CO2 and control sites. The community
structure displayed differences between fumarolic field and the control, and between surface and bottom
waters, the latter likely due to the presence of different water masses. Bacterial assemblages were
qualitatively dominated by chemo- and photoautotrophic organisms, able to utilise both CO2 and H2S for
their metabolic requirements. From significantly lower virioplankton abundance in the proximity of the
exhalative area together with particularly low Virus-to-Prokaryotes Ratio, we inferred a reduced impact
on prokaryotic abundance and proliferation. Even if the fate of viruses in this particular condition
remains still unknown, we consider that lower viral abundance could reflect in enhancing the energy
flow to higher trophic levels, thus largely influencing the overall functioning of the system.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is generally recognized that viral lysis of prokaryotes, as their
most common hosts in the environment, can short-circuit the
microbial loop by releasing dissolved organic matter (DOM), thus
reducing prokaryotic carbon production and the energy transfer to
higher trophic levels, and influencing the overall carbon budget of
the oceans (Fuhrman, 1999; Wilhelm and Suttle, 1999). The
ecological consequence of viral infection includes profound
impacts on microbial population sizes and biodiversity, horizontal
transfer of genetic materials and cycle of organic matter (Suttle,
2005).

In early November 2002, the submarine gas eruption that
occurred offshore Panarea Island increased the interest for this
particular area (Esposito et al., 2006; Tassi et al., 2009) fromwhich
exhalative activity has been known from historical times
(Dolomieu, 1784; Mercalli, 1883). The influence of gas emission on
the growth, diversity and distribution of prokaryotes even in areas
relatively distant from the active fumarolic fields has been previ-
ously reported (Lupton et al., 1985; DeLong, 1992). Negative effects
.

All rights reserved.
on the microbial community would consequently affect the
microbial activities related to the elemental cycles of C, N, S and O
(Ormerod et al., 2002). Until recently, information on the distri-
bution and interaction between prokaryotes and viruses in condi-
tions of CO2 emission was limited to a few studies conducted in
natural deep-sea hydrothermal vents only (Wommack et al., 2004;
Ortmann and Suttle, 2005). Addition of CO2 to seawater will result
in a decrease in pH due to the bicarbonate buffer system in the
ocean. The environmental effects of pH reduction depend primarily
on the general tolerance of living organisms. Life forms in variably
acidic and hypercapnic environments, such as hydrothermal vents
are adapted to highly unstable physico-chemical conditions (Karl,
1995; Luther et al., 2001). In their recent review Jacquet et al.
(2010) outlined the role of viruses in harsh environments, report-
ing that viruses have been demonstrated to be major players in
carbon cycling and recycling of nutrients from organic material.

The interest for studies on the impact of CO2 on marine
communities is rising since the gas emission from hydrothermal
vent could be comparable to the CO2 leakage from Carbon Capture
and Storage (CCS) systems, adopted as one of the methods to
mitigate global warming by sequestration and seabed storage of
atmospheric CO2. Leaks of CO2 from the reservoir or from the
injectionwells may occur although the hazard due to pH reductions
is likely to be limited to the immediate proximity of the erupting
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well where CO2 concentration may be very high with toxic effects
for many species (Herzog et al., 2000; Stevens and Gale, 2000).
Given the novelty of the method, making long term predictions
about submarine storage security is uncertain and the effects of
possible CO2 leakage in the surrounding water are still difficult to
comprehend. For this reason, the area surrounding Panarea island
has been indicated (Voltattorni et al., 2009) and recently high-
lighted as a suitable natural laboratory for studying the effect of CO2
emission on shallow benthic and pelagic systems (Caramanna et al.,
2011) since carbon dioxide represent 80e95% (v/v) of total dis-
solved gasses in the water column (with respect to w2% of
a reference site, as reported by Maugeri et al. (2009). However,
notwithstanding the potential impact of high CO2 concentration in
this natural environment, H2S emissions are also known to occur,
possibly affecting biogeochemical cycling and interactions among
organisms. The available information on the effects of CO2 emission
on planktonic prokaryotes and viruses in these shallow vent
systems has been previously reported by Manini et al. (2008) and
Maugeri et al. (2009) who investigated microbial communities of
both seawater and sediment. In both cases the authors focussed on
prokaryotic diversity, by emphasising the importance of sulphur-
oxidizing and sulphur-reducing bacteria, as a key component of
the community.

In the present study, a hydrothermal vent located in the Tyr-
rhenian Seawas used as a natural analogue to address the following
question: what are the interrelationships between planktonic
prokaryotes and viruses (abundance, distribution, interaction and
diversity) occurring at high carbon dioxide concentration, poten-
tially reflecting the effects of CO2 leakage from a CCS site?

2. Materials and methods

2.1. Study area

The submarine fumarolic field is located about 2.5 km E of
Panarea Island (southern Tyrrhenian Sea, Italy). It is surrounded by
five emerging reefs (Dattilo, Bottaro, Lisca Bianca, Panarelli and
Lisca Nera) that are arranged along a circular rim of about 1 km in
diameter (Fig. 1), recognized as the remnants of the crater rim
Fig. 1. Geographic map of the study area in the proximity of the Panarea Island, southern T
and the control site (WS).
(Italiano and Nuccio, 1991). Here the submerged area is character-
ized by the depth of 30 m and a flat seabed (lava layers, pebbles,
gravel and sand), partially covered by Posidonia mats.

In this area there is a widespread presence of CO2-dominated
gas emissions (Esposito et al., 2006; Manini et al., 2008;
Tassi et al., 2009; Voltattorni et al., 2009; Espa et al., 2010;
Caramanna et al., 2011). By examining gas composition of 5
different vents in the period from November 2002 to December
2006, Voltattorni et al. (2009) report that CO2 content in free gas
varies from a minimum of 83.6 vol. % to a maximum of 98.4 vol. %
with mean value of 98% considering all the sampled vents. H2S
was also detected in the free gas and ranged from 0.4 vol. % to 4
vol. % whereas mean N2 content was 0.4 vol. %. The content of
other detected gases such as H2, He and CH4 was very low
(1100 vol. ppm, 11 vol. ppm and 10 vol. ppm respectively).
Voltattorni et al. (2009) estimated that the total emitted volume of
gas from the investigated vents was about 8 � 104 m3 y�1 at SPT,
or about 1.6 � 102 t of CO2 y�1, which represented only a small
amount of the total CO2 emitted from the entire degassing area.
The spatial distribution of fumarolic vents appears to be controlled
by NNE and NW oriented fault systems, which align with the
dominant regional tectonic lineaments of the Aeolian Islands
(Gasparini et al., 1982; Lanzafame and Rossi, 1984).

Station BS (called also ‘Black Smoker’: 38�38.2350N,15�06.2980E)
is characterized by sporadic black sulphur-rich gas emissions from
several gas vents flowing in a small plume that follows superficial
current. St. BS is ca. 23 m deep and is located on a circular
depression covered by boulders and sandy sediments (Fig. 1).

According to Voltattorni et al. (2009) station BS (in their study
called ‘Black point’) is characterized by the highest CO2 and the
lowest H2S content (range: 0.53e0.82 vol.%; mean value:
0.64 vol.%) among 5 investigated vents in the degassing area.

Sampling stations were located along the transect aligned with
the dominant marine current direction (from E to W). The stations
were situated at an increasing distance (25m and 50m) from St. BS.
Thus, 5 stations were set: BS 0 in the centre of the transect, BS 25
and BS 50 (downstream) and BS 25up and BS 50up (upstream). The
seafloor of the transect represented the maximum depth of 23 m at
St. BS 0, 19 m at both stations BS 25 and BS 25up, and 17 m at BS 50
yrrhenian Sea, Italy: a) hydrothermal vent ‘Black Smoker’ (BS) in the gas emission area



A. Karuza et al. / Estuarine, Coastal and Shelf Science 97 (2012) 10e1812
and BS 50up stations. A control site St. WS (38�38.0470N,
15�06.0340E) which is characterized by 24 m- bottom depth with
the location at the distance of 517 m from St. BS does not present
any gas vent (Fig. 1).

2.2. Station locations and sample collections

Sampling was carried out from 22nd to 24th May 2008. At each
station temperature, salinity, oxygen and pH vertical profiles were
registered using a CTD multiparametric probe model Sea-Bird
Electronics 19plus SEACAT (Sea-Bird Electronics, Inc., Bellevue,
Washington, USA). Dissolved inorganic and organic carbon
concentrations (DIC and DOC) as well as viral and prokaryotic
abundance were evaluated at three different depths. Bacterial
community structure was analysed only at surface and bottom
depth. Water samples were collected by SCUBA divers using 5-L
Niskin bottles.

2.3. Sample analyses

2.3.1. DIC
Samples were collected in clean glass vials minimizing gas

exchange with atmosphere, treated with a mercuric chloride
solution (0.04% by volume of a saturated aqueous solution) in order
to prevent biological activity (Dickson et al., 2007), sealed with
Teflon cap and stored refrigerated until analyses. Non-dispersive
infrared (NDIR) measurements for DIC analysis (Weisburd et al.,
1995) were performed on a Shimadzu TOC-V CSH analyser.
Samples were introduced into the instrument automatic sampling
syringe through a needle tipped Teflon tube. After four or five
syringe washes, aliquots of sample were injected into a sparging
chamber containing a phosphoric acid (25%) solution. Phosphoric
acidification generated CO2 that was carried to the NDIR detector.
Standardizationwas carried out every day using sodium carbonate/
bicarbonate. Analysis showed the variation coefficient <1.5%. The
reproducibility of the method was between 1.5% and 3%.

2.3.2. DOC
Samples for DOC analyses were filtered on-board, through pre-

combusted (4 h at 480 �C) and acidified (1 N HCl) Whatman GF/F
glass fibre filters (0.7 mm nominal pore size). Filtration was per-
formed using a glass syringe and a filter holder in order to prevent
atmospheric contamination. The filtered samples were stored
frozen (�20 �C) in 20mLglass vials (previously treatedwith chromic
mixture and precombusted for 4 h at 480 �C). Before the analysis,
sampleswere acidified (pH<2)with 6NHCl solution andpurged for
8min using high-purity oxygen bubbling (150mLmin�1). TheHTCO
method was applied using a commercial unit, the Shimadzu TOC
5000Awith a quartz combustion column filled with 1.2% Pt on silica
pillowswith an approximate diameter of 3mm (Cauwet,1994). One
hundred mL of samplewas injected into the instrument port. Carbon
concentrations were calculated by subtracting the system blanks
and dividing by the slope of the calibration curve (Thomas et al.,
1995). Standardization was carried out every day using potassium
hydrogenphthalate. Each valuewas determined fromaminimumof
three injections, with a variation coefficient <2%. The replicate
samples showed dispersion between 1.5% and 4%.

2.3.3. Prokaryotic and viral abundance
Prokaryotic abundance was determined from samples (15 mL)

fixed with 2% final concentration borate-buffered formalin (prefil-
tered through a 0.2 mmAcrodisc syringe filter) and stainedwith 4,6-
diamidino-2-phenylindole (DAPI, Sigma) at 1 mg mL�1

final
concentration (Porter and Feig, 1980). Subsamples (4 mL) were
filtered in triplicate onto 0.2 mm black polycarbonate filters
(Nuclepore). Filters were then mounted on microscope slides,
between layers of non-fluorescent immersion oil (Olympus), and
counted by epifluorescence microscopy (Olympus BX 60 F5) at
1000� magnification under a UV (BP 330e385 nm, BA 420 nm)
filter set. A minimum of 300 cells were accounted for each filter in
at least 20 randomly selected fields.

Viral abundance was estimated by Virus-Like-Particles deter-
mination according to Noble and Fuhrman (1998). Formalin-fixed
samples (1% final concentration in 10 mL) were filtered in tripli-
cate (2 mL) onto 0.02 mm pore-size Al2O3 inorganic membrane
filters (Anodisc, Whatman) using a vacuum flask and maintaining
the filtration pressure <0.1 atm. The membrane was filtered to
dryness and laid on a drop of SYBR Green I (Molecular Probes)
reaching a final concentration of 50� of the dye in a sample (Noble
and Fuhrman, 1998). After 15 min in the dark, the filters were
mounted on a glass slide between 2 drops (25 mL each) of antifade
solution (50% glycerol, 49% PBS and 1% ascorbic acid) and counted
as described for prokaryotic abundance under a blue filter set (BP
420e480 nm, BA 515 nm).

Virus-to-Prokaryote Ratio (VPR) was calculated dividing the
abundance of viruses by the prokaryotic abundance.

2.3.4. Bacterial community structure
Samples (1 L) were filtered onto 47-mm Ø, 0.2-mm poly-

ethersulfone membrane filters (Supor 200, PALL Corporation), and
frozen at �20 �C until DNA extraction, which was then
performed on 1/4-filter slices according to Boström et al. (2004).
Bacterial 16S rRNA genes were PCR-amplified using a primer
complementary to position 907 to position 928 (50-
CCGTCAATTCMTTTGAGTTT-30) and a primer complementary
to position 341 to position 358 in Escherichia coli plus a GC clamp
(50-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCC-
TACGGGAGGCAGCAG-30) (Teske et al., 1996; Celussi and Cataletto,
2007). PCR products were visualised on 1% (wt/vol) agarose gel
stained with ethidium bromide using UV transilluminator to
confirm the presence of the proper length products. Denaturing
gradient gel electrophoresis (DGGE) was run as follows. Five
hundred ng of PCR product were loaded on 8% polyacrylamide gels
(acrylamide:N,N0-methylenebisacrylamide 37:1) containing dena-
turant gradients of 35e65%, top to bottom (where 100% is defined
as 7 M urea and 40% vol/vol formamide). Electrophoresis was
performed with a hot bath DGGE unit (CBS Scientific, Del Mar,
California) using 0.5 X TAE running buffer (20 mM Tris, 10 mM
acetate, 0.5 mM Na2EDTA, pH 8.2) at 60 �C for 16 h at 85 V. Gels
were stained for 1 h in SYBR Gold nucleic acid stain (Molecular
Probes) and photographed with UV transillumination. DGGE
banding patterns were turned into a presence/absence matrix and
used to determine prokaryotic community structure. Each sample
was first run in triplicate (PCR products from 3 separate PCR
reactions) and then used for comparative community structure
analysis if a Sørensen Index �0.98 was detected among the three
banding patterns.

To determine the relation between bacterial communities
nonmetrical multidimensional scaling (MDS) was performed
(Primer5 v 5.2.9). The similarity matrix was calculated and con-
structed by BrayeCurtis similarity coefficient on the basis of the
binary data from DGGE band patterns. MDS was performed on the
basis of the similarity matrix and the differences between band
patterns were illustrated in two-dimensions MDS plots. The
band patterns with the higher similarity are plotted closer and the
lower similarity are located further apart. To judge the degree to
which this ordination matches the similarity matrix, the stress
value of MDS was examined. Stress value ¼ 0.01 indicated a perfect
ordination, with no risk of misinterpretation of banding patterns
(Clarke and Warwick, 1994).
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The polyacrylamide gel slices containing the bands of interest
were excised using a sterile scalpel and eluted in 100 mL of MilliQ
water. An overnight incubation at�20 �C followed by a freeze-thaw
cycle and 1 h at 37 �Cwas then performed before 1 mL of elutionwas
re-amplified using the same primer set without the GC clamp. PCR
products were then purified using the QIAquick PCR purification kit
(Qiagen) according to the supplier’s instructions. Samples were
sequenced using ABI Prism Big Dye dye-terminator chemistry
(Applied Biosystems) at the ‘BMR Genomics’ facility at Padova
University (www.bmr-genomics.it), and sequences were aligned to
known sequences in the GenBank database using BLAST (Altschul
et al., 1997), considering e-values <1 e�30 as acceptable. All
sequences were submitted to the RDP program CHECKCHIMERA to
identify possible chimeras within the 16S sequences. Sequences
have been deposited in GenBank under the accession number from
HM214768 to HM214776.

3. Results

3.1. Environmental parameters

Vertical profiles of temperature, salinity, oxygen saturation level
and pH along the BS transect are reported in Fig. 2. Values of pH
remained stable (8.1e8.2) in the upper 6 m of the water column.
The maximum vertical drop was detected at the central station
nearest to the vent, reaching the minimum value of 6.3 at the
bottom. Despite the opposite direction of the marine current, the
upstream stations displayed pH reduction (6.6e6.7) by approach-
ing the bottom. At St. BS 25 the effect of acidification at the bottom
layer was still detected, with pH decreasing gradient by
approaching the bottom with values comprised between 7 and 8,
whereas at St. BS 50 pH did not vary with depth and resulted >8.
There were no notable differences in temperature, salinity and
oxygen profiles between upstream and downstream stations at the
same depths along the transect.

At the control site (WS) very low variability was detected for the
vertical profiles of salinity (37.82 � 0.01), oxygen saturation
(107.8 � 1.1) and pH (8.15 � 0.02). Seawater temperature showed
a decreasing surface-bottom gradient from 20.2 to 16.1 �C with the
thermocline formation at w14 m depth. The mean temperature at
St. WS (17.9 � 1.6) was slightly lower if compared to those
measured at the stations of the vent area.

3.2. Dissolved inorganic and organic carbon

DIC and DOC concentrations are reported in Fig. 3. The
maximum DIC concentration was measured at St. BS
0 (33.7 mg L�1), St. BS 25up (28.8 mg L�1) and St. BS 50up
(28.3 mg L�1). The highest DIC concentrations were found close to
the bottom (Fig. 3a). The control site was characterized by the
lowest values if compared to the other stations displaying quite
narrow variability among the sampling depths (27.4e27.8 mg L�1).
DOC concentration ranged between 0.65 and 1.7 mg L�1. The
highest value was detected at St. BS 0 at the bottom, followed by
10 m-depth at the same station whereas the lowest concentration
was found at the bottom of WS station (Fig. 3b).

3.3. Prokaryotic and viral abundance

The abundance of prokaryotes ranged from 0.8 � 0.04 to
1.4 � 0.08 � 108 cells L�1. No significant differences were found
between the vent sites (transect BS) and the control (Man-
neWhitney test, p > 0.2). Similarly, there was no evident trend in
prokaryotic abundance within the BS transect (Fig. 4a).
Virioplankton abundance along the transect BS ranged between
3.2 � 1.3 and 12 � 1.9 � 107 particles L�1 and significantly differed
(ManneWhitney test, Z ¼ �2.66, p ¼ 0.00768) from the control site
where their abundances were 2.5e11 fold higher (Fig. 4b). Along
the transect no considerable differences in viral abundances were
found among the sampling depths. VPR ranged between 0.05 and
1.23 whereas at the control station it was comprised between 2.4
and 4.9 (Fig. 4c). Along the transect, in 13 out of 15 cases, VPR was
<1, never exceeding 1.7 and without evident differences between
up- and downstream stations. However, since the prokaryotic
abundance did not differ between sites affected by vent emission
and the control, the VPR was primarily influenced by the viral
abundance.

3.4. Bacterial community structure

The community structure at WS and BS 50up (S) stations
differentiated from the others. The difference between surface and
bottom samples within the stations of the BS transect was found as
well (Fig. 5). The 9 more prominent bands were excised as the
major representative of the bacterial community within each
sample. After sequencing of the 16S rDNA gene fragments, 7 over 9
sequenced bands from the BS transect were identified as Thio-
microspira sp. whereas all samples were characterized by one
Synechococcus ribotype and one Alphaproteobacterium related to
the genus Ahrensia (Table 1). No evident spatial distribution and/or
geographical gradient of specific groupings within the community
were detected. Organisms belonging to the Thiomicrospira genus
were identified also at the control site.

4. Discussion

The presence of the vents influenced the chemical and physical
features of the water column, mostly affecting the pH. The
maximum vertical drop of pH values was detected at the central
station of the transect at the bottom depth which was also nearest
to the vent. Despite the opposite direction of the marine current,
both the upstream stations were influenced by the presence of the
gas emission, displaying a pH reduction down to 6.6 approaching
the seabed. The increase of DOC in the proximity of the exhalative
site is probably due to the aggregation effects induced by bubbling
or as the consequence of turbulence upon transport of the organic
matter from the interstitial waters. Moreover, it is possible that
the presence of the vent influenced also the depth of thermocline
formation since in the proximity of the vent at the centre of the
transect (BS 0) and at the downstream stations, the thermocline
was set closer to the bottom (w17 m) compared to the upstream
stations (w12 m). According to Lupton et al. (1985) the buoyant,
warmer hydrothermal fluid rises and entrains into the surrounding
water, laterally spreading with the currents when plume reaches
neutral buoyancy and continues to be diluted by ambient seawater.

Viruses, ranging along the transect between 3.2 � 1.3 � 107 and
12 � 1.9 � 107 particles L�1 displayed low abundances if compared
to coastal environments elsewhere (Bergh et al., 1989; Proctor and
Fuhrman, 1991; Fuhrman and Suttle, 1993). Only in the control
station where their abundances were from 2.5 to 11 fold higher
they fell within the range generally found for coastal waters
(Wommack and Colwell, 2000; Weinbauer, 2004). It is notable that
viral abundance in this study could be underestimated due to the
fixation/storage procedure used (Wen et al., 2004; Patel et al.,
2007), but since the same methodology has been used in all ana-
lysed samples, the relative values justify the differences detected.

The only studies investigating virus-prokaryote relationship in
hydrothermal vents area are those by Juniper et al. (1998), Manini
et al. (2008), Ortmann and Suttle (2005) and Wommack et al.

http://www.bmr-genomics.it


Fig. 2. Vertical profiles of temperature (a), salinity (b), oxygen saturation level (c) and pH (d) at the sampling stations along the BS transect.
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Fig. 4. Prokaryotic abundance, viral abundance and Virus-to-Prokaryotes Ratio a)
Prokaryotes, b) viruses and c) Virus-to-Prokaryotes Ratio at surface, intermediate
(10 m) and bottom depth at the sampling stations of the transect and the control
station (WS).

Fig. 3. Concentrations of DIC and DOC a) DIC and b) DOC at surface, intermediate (10 m) and bottom depth at all sampling stations.

A. Karuza et al. / Estuarine, Coastal and Shelf Science 97 (2012) 10e18 15
(2004). Although only the study of Manini et al. (2008) refers to gas
vents in a shallow system, the findings from all previous studies
agree with our results that viral abundances near to the exhalative
area are notably reduced by one to two orders of magnitude with
respect to those observed in the site non affected by gas emission.
In contrast, the presence of the vents did not influence prokaryotic
abundances (0.8 � 0.04 to 1.4 � 0.08 � 108 cells L�1) which did not
vary either along the transect nor between vent field and the
control. Prokaryotes remained in the range of values detected in the
same area by Manini et al. (2008).

The bacterial communities of St. WS and along the BS transect
were studied using DGGE fingerprinting which is a culture inde-
pendent technique useful to detect changes in the most abundant
taxa that have an active role in carbon and energy flow in a given
ecosystem (Pedrós-Alió, 2006). From the analysis of the bacterial
community structure it emerged that the stations furthest from the
black smoker are likely less influenced by its gas emission. Another
aspect to be highlighted is the difference between surface and
bottom samples within the BS transect. Since we detected the
thermocline between 12 and 18 m, according to the sampled
station, the differences among surface and bottom assemblages are
likely to be ascribed to different water masses present in the area,
even though the lower pH values recorded at the water-sediment
interface could also be an important factor responsible for this
differentiation. The thermocline may also be responsible for gas
horizontal displacement (rather then vertical) making bottom
waters more acidic than the upper layer (Caramanna et al., 2011).
Comparative community analysis on seawater was previously
performed in the area by Manini et al. (2008) who found a clear
difference between hydrothermal vent communities (bottom
samples) and control sites by using another fingerprinting tech-
nique (T-RFLP). However, in their study they did not take into
account the possible impact of CO2 emission on surface water,
making a comparison between results not possible. It must be
taken into account that the differentiation between surface and
bottom assemblages is however weak, since the most important
differences were detected between transect and the control site
with slight overlap between assemblages from surface and bottom
layers.

Another important aspect in our analysis is the very low number
of ribotypes detected within the gel, if compared to other sites by



Fig. 5. Bacterial community structure a) DGGE profiles of bacterial 16S rDNA amplicons with 35e65% denaturing gradient and b) MDS plot of DGGE band patterns performed
calculating the BrayeCurtis similarity coefficients for all pairs of samplings.
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using the same technique (primer set and PCR cycles) (i.e. Celussi
and Cataletto, 2007). The Operational Taxonomic Units (OTUs)
number which reflects the diversity within the assemblages,
ranged between 8 and 18, indicating a very well settled community,
comprising selected ribotypes able to exploit the peculiar resources
of the area. Similarly to Manini et al. (2008) we found that the
diversity decreased with increasing distance from the vent even
though such low numbers are not suitable for correct statistics.

Most of the taxa detected within the BS transect belonged to
Thiomicrospira sp. whereas all samples were characterized by
a Synechococcus and an Alphaproteobacterium (closest cultured
relative Ahrensia kielensis) ribotype. Organisms of the genus Thio-
microspira are chemolithoautotrophs sulphur-oxidiser Gammapro-
teobacteria that use reduced S compounds as an energy source
(electron donors) and CO2 as a carbon source (Brinkhoff and
Muyzer, 1997). The retrieval of these bacteria is quite common
both in shallow (i.e. Brinkhoff et al., 1999) and deep hydrothermal
vents (Muyzer et al., 1995) where they can represent a very
important fraction within the community (Brinkhoff et al., 1999).
Neither clear spatial distribution nor geographical gradient of
specific groupings within the community were detected, contrarily
to what observed by Sievert et al. (1999) at another Mediterranean
shallow hydrothermal vent. Nevertheless, organisms belonging to
the Thiomicrospira genus were identified also at the control site,
highlighting the influence of hydrothermal gas emission within an
area up to 517 m, at least as far as the shaping of the bacterial
community is concerned. It was also evident that S compounds
have an important effect on the structure of bacterial assemblages.
As shown elsewhere (e.g. Manini et al., 2008; Maugeri et al., 2009)
sulphur oxidising organisms can be major constituents of
prokaryotic communities in hydrothermal vents, even if sulphite
represents only a minor fraction of the overall gas composition



Table 1
Identification of the representative phylogentic groups obtained by DGGE band
sequencing.

Band Closest relative GenBank Acc # % Identity

PAN1 Thiomicrospira sp. AJ237758.1 98%
PAN2 Thiomicrospira sp. AF082328.1 98%
PAN3 Thiomicrospira sp. AJ237758.1 98%
PAN4 Synechococcus sp. AF539812 98%
PAN5 Thiomicrospira sp. AF082328.1 93%
PAN6 Thiomicrospira frisia NR_028679 90%
PAN7 Thiomicrospira sp. AF013973.1 91%
PAN8 Thiomicrospira sp. AJ237758.1 98%
PAN9 Ahrensia kielensis FJ161247.1 94%
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(0.9e3.5%, Voltattorni et al., 2009). As highlighted previously
(Caramanna et al., 2011) this aspect can be misleading when uti-
lising hydrothermal vents as models for CO2 leakage from CCS site,
even though the role of high CO2 concentration in determining
bacterial community structures is evident. In fact, the prevailing
autotrophy of the bacterial assemblage, inferred by the metabolism
of the dominant taxa, would confirm the high specificity of the
microbial populations, most of which rely (also) on CO2 for growth.
Despite the relatively high DOC concentration (with respect to
other seawater measurements e Ogawa and Tanoue, 2003), which
would be able to sustain a heterotrophic-like community, it seems
that CO2 utilization in these environments is likely to be a preferred
metabolic pathway, in agreement with the findings of Maugeri et al.
(2009).

From the consideration of VPR as a descriptor of the relationship
between viruses and their most probable hosts it emerged that
along the entire transect, in 13 out of 15 cases, VPR was <1, never
exceeding 1.7 and seemed not to be influenced by the marine
current direction, thus resulting below the range of values (5e10)
usually found in marine environments (Wommack and Colwell,
2000). Since the prokaryotic abundance did not differ between
sites affected by vent emission and the control, we infer that VPR
was determined by viral abundance.

Low values of VPR are considered to indicate low infectious
rates, low viral production or high viral decay in the ecosystem
(Alonso et al., 2001). In a review limited to extreme habitats Le
Romancer et al. (2007) report that all isolated viruses are charac-
terized by double-stranded DNA genome, being this stable form
necessary to face harsh environments. Moreover, a low abundance
of free viruses could be related to lysogenic life cycle as a form of
refuge. Prangishvilli and Garrett (2004) found that viruses of
acidophilic hyperthermophiles are non-lytic and persist in host
cells in a stable state (pseudolysogeny or ‘carrier state’) hypothe-
sizing that such a survival strategy was beneficial for viruses,
helping them to avoid direct exposure to the harsh conditions of
the host habitat. Thus, the hypothesis of low infectious rates on
heterotrophic prokaryotes could be plausible. Moreover, it has to be
considered that cell lysis occurs only when lytic life cycle is
established. Since there is an evidence that bacteriophages trigger
lytic life cycle over approximately 1012 mL�2 (Wilcox and Fuhrman,
1994), average values of their density product result important for
the virus-bacteria encounter rates (Wiggins and Alexander, 1985;
Murray and Jackson, 1992; Murray and Eldridge, 1994). It also
cannot be excluded that viruses could be less tolerant than
prokaryotes to particular chemical and physical conditions that
characterize sites affected by vent emission and consequently could
have a low impact on prokaryotic abundance and diversity. Some
viruses can infect prokaryotic species less tolerant for these
extreme conditions and therefore the indirect effect on total viral
abundances cannot be excluded. This paper, together with scarce
literature present (Manini et al., 2008; Maugeri et al., 2009),
provides a basis for following investigations directed to shallow
hydrothermal vents. The extreme environments are likely to
behave anomalously, in particular as regard to viruses. Le Romancer
et al. (2007) report that more than 85% of viral genomic sequences
lack similarity to previously reported sequences. This finding
reinforces the view that viruses represent by far the largest unex-
plored reservoir of genomic diversity (Edwards and Rohwer, 2005)
who have probably played a key role in the early cellular evolution
with a profound influence on cellular life due to genome plasticity
and/or biochemical adaptations required to life in extreme envi-
ronments (Le Romancer et al., 2007).
5. Conclusions

The presence of the CO2-dominated vents determined changes
in physical and chemical features of the water column, mainly
influencing the thermocline formation and by reducing the pH,
thus determining the amount of dissolved inorganic carbon. The
persistence of prokaryotes, which did not vary with the distance
from the fumarolic site, indicated their general high tolerance to
particular conditions. The analysis of the community structure
revealed significant differences according to the distance from the
fumarolic field and between surface and bottom, the latter likely
due to the presence of different water masses. Virioplankton in the
proximity of exhalative areawas significantly reduced, determining
also particularly low VPR for coastal waters. Even if the causes
determining low abundance of free viruses in this particular
condition remain still unknown (i.e. whether low abundance of free
viral particles is to be ascribed to high viral decay), low viral
production or/and lysogenic life cycle as a response to unfavourable
conditions, a decreasing control on prokaryote abundances towards
sites influenced by vent emission could possibly infer an increase of
energy flow to higher trophic levels.

We suggest that further studies are needed in order to fully
comprehend the functioning of the food web and the fate of CO2
originated by the vents. Studies are required focussing on factors
that determine the abundance of free viruses such as viral
production, decay and lysogeny. The deepening of the present
knowledge not only between viruses and prokaryotes but including
estimates of the control on prokaryotes due to bacterivory could
help in obtaining information required for the risk assessment of
Carbon Capture and Storage applications.
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