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Abstract

Total prokaryotic abundance, prokaryotic heterotrophic production and enzymatic activities
were investigated in epi-, meso- and bathypelagic waters along a longitudinal transect
covering the entire Mediterranean Sea. The prokaryotic production and enzymatic activities in
deep waters were among the highest reported worldwide at similar depths, indicating that the
peculiar physico-chemical characteristics of the Mediterranean Sea, characterized by warm
temperatures (typically 13°C also at abyssal depths), support high rates of organic carbon
degradation and incorporation by prokaryotic assemblages. The higher trophic conditions in
the epipelagic waters of the Western basin resulted in significantly higher prokaryotic
production and enzymatic activities rates than in the Central-Eastern basin. While all of the
variables decreased significantly from epi- to meso- and bathypelagic waters, cell-specific
hydrolytic activity and cell-specific carbon production significantly increased. In addition, the
deep-water layers were characterised by low half-saturation constants (K;,) of all enzymatic
activities. These findings suggest that prokaryotic assemblages inhabiting the dark portion of
the Mediterranean Sea are able to channel degraded carbon into biomass in a very efficient
way, and that prokaryotic assemblages of the deep Mediterranean waters work as a
“bioreactor” of organic matter cycling. Since prokaryotic production and enzymatic activities
in deep water masses were inversely related with oxygen concentration, we hypothesise a
tight link between prokaryotic metabolism and oxygen consumption. As climate change is
increasing deep-water temperatures, the predicted positive response of prokaryotic
metabolism to temperature increases may accelerate oxygen depletion of deep Mediterranean
waters, with cascade consequences on carbon cycling and biogeochemical processes on the

entire deep basin.
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1. Introduction

Global oceans play a key role in global carbon cycling [Del Giorgio and Duarte, 2002] and it
is now widely recognised that marine prokaryotes drive the functioning of marine ecosystems,
acting at different spatial scales [Azam and Malfatti, 2007]. The deep sea represents more
than 95% of the global biosphere, and host the largest fraction of prokaryotes on Earth
[Whitman et al., 1998]. However, information on prokaryotic activity and metabolism has
mainly been confined to epipelagic waters [Ducklow, 1999; Hoppe et al., 2002; Misic ef al.,
2006; Alonso-Saez et al., 2007; Vasquez-Dominguez et al., 2008]. Although several studies
have reported exponential decreases of microbial activity with increasing water depth [see
review by Aristegui et al., 2009 and references therein), recent studies have reported
metabolic activities in meso- and bathypelagic waters much higher than previously expected
[Reinthaler et al., 2006; Baltar et al., 2009; Fonda-Umani et al., 2010]. Accordingly, high
levels of prokaryotic metabolism have been reported also in deep-sea sediments, likely as a
result of a strong viral-induced mortality [Danovaro et al., 2008]. These findings let to
hypothesize that deep-sea prokaryotes can be a highly dynamic component of the ocean
interior [Danovaro et al., 2000; Buesseler et al., 2007; Aristegui et al., 2009].

Prokaryotic heterotrophic metabolism is primarily controlled by temperature [Apple et
al., 2006] and by the availability of organic substrates [Del Giorgio and Cole, 1998]. When
compared to other oceanic systems, the deep Mediterranean Sea is characterised by warm
temperatures (typically 13°C also at abyssal depths), that are approximately 10°C higher than
in any oceanic system at similar depths. It can therefore be expected that these conditions
promote high prokaryotic growth rates and metabolism [Rivkin and Legendre, 2001].

Investigating prokaryotic metabolism in the deep Mediterranean is crucial not only for
providing essential information on the contribution of this basin as a source (or sink) of CO,

[La Ferla et al., 2003], but also for predicting the potential response of deep-sea prokaryotes
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to deep-water warming, which is expected to occur in large oceanic sectors in the next
decades [Masuda et al., 2010]. In the Mediterranean Sea, deep-water warming has been
already documented over the last few decades [Bethoux ef al., 1990], and it is expected that
this trend will further increase in the near future [Somot et al., 2006; Herrmann et al., 2008].
Information on prokaryotic metabolism in the deep-sea is therefore essential also for
acquiring a benchmark to allow the determination of potential prokaryotic responses to deep-
sea warming, and the functional consequences for the whole Mediterranean basin.

Prokaryotic metabolism in the deep sea can be investigated in terms of: i) prokaryotic
heterotrophic carbon production [Kirchman et al., 1985], ii) enzymatic activities [Hoppe et
al., 1993]; and iii) prokaryotic respiration [Del Giorgio and Duarte, 2002]. An uncoupling
between prokaryote-mediated production and degradation processes can have important
consequences on the functioning, carbon sequestration and ecological efficiency of deep-sea
ecosystems [Cottrell et al, 2006; Taylor et al, 2009]. In the present study we have
investigated the key functional variables of prokaryotic metabolism (prokaryotic
heterotrophic carbon production and enzymatic degradation potential) across the deep-water
masses of the entire Mediterranean basin and we have explored the ecological role of

prokaryotic assemblages in the carbon cycling at the basin scale.

2. Materials and Methods
2.1. Study area and sampling activities
The Mediterranean Sea accounts for 0.82% of the world ocean surface and has an average
depth of ca. 1,450 m (approximately 1/3 of the average depth of the oceans). In terms of its
hydrographic characteristics, the Mediterranean Sea is generally divided into a Western and a
Central-Eastern basin, connected by the Strait of Sicily. The former is subdivided into three

main basins: the Alboran Basin, the Algero-Provencal (or Balearic) Basin and the Tyrrhenian
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Basin. The Central-Eastern basin is divided into the Ionian and the Cretan and Levantine
sectors [Sarda et al., 2004]. The Mediterranean Sea is also characterised by an eastward
decreasing gradient of trophic conditions, and the Eastern basin is defined as an ultra-
oligotrophic, phosphorus-depleted system [Sarmiento et al, 1988; Danovaro et al., 1999;
Thingstad et al., 2005].

Water samples were collected across the Mediterranean Sea, from 06°22°W to
26°41’E, during two oceanographic cruises carried out from 31 March to 19 April 2006 in the
Central-Eastern sector and from 4 to 25 October 2006 in the Western sector onboard the R/V
Urania (CNR). Sampled stations crossed the gradient of trophic conditions, from the more
productive western basin (e.g. the Alboran Sea; [Magagnini et al., 2007]) to the highly
oligotrophic Cretan Sea (Central-Eastern Mediterranean; Figure 1). Water samples were
collected across the entire basin from 18 sites using a carousel sampler equipped with 24
Niskin bottles (each of 10 L). Only station M25 was located in the Atlantic Ocean close to the
Strait of Gibraltar (Figure 1). Water samples were collected at standard depths from
epipelagic waters (surface, 25, 50, 75, 100 and 200 m depth), mesopelagic waters (300, 500
and 1000 m depth) and bathypelagic waters (1500, 2000, 2500 and 3000 m depth); in
addition, at all of the stations, water samples were collected at 5-20 m above the sediment
surface. At each station, a Sea Bird Electronics SBE 9/11 plus CTDO (SBE43) profiler
equipped with a Turner Aquatracka fluorometer was employed to measure temperature,
fluorescence (as a proxy for chlorophyll-a concentrations), salinity and oxygen content

throughout the water column.

2.2. Total prokaryotic abundance
Total prokaryotic abundance was determined, for the seawater samples collected at nine

selected stations located in the Western Mediterranean basin (stations M25, M23, G1, J§, A4,
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M14, M11, R11land M4), according to the protocol described by Noble and Fuhrman [1998]
with minor modifications. Sub-samples (1 to 3 ml) were filtered onto 0.2um Anodisc filters
(diameter 25 mm) and stained with 20 uL of SYBR Green I (stock solution diluted 1:20). The
filters were incubated in the dark for 15 min, washed twice with 3 mL of Milli-Q water and
mounted onto glass slides with a drop of 50% phosphate buffer (6.7mM phosphate, pH 7.8)
and 50% glycerol (containing 0.5% ascorbic acid). Prokaryote counts were obtained by
epifluorescence microscopy (Zeiss Axioplan, magnification 1000x) by examining at least 20

fields (at least 400 prokaryotes per replicate).

2.3. Enzymatic activities

Enzymatic activities were determined for aminopeptidase, B-glucosidase and alkaline
phosphatase by the analysis of the cleavage rates of their artificial fluorogenic substrates: L-
leucine-4-methylcoumarinyl-7-amide ~ (Leu-MCA);  4-methylumbelliferyl ~(MUF)-B-D-
glucopyranoside (Glu-MUF), and 4-MUF-P-phosphate (MUF-P), respectively (all from
Sigma Chemicals), as described in Corinaldesi et al. [2003] and Danovaro et al. [2005].
Kinetics experiments were conducted at selected water depths and stations using a range of
fluorogenic substrate concentrations as described by Hoppe [1993] and Tamburini et al.
[2002]. Briefly, each substrate was added at seven different concentrations (0.05, 0.25, 0.5,
1.0, 5.0, 10 and 20 uM) to the unfiltered seawater (final volume 5 mL, n = 3) and incubated in
the dark at the in situ temperature for 1-3 hours. The substrate concentrations were selected to
cover the entire range of potential enzymatic activities (up to saturation for the enzymes
tested). The increases in fluorescence were measured fluorometrically: at 380 nm excitation,
440 nm emission (for Leu-MCA) and 365 nm excitation, 455 nm emission (for Glu-MUF and

MUF-P). The maximum velocity (Vi.x) and the half-saturation constant (K;,) were calculated
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using Lineweaver-Burke plots of the reaction velocities versus the substrate concentrations
[Tamburini ef al., 2002; Dell’ Anno and Corinaldesi, 2004].

The fluorescence was converted into enzymatic activity using standard curves of 7-
amino-4-methylcoumarin (Sigma Chemicals) for Leu-MCA and of 4-methylumbelliferone
(Sigma Chemicals) for both Glu-MUF and MUF-P. All of the assays were carried out in

triplicate, and enzymatic activities were expressed as pmol of substrate hydrolysed L™ d™.

2.4. Prokaryotic heterotrophic production

Prokaryotic heterotrophic production was determined by [*H]-leucine incorporation [Smith
and Azam, 1992]. Preliminary experiments were carried out to determine the leucine
concentration for reaching substrate saturation in the surface and deep water samples
collected at different stations, by using increasing concentrations (from 2 nM to 100 nM) of
L-[4,5-°H] leucine (Amersham). Here, three replicates and two controls (sample volume 1.7
ml) were used for each concentration and each water sample. All of the incubations were
conducted in the dark at in sifu temperature for 1 hour and stopped with 5% trichloroacetic
acid (final concentration). Time course experiments, performed at different stations and
sampling depths, consistently indicated that [*H]-leucine incorporation rates increased linearly
over time up to 6 h (data not shown). The samples were then stored at 4°C and transferred to
the laboratory, where the pellets were washed with 5% trichloroacetic acid and 80% ethanol,
and supplemented with 1 mL of Hionic-Fluor scintillation fluid (Packard Bioscience). The
radioactivity was measured in a liquid scintillation counter (Packard Tri-Carb 300), with the
counts per minute (CPM) converted to disintegrations per minute (DPM). The incorporation
rates of [*H]-leucine into protein were fitted to hyperbolic functions for Michaelis—-Menten
type kinetics using nonlinear regression analysis. Our data demonstrated that 20 nM of [*H]-

leucine saturated the prokaryotic incorporation in both surface and bottom waters (data not
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shown). This concentration of 20 nM of [*H]-leucine was then used for the analysis of all of
the water samples, performed according to the procedure described above. The amount of
incorporated [*H]-leucine was then converted into prokaryotic heterotrophic carbon
production per hour per liter of water according to Simon and Azam [1989] and Smith and

Azam [1992]. An intracellular isotopic dilution of leucine of 2 was assumed.

2.5. Statistical analyses

To test large-scale differences in prokaryotic heterotrophic production and enzymatic
activities between the two basins (Western and Central-Eastern Mediterranean basins) we
used one-way analysis of variance (ANOVA). Two-way analysis of variance (station x water
depth) was used to test for differences in all of the variables investigated, separately for the
Western and Central-Eastern Mediterranean basins. Before the analyses, the homogeneity of
variances was checked using Cochran’s test on appropriately transformed data, whenever
necessary. For each of the investigated enzymes, the differences between the mean K, values
at the different depths were tested using a t-test.

To assess the statistical differences between basins and layers, we used the analysis of
similarity (ANOSIM) tool. When significant differences were observed, non-metric
multidimensional scaling ordination (nMDS) was carried out, to visualise the similarities
between the Mediterranean basins (Western vs. Central-Eastern) and layers (epipelagic,
mesopelagic and bathypelagic). nMDS was performed on a dataset composed of all of the
measured enzymatic activities (aminopeptidase, B-glucosidase and alkaline phosphatase) and
based on a Bray-Curtis similarity matrix. SIMPER analysis was then applied to quantify the
observed dissimilarities (as percentages) and to identify which, among the variables

investigated, contributed most to the similarities between the basins and layers. ANOSIM,
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MDS and SIMPER analyses were performed using the PRIMER v5 software (Plymouth

Marine Laboratory).

3. Results

3.1. Environmental variables

The main environmental variables that were measured in the water column of the Western and
Central-Eastern Mediterranean basins are shown in Figure 2. In the epipelagic waters, the
temperatures ranged from 20.59°C to 23.56°C in the Western Mediterranean and from
15.40°C to 17.05°C in the Central-Eastern Mediterranean. The salinity showed an increasing
eastward gradient, with lower values in the Western Mediterranean (range 36.55 — 38.24) and
higher values in the Central-Eastern Mediterranean (range 37.82 — 38.85). The oxygen
content ranged from 148.3 to 260.4 pmol kg in the Western basin and from 200.5 to 255.2
umol kg in the Central-Eastern basin. Fluorescence was, on average, 8-fold higher in the
Western than in the Central-Eastern basin (0.13 vs. 0.017 Arbitrary Units, respectively).

In the mesopelagic and bathypelagic waters of the Western and the Central-Eastern
basin, the oxygen content decreased with increasing water depth, with lowest concentrations
at depths between 500 and 1000 m in the Western basin and between 1000 and 2000 m in the
Central-Eastern basin (Figure 2). Generally, the deep water masses in the Central-Eastern
basin were characterized by higher oxygen concentrations than observed in the Western basin.
In mesopelagic waters, in the Western basin temperature ranged from 13.09°C to 13.98°C and
in the Central-Eastern basin from 13.58°C to 15.38°C. In the same water layer, the salinity
ranged from 35.98 to 38.70 in the Western basin and from 38.23 to 38.90 in the Central-
Eastern basin. In the bathypelagic waters, the temperature ranged from 13.14°C to 13.29°C in
the Western basin and from 13.39°C to 13.98°C in the Central-Eastern basin, while salinity

ranged from 38.45 to 38.47 in the Western basin and from 38.71 to 38.78 in the Central-
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Eastern basin.

3.2 Enzymatic activities

For the enzymatic activities investigated, saturation occurred at substrate concentrations from
5 uM to 10 uM (data not shown). The half-saturation constants (K.,) for aminopeptidase
(Leu-MCA), B-glucosidase (Glu-MUF) and alkaline phosphatase (MUF-P) for the selected
stations are shown in Table 1. The K, values of Leu-MCA ranged from 0.5 = 0.1 uM to 4.7 +
0.1 uM in the surface waters and from 3.6 = 1.7 uM to 22.2 + 9.2 uM in the bottom waters.
The K., values of Glu-MUF were similar between the surface and deep waters (0.3—-1.9 pM
and 0.1-2.0 uM, in surface and deep waters, respectively) and, analogously, the K, values of
MUF-P were similar in surface waters (1.5-17.7 uM) and bottom waters (1.5-14.9 uM).

The depth profiles of the aminopeptidase activities in the Western and Central-Eastern
Mediterranean basin are shown in Figures 3 and the spatial distribution of the three enzymatic
activities is shown in Figure 4. Overall, the maximum rates of hydrolysis (Vmax) of the
investigated enzymatic activities significantly decreased with increasing depth (ANOVA,
p<0.01; Table 2). The activities of aminopeptidase, B-glucosidase and alkaline phosphatase
decreased significantly from the Western to the Central-Eastern basin (ANOVA, p<0.01),
with the Western Mediterranean showing values on average 12-28-fold higher for
aminopeptidase, 2.9—4.4-fold higher for B-glucosidase and 2.5-3.4-fold higher for alkaline
phosphatase (Table 3). The significant differences between Western and Central-Eastern basin
were confirmed by multivariate analysis (ANOSIM, Table 4), and the SIMPER analysis
revealed that aminopeptidase activity always explained >42% of the total variance,
independently of the water layer (Table 4). The nMDS indicated a clear segregation between
the stations located in the Western Basin and those located in the Central-Eastern Basin

(Figure 5).
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When normalized per prokaryotic cells, the enzymatic activity rates in the Western
basin showed a significant increase in the cell-specific hydrolytic activity with increasing
water depth, with patterns similar to those seen when the prokaryotic production was

normalized per cell (highest in the mesopelagic layer).

3.3. Total prokaryotic abundance and heterotrophic production

The total prokaryotic abundance ranged from 0.15 + 0.01 to 14.1 £ 2.5 x10%cell L in
the Western Mediterranean and decreased significantly from the surface to the deeper layers
(Figure 6, ANOVA, p<0.01). Data for the Central-Eastern Mediterranean basin are
unfortunately not available.

As with the total prokaryotic abundance, the prokaryotic heterotrophic production also
decreased significantly from the surface to the deeper layers when the two basins were
considered together (p<0.05, Table 2). However, this depth-decreasing pattern was not
evident in different stations especially of the Western Mediterranean basin (e.g. at stations J§,
A4, M4, 557 and Crete; Figure 7). Prokaryotic production in the Western Mediterranean basin
(range: 16.3+4.8 to 962.4+140.9 ngC L™ h'l) was significantly higher (ANOVA, p<0.01) than
in the Central-Eastern basin (range: 0.4+0.0-387.5+44.2 ngC L™ h™'; Figure 8). On average,
these production values were always ca. 4-6-fold higher in the Western than in the Central-
Eastern basin, independent of the water layer (epipelagic, mesopelagic and bathypelagic;
Table 3).

When the prokaryotic production rates were normalised per cell (using prokaryotic
counts available only for the Western basin), there was a significant increase in the cell-
specific carbon production with increasing water depth in the Western Mediterranean Sea
(Figure 9). The cell-specific production rates averaged from 1.44+0.16 (in the epipelagic

layer) to 5.2120.88 fgC cell”' h™' (in the mesopelagic layer). In the bathypelagic, cell-specific
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rates were on average 3.84+0.63 fgC cell” h™.

4. Discussion

It has been repeatedly demonstrated that the Western and Eastern Mediterranean basins have
clear differences in trophic conditions, that reflect the well-known eastward-decreasing
gradient pattern for primary productivity [Turley ef al., 2000; Koppelmann et al., 2004] and
the gradient in particle fluxes to the sea bottom [Danovaro et al., 1999]. Here, we show for
the first time that, at all water depths (from epipelagic to mesopelagic and bathypelagic
waters), this gradient is reflected by a clear decreasing pattern of prokaryotic heterotrophic
production and exo-enzymatic activities moving from the Western to the Eastern basin. This
spatial pattern led us to hypothesize, as expected, that degradation potential and prokaryotic
production in the Mediterranean Sea are coupled with the trophic gradients and with the
organic inputs coming from the photic zone.

Total prokaryotic abundance decreased significantly with increasing water depth,
reaching at meso- and bathypelagic depths values within the range of those reported
worldwide for the same bathymetric range [Tanaka and Rassoulzadegan, 2002; Magagnini ef
al., 2007; Aristegui et al., 2009; La Ferla et al., 2010]. Also enzymatic activities displayed a
similar significant decrease with increasing water depth, but values observed at mesopelagic
and bathyal depths of the Mediterranean Sea were one order of magnitude higher than those
reported in other oceanic regions worldwide at comparable depths [Hoppe et al., 1993; Koike
and Nagata, 1997; Hoppe and Ullrich, 1999; Hoppe, 2003; Baltar et al., 2009; Taylor et al.,
2009, Baltar et al., 2010; Nagata et al., 2010].

Although the Mediterranean Sea often sees large inputs of organic matter (continental
shelf export, through dense shelf-water cascading events; [Canals et al., 2006; Heussner et al.,

2006]), these episodic events influence water characteristics only at a regional scale (i.e. the
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Aegean Sea, the Adriatic Sea and the Gulf of Lion; [Canals et al., 2009]). Deep-water
convection mechanisms can facilitate the downward displacement of surface waters into
deeper layers, although these processes occur at the mesoscale [Millot, 1990; Manca et al.,
2004]. At the same time, the deep Mediterranean waters are characterised by high
temperatures, with values approximately 10°C higher than in other oceanic systems at depths
between 1000 m and 4000 m. When determining enzymatic activities we used universally
standardised protocols and incubated the samples at the in situ temperature [Hoppe et al.,
2002; Misic et al., 2006; Baltar et al., 2009; 2010; Taylor et al., 2009]. Thus, these results
clearly suggest a stimulating effect of the higher temperatures on prokaryotic metabolism. In
addition, Mediterranean waters and the associated pool of dissolved organic carbon are
younger than those of other oceanic systems, thus potentially representing a more labile and
available food source for prokaryotes [Santinelli e al., 2010].

Information on microbial metabolism in the deep Mediterranean waters is limited
[Tamburini et al., 2002; Zaccone et al., 2003; La Ferla et al. 2005; Tamburini et al. 2009].
Previous studies have demonstrated that enzymatic activities in the deep waters of different
areas of the Mediterranean Sea show wide temporal and spatial variability suggesting that the
deep Mediterranean ecosystems are far from steady-state conditions [La Ferla et al., 2010].
Such a high variability is likely dependent also upon changes in the quantity, distribution and
bioavailability of the organic substrates [Santinelli ef al., 2010], which can greatly influence
the degradation activities of deep-sea prokaryotes.

The nMDS analysis based on the enzymatic activities showed clear segregation
between the Western and Central-Eastern basins. Our data also indicate that most of the
variance between these two basins is explained by the aminopeptidase activity.

The kinetic experiments revealed that the half-saturation constants (K.,) of alkaline

phosphatase are comparable with those previously reported for other oceanic systems
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(Atlantic Ocean; [Baltar et al, 2009; 2010]). Our data also revealed low half-saturation
constants (K,) for aminopeptidase in the bathypelagic waters. Such low values, consistent
with previous studies of the deep Mediterranean [Tamburini ef al., 2002], are typically at least
one order of magnitude lower than those reported in the deep Atlantic Ocean at similar depths
[Baltar et al., 2009, Baltar et al., 2010]. The much higher K, values of aminopeptidase in the
deep Atlantic waters (up to 1,000 uM vs 11 uM in Mediterranean waters) indicate an
adaptation of the deep-Mediterranean prokaryotic assemblages to cope with limited amounts
of organic resources [Davey et al., 2001; Baltar ez al., 2010]. In the Mediterranean Sea, the
K, of aminopeptidase increased with increasing water depth as previously reported from the
Atlantic Ocean [Baltar et al., 2009], but data reported here indicate that deep-sea prokaryotic
assemblages of the Mediterranean sea have a much higher affinity for the target substrate, and
thus a much higher efficiency for exploiting the organic substrate at very low concentrations.
This is also supported by the very high cell-specific hydrolytic rates in the mesopelagic and
bathypelagic waters of the Western Mediterranean Sea, which are amongst the highest
reported to date in deep-sea waters worldwide (see [Baltar ef al., 2009] and references
therein). The cell-specific hydrolytic rates, as well as cell-specific carbon production rates
reported here, should be considered with caution since the normalization to total cell counts
does not take into account the fraction of dormant/inactive cells and the different metabolic
activities of different prokaryotic taxa (Smith and del Giorgio, 2003; Sintes and Herndl,
2006). The lack of literature data for the K, of B-glucosidase in deep waters does not allow
comparisons with other oceanic systems, but the K, of alkaline phosphatase in the deep
Mediterranean waters is similar to that reported in the deep Atlantic waters [Baltar et al.,
2009]. Thus, our data suggest that the main differences between the Atlantic Ocean and the
Mediterranean Sea are linked to the availability and utilization of organic nitrogen sources by

prokaryotes.
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The high degradation potential in the deep Mediterranean Sea is consistent with the
high values of prokaryotic heterotrophic production, which are significantly higher than that
reported to date for deep-sea waters worldwide [Ducklow et al., 1993; Baltar et al., 2009;
Nagata et al., 2010]. These high values of prokaryotic heterotrophic production were also
reflected in the high cell-specific production rates observed in meso- and bathypelagic waters
of the Western Mediterranean basin, much higher than those reported in other oceanic
systems worldwide at similar depths [Baltar et al., 2009; Gasol et al., 2009]. Production and
growth rates of prokaryotes in marine ecosystems are extremely sensitive to changes in
temperature. Since microbial metabolism shows Qo values ranging from 2 to 3 [Pomeroy and
Wiebe, 2001; Rivkin and Legendre, 2001; Apple et al., 2006], the higher deep-water
temperature in the Mediterranean Sea can certainly contribute to explain a large proportion of
these differences, although other factors can certainly contribute. We cannot exclude the
possibility that the values of prokaryotic heterotrophic production might be influenced by
decompression, although both positive or negative effects have been reported in previous
experiments conducted in the deep sea. Previous studies have shown that, during the
stratification period, decompression may induce an underestimation of the measured rates as
compared with those measured at in situ pressure conditions [Tamburini et al., 2002 and
references therein]. Conversely, other studies have shown stimulation of prokaryotic
metabolism by decompression in different hydrological conditions (i.e. in winter mixed
waters; [Bianchi and Garcin, 1994]) or no changes between decompressed and non-
decompressed samples at the sediment-water interface [Danovaro et al., 2008].

The comparison of prokaryotic heterotrophic production reported in this study with
those reported in the literature from the deep Mediterranean waters reveals a wide spatial and
temporal variability. Values reported here, indeed, are higher than those reported by some

authors in the deep Mediterranean [Tamburini et al., 2002; Pitta et al., 2005; Magagnini ef al.,
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2007], but similar to or lower than those observed in different sectors of the Central and
Eastern Mediterranean basins (La Ferla et al., 2005; Yokokawa et al., 2010). Such differences
can also be dependent upon the different methodological approaches and conversion factors
used. For instance, we used a centrifugation-based procedure, that has been used previously
for the analysis of deep water samples [Pedros-Alid et al., 1999; Tanaka and Rassoulzadegan,
2004; Gasol et al., 2009], while others utilized a filtration-based approach (both procedures
are described in Smith and Azam [1992]). We have estimated prokaryotic heterotrophic
production rates assuming an intracellular isotopic dilution of leucine of 2 (Simon and Azam,
1989), while others neglected the dilution factor (Tamburini et al., 2002; Tanaka and
Rassoulzadegan, 2004; Tamburini et al., 2009). In addition, we have performed one hour
incubations (La Ferla et al., 2005; Gasol et al., 2009), while previous studies used longer
incubation times (from 2 to 24 hours, [Zaccone et al., 2003; Tanaka and Rassoulzadegan,
2004; Yokokawa et al.,, 2010]). Caution should be posed when comparing data obtained
using a single incubation time (especially after 1-3 hours), as deviation from linearity of
incorporation rates of radiolabeled substrates occurs over time, leading to a significant
underestimation of prokaryotic metabolism in deep—sea environments (Dixon and Turley,
2001). This was not the case of our study, as time-course experiments revealed linear
incorporation of [H]-leucine up to 6 h. Also, the use of non-saturating concentrations of
[*H]-leucine can determine a significant underestimation of the prokaryotic heterotrophic
production rates, which can be ruled out in our study as assessed by the dedicated kinetic
experiments.

One potential explanation of the high deep-sea prokaryotic metabolism observed in the
Mediterranean Sea might rely on the high efficiency in the degradation and use of organic
matter. The ratio of prokaryotic heterotrophic production to the carbon potentially mobilised

enzymatically by aminopeptidase (assuming that 1 nmol of substrate hydrolysed
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enzymatically corresponds to 72 ng of mobilised carbon, according to Pusceddu et al. [2009])
can be used to provide insights into the efficiency of the prokaryotic assemblages for the
conversion of degraded organic matter into biomass. In both basins, the ratio of prokaryotic
heterotrophic production to carbon mobilised enzymatically by aminopeptidase increased
with water depth, with the highest values seen in the deeper water layers (0.081 and 0.275 in
the Western and Central-Eastern basins, respectively) when compared with the epipelagic
layer (0.048 and 0.237, respectively). Such ratios are consistent with those estimated from
literature where synoptic measurements were made of prokaryotic heterotrophic production
and aminopeptidase activity in deep water layers of the Mediterranean Sea [Tamburini ef al.,
2002; Zaccone et al., 2003]. These data provide supporting evidence of the high efficiency of
the prokaryotic assemblages of the deep Mediterranean Sea in the exploitation of the available
organic pools. Indeed, the deep Mediterranean waters, being much younger than oceanic ones,
with renewal times estimated between 11 and 100 years, are expected to be characterized by a
higher content of bioavailable organic compounds, which can determine a higher efficiency of
prokaryotic assemblages in degrading organic resources [Seritti et al., 2003; Santinelli et al.,
2009].

The data reported from the deep-Mediterranean sea support the hypothesis that this
warm miniature ocean is a “bioreactor” of organic matter cycling, i.e. a system in which
biological processes are accelerated. The high rates of organic matter degradation and
prokaryotic production, in the face of the relatively low prokaryotic abundance and biomass
in deep Mediterranean waters, are consistent with previous findings reporting respiration and
consumption rates of organic carbon (2.2—14.4 uM C yr’' [Christensen ef al., 1989; Santinelli
et al., 2010]) ca. 10 times higher than values reported in other oceanic systems (0.1-0.9 pM C

yr'! [Carlson et al., 2010]).
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The concentration of oxygen in deep water masses is controlled by a balance between
supply from ventilation processes and consumption due to microbial remineralization of
organic matter [Sarmiento et al., 2004]. Correlation analyses revealed that enzymatic
activities and prokaryotic heterotrophic production were inversely related to oxygen
concentration in meso- (n=102, R?*=0.183, P<0.001 for aminopeptidase and n=66, R?*=0.156,
P<0.01 for prokaryotic production) and bathypelagic waters (n=51, R*=0.606, P<0.001 for
aminopeptidase and n=45, R?=0.245, P<0.001 for prokaryotic production). Data reported here
let us to hypothesize that prokaryotic-mediated degradation and subsequent utilization of
organic sources could play a key role in oxygen consumption in Mediterranean deep waters.
However, the variance explained by these relationships accounted for 16 — 61% of the total
variance in oxygen concentration, indicating that other factors also contribute to determining
the patterns of oxygen concentrations in the Mediterranean deep waters [Keeling et al., 2010].

The Mediterranean Sea is sensitive to climate changes, and minor changes in the
physico-chemical characteristics of the deep-water masses have already been shown to have a
significantly impact on the biodiversity and functioning of its benthic ecosystems [Danovaro
et al., 2001; 2004]. Here we showed that the deep Mediterranean Sea acts as an accelerated
bioreactor for the cycling of the organic matter, in which the biogeochemical cycling of
organic matter at the basin scale is accelerated when compared to equally deep oceanic
systems. There is increasing evidence that the present climate changes are altering the
physico-chemical conditions in the deep Mediterranean Sea [Bethoux et al., 1990] and recent
studies predicted, for the end of the 21% century, an increase in temperature (up to 1.5°C) and
a reduction of ventilation processes in deep Mediterranean waters [Somot et al., 2006;
Herrmann et al., 2008]. Data presented here lead us to hypothesize that the predicted positive
response of prokaryotic metabolism to temperature increase [Rivkin and Legendre, 2001] may

further accelerate the processes leading to a progressive oxygen depletion of Mediterranean
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deep waters, with potentially important implications on biogeochemical cycles and ecosystem

functions at the basin scale.
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Figures legends.

Figure 1. The locations of the sampling stations in the Mediterranean Sea.

Figure 2. Isoclines of temperature (°C), salinity, oxygen concentration (umol kg') and
fluorescence (as Arbitrary Units) distributions in the stations investigated across the
Mediterranean Sea (Left panels, Western basin; right panels, Central-Eastern basin). Black
dots indicate sampling depths and locations. The salinity and fluorescence scales differ for
the two basins.

Figure 3. Vertical patterns of aminopeptidase in the stations investigated across the
Mediterranean Sea.

Figure 4. Spatial distribution of enzyme activity for aminopeptidase (top panels), B-
glucosidase (middle panels) and alkaline phosphatase (bottom panels) activities in the
stations investigated across the Mediterranean Sea. Left panels, Western basin; right
panels, Central-Eastern basin. Black dots indicate sampling depths and locations.

Figure 5. Multi-Dimensional Scaling (MDS) plot based on the enzymatic activities
(aminopeptidase, 3-glucosidase and alkaline phosphatase) at the depth layers investigated
(epipelagic, mesopelagic and bathypelagic). Stress value is indicated.

Figure 6. Vertical patterns of total prokaryotic abundance in the stations investigated across
the Western basin of the Mediterranean Sea. The equivalent data for the Central-Eastern
Mediterranean basin are not available.

Figure 7. Vertical patterns of prokaryotic heterotrophic production in the stations investigated
across the Mediterranean Sea.

Figure 8. Spatial distribution of prokaryotic heterotrophic production across the
Mediterranean Sea. Top panel, Western basin; bottom panel, Central-Eastern basin. Black
dots indicate sampling depths and locations.

Figure 9. Vertical pattern of cell-specific prokaryotic heterotrophic production. Reported are

typical profiles for some selected stations.
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Table 1. K, values for the enzymatic activities in the surface and bottom waters for the
specified stations in the Mediterranean Sea. Standard deviations are reported in parentheses.

N.A. = not available.

Station Kn (uM)
Aminopeptidase B-Glucosidase Alkaline phosphatase

Surface Bottom Surface Bottom Surface Bottom
J8 52(1.8) 11.9(0.4) 0.4 (0.02) 0.6 (0.01) 3.9(0.1) 4.8 (12)
M14 0.5(0.1) 3.6 (1.7) 0.7 (0.1) 0.5 (0.01) 11.6 (0.7) 10.7 (6.2)
M4 4.7(0.9) 10.8 (1.3) 1.9 (0.01) N.A. 14.9 (2.3) 17.7 (10.1)
M25 8.0 (3.5) 22.2(9.2) 0.5(0.01) 0.2 (0.02) 3.8(2.5) 3.0(0.3)
R11 1.8 (0.1) 6.5(3.8) 0.3 (0.02) 2.0 (0.6) 1.5(0.2) 1.5(0.1)
Means 4.0 11.0 0.76 0.80 7.14 7.54
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Table 2. Output of the 1-way ANOVA analysis carried out to test for changes in the microbial
variables between: A) the epipelagic and the mesopelagic and bathypelagic layers ana B) the

mesopelagic and the bathypelagic layer. MS=Mean Square; F=F statistic; P=probability level;
SNK=output of the Student—Newman—Keuls post-hoc test; ***=P<0.001; *=P<0.05; ns=not

significant.
MS F P SNK
A) Aminopeptidase 1.51 15.91 Ak epipelagic > mesopelagic, bathypelagic
B-glucosidase 0.12 25.96 oAk epipelagic > mesopelagic, bathypelagic
Alkaline phosphatase 0.04 9.35 oAk epipelagic > mesopelagic, bathypelagic
Prokaryotic het. production 0.28 3.23 * epipelagic > mesopelagic, bathypelagic
B) Aminopeptidase 0.22 31.53 HoAk mesopelagic > bathypelagic
B-glucosidase 0.04 6.87 ok mesopelagic > bathypelagic
Alkaline phosphatase 0.02 1.14 ns ns
Prokaryotic het. production 0.22 5.24 * mesopelagic > bathypelagic
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Table 3. Comparisons of prokaryotic heterotrophic production and enzymatic activities in the

epipelagic, mesopelagic and bathypelagic layers of the Western and Central-Eastern

Mediterranean Sea.

Layer Prokaryotic heterotrophic production (ngC L'n")
Western basin Central-eastern basin Ratio W/E
Mean SD (n) Mean SD (n)
Epipelagic 317.16 37.81 (35) 56.96 12.83 (35) 5.6
Mesopelagic 201.77 109.42 (25) 37.25 12.44 (11) 54
Bathypelagic 159.75 37.70 (11) 41.21 16.74 (13) 39
Aminopeptidase (umol L™ d)
Western basin Central-eastern basin Ratio W/E
Mean SD (n) Mean SD (n)
Epipelagic 2.18 0.26 (43) 0.08 0.01 (29) 26.1
Mesopelagic 1.04 0.13 (25) 0.09 0.05 (11) 12.0
Bathypelagic 0.66 0.13 (13) 0.05 0.01 (14) 14.3
B-Glucosidase (umol L™ d™)
Western basin Central-eastern basin Ratio W/E
Mean SD (n) Mean SD (n)
Epipelagic 0.88 0.09 (43) 0.31 0.05 (29) 2.8
Mesopelagic 0.51 0.31 (25) 0.10 0.03 (12) 4.8
Bathypelagic 0.41 0.10 (13) 0.13 0.04 (13) 3.1
Alkaline phosphatase (umol L™ dah
Western basin Central-eastern basin Ratio W/E
Mean SD (n) Mean SD (n)
Epipelagic 0.51 0.04 (43) 0.20 0.03 (34) 2.5
Mesopelagic 0.35 0.15 (25) 0.13 0.04 (13) 2.6
Bathypelagic 0.31 0.18 (13) 0.09 0.03 (13) 34
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Table 4. Results of the multivariate ANOSIM (R and P) and SIMPER (dissimilarity %,

explanatory variable and explained variance) analyses carried out to assess the differences

in the enzymatic activities in the Western and Central-Eastern Mediterranean basin. *

p<0.05, ** p<0.01, *** p<0.001.

Comparison ANOSIM SIMPER
Dissimilarity Explanatory Explained variance
R P (%) variable (%)
0.796 oAk 24.75 aminopeptidase 46.8
West vs. Central-East B-glucosidase 27.7
alkaline phosphatase 25.5
0.597 oAk 28.48 aminopeptidase 47.2
Epipelagic West vs. Central-East B-glucosidase 26.8
alkaline phosphatase 26.0
. 0.284 ns 16.52 aminopeptidase 45.4
Mesopelagic West vs. Central- .
East B-glucosidase 28.4
alkaline phosphatase 26.2
. 0.648 oAk 18.52 aminopeptidase 42.5
Bathypelagic West vs. Central- .
East B-glucosidase 32.1
alkaline phosphatase 25.3

34



— S50m

280 m

~ 500 m
750 m
| 1000 m
1250 m
1500 m
2000 m
= 2500 m

0 3000 m

~ 3500 m

4000 m

~ 4500 m

- 5000 m

- 6000 m

10°W 0° 10°E 20°E 30°E



Western Basin Central-Eastern Basin

Temperature [°C] Temperature [°C]

E
i
i
i8

0° 5°E E 18°E 20°E 22°E 24°E E

Depth [m]
NN s a
X 8 @& 3 a
g 8 8 8 8
8 8 8 8 8

©
S
S
S

Salinity [PSU] Salinity [PSU]

Depth [m]

0° 5°E 18°E 20°E 22 24°E

Oxygen [pmol/Kg] Oxygen [umol/Kg]

16°E 18°E 20°E 22°E 24°E

0° 5°E

Fluorescence Fluorescence

Depth [m]

18°E 20°E 22°E 24°E 26°E



Depth (mt)

‘Western Basin
punol L1 g1

0 2 4 6 8 10

0
20X D o
Eﬁ' i °

¢ +
[ & ¥ea

o=

oo, o

ce

OML oM4 mMMIL XMI4 @A4 J8

+Gl 0M23 -)M25 WR4 ORIL

3000

Central-Eastern Basin

ol L1 @

0.0 02 0.4 0.6 0.8
ome e
o
-
e o
°
o
oD
oD
OSK2 56 os23
OCret =517




Western Basin Central-Eastern Basin

Aminopeptidase (umol L-1 d-1)

Aminopeptidase (umol L-1 d-1)

Depth [m]

0
5°wW 0° 5°E 10°E 16°E 18°E 20°E 22°E 24°E 26°E
B-glucosidase (umol L-1 d-1) B-glucosidase (umol L-1 d-1)
500 2.5
— 1000 2
E
ﬁ_ 1500 15
Q
© 2000
| 1
2500
0.5
3000
5°W 0° 5°E 10°E 16°E 18°E  20°E  22°E  24°E  26°E
Alkaline Phosphatase (umol L-1 d-1) Alkaline Phosphatase (umol L-1 d-1)
5 j |

-
o
(=3
o

Depth [m]
@
8

5°W 0° 5°E 10°E 16°E 18°E 20°E 22°E 24°E 26°E



== Western Mediterranean Stress: 0.07

700 T~
lé 00, S~ VAR
v oS e /A N
oO N
\ @0 © I A \\
o |
\\ o d' “\ AA \
N *® 00 N A \\
AN ao \ Ap LA \
\ \ \
\ 3 X \
NG (3.
& \
O Western epipelagic \\,Q) ® e\ A \
@ Western mesopelagic ~ ~<®_ 8/ \\ \
@ Western bathypelagic = N |
. ) AN
/\ Eastern epipelagic \\ A /

A Eastern mesopelagic
A Eastern bathypelagic Central-Eastern Medlterranean




Depth (m)

108 cell Lt
0 s 10 0 5 10 0 H 10
. 0 N 0 ——
% 50 — 25 hd
_ 100
50 hd o ~
200 -
. s *
300 .
100 . 100 | e
500 .
200 . 7 w0 *
m25 * 1 Mz
252 e 1052 |e =e “
) s s 0 s 10 ° s 10
N - 0 - o .
%0 - =0 - ® °
100 - b R 1
200 - 300 .- 300 .
w0 e s00 |o s00 | o
1000 o 1000 |e 1o Je
2000 ® 2000 | 2000 |
220 (¢ 18 mrje A4 o e M
0 s 10 0 5 10 0 5 "
o .- 0 —— 0 -
. - wle 25 —.—
P
o 100 | -
200 | o
300 | -
300 |- 500 |0
500 |
- 1000 |o
1000 o 1500
1000 |@ 2000 |o 2500 Ma
; R11
1458 » as0s o MU 2815 | ®




Depth (n)

1000

1250

2000

2250

Western Basin
ngCL1n!
200 400 600 800

Ux + 2t

[ 233

OM1 OM4 WMI M4 ®Ad

+Gl OM23 =M25 mR4 ORIl

1000

3B

Central-Eastern Basin

ngCLln?

100 200 300 400

@ 1 ° ®

oSK2 #S6 w557 @523

-
552 DCret 0519 =517



Depth [m]

Depth [m]

500

1000

1500

2000

2500

3000

1000

2000

3000

4000

Prokaryotic Heterotrophic Production (ngCL* h™)

5°W

16°E

Western Basin

00

5°E

Central-Eastern Basin

18°E

20°E

22°E

24°E

26°E

Ocean Data View

11000

800

Ocean Data View

1000

800

600

400

200




Depth (m)

fgC cell! bt

0 2 4 5 0 s 10
0 0

50 40

100 100 -

200 —.— 300

300 . 500

00 e 1000 —.—

750 2000 s

1052 —— M3 220 e 1
o s 10 15 01 2 3 4 5
0 ° *

50 ).

100 100

300 300 .
500 500 L d

1000 . 1000 -

2000 . 2000 el

2712 e ag 2787 - e




	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

