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Abstract

:

Within the Svalbard archipelago, Kongsfjorden is an important marine ecosystem that is recognised as one of the main representative Arctic glacial fjords. Prokaryotic organisms are key drivers of important ecological processes such as carbon fluxes, nutrient mineralisation, and energy transfer, as well as sentinels of environmental pollution, especially in sediments, that are a repository of contaminants. In some areas of the Arctic, the structure and metabolic activity of the microbial community in the organic matter turnover and globally in the functioning of the benthic domain are mostly still unknown. A snapshot of the main microbial parameters such as bacterial abundance (by microscopic and plate counts), structure (by 16S rRNA sequencing), and metabolic activity was provided in Ny-Ålesund harbour, contextually in seawater and sediment samples. Fluorogenic substrates were used to assess the microbial ability to utilise organic substrates such as proteins, polysaccharides, and organic phosphates through specific enzymatic assays (leucine aminopeptidase—LAP, beta-glucosidase—ß-GLU, and alkaline phosphatase—AP, respectively). The metabolic profiles of psychrophilic heterotrophic bacterial isolates were also screened using a qualitative assay. The phylogenetic analysis of the microbial community revealed that Proteobacteria prevailed among the observed taxonomic groups. Several of the observed sequences were assigned to clones found in harbours, microbial biofilms, antifouling paints, or oil-polluted facilities of cold environments, highlighting a signature of human pressure on the polar habitat of Ny-Ålesund harbour.
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1. Introduction


Harbours are areas of economical relevance exposed to strong impacts from shipping, as well as urban and industrial waste, and consequently environmentally sensitive to anthropogenically derived pressure [1,2,3]. Intense maritime traffic, together with the low hydrodynamism of these sheltered bays, results in the organic matter enrichment of the waters, giving rise to anoxia and eutrophication events [4,5,6,7]. Traditionally, environmental characterisation of harbours regarded their chemical contamination-related features [1,4,5]. Heavy metals and polycyclic aromatic hydrocarbons are the main contaminants that impact harbour sites [8,9,10], especially in the benthic domain. The heavy weight oil fractions can have a long persistence in the environment due to their high resistance to degradation [6], making the successful restoration measures of these impacted areas difficult [11]. Moreover, quantification of contaminants’ concentration by itself cannot provide information on the effects on marine biota, resulting only in a partial assessment of the impacts of maritime activities on the benthic fauna [8,12].



In aquatic environments, prokaryotic organisms are key drivers of important ecological processes involved the organic matter biogeochemistry, such as carbon and nutrient mineralisation and consequent energy fluxes; they act also as sentinels of environmental change. Studies of microbial remineralisation offer information on the turnover of the pool of organic substrates, providing an integrated estimate of the polymers’ utilisation and of their bioavailability to the marine biota. In turn, the capability of microbes to react to environmental conditions is strictly related to their enzymatic profiles involved in several metabolic pathways [13].



Sediments are the domain most sensitive to environmental pollution, acting as a natural repository of organic contaminants (see [14] and the references therein). Nevertheless, to date, the changes in microbial community, especially regarding the benthic one, in response to environmental quality deterioration have been the subject of only a few studies [2,3,7,15]. In the assessment of chronically polluted areas, exploring microbial structure and metabolism is needed, not only due to their role as early warning sentinels of contamination [16,17,18] but also to apply appropriate remediation measures [6,19]. To recover marine polluted areas, such as harbours, microbial bioremediation measures using consortia of microorganisms able to degrade organic contaminants has been suggested as an effective and eco-friendly tool to remove biodegradable complex toxic substances and convert them into harmless end products, e.g., CO2 and H2O, via metabolic pathways [20].



In the last decade, several reports have documented in polar regions the occurrence of contamination related to increased human pressure [21,22,23]; nevertheless, knowledge of the variable dynamics of microbial communities in response to contamination is still lacking in Arctic harbour ecosystems. This main gap underlines the need of further research addressing how marine microorganisms living in these fragile environments react to stressors, with the goal of finding measures to prevent and/or reduce potentially detrimental impacts of contamination on the microbiota.



In marine sediments chronically exposed to oil contamination, microbial community composition and metabolism were reported to vary in relation with both temperature and chemical diversity [24]; furthermore, bacterial richness and catabolic diversification increased under chronic pollution at low temperature [24]. Moreover, climate warming, which is an ongoing issue in the Arctic region, as shown by glacier retreat, sea ice melting, and increases in suspended sediment inputs into coastal marine environments, might influence the dynamics and the trophic level interactions within the microbial community, with consequent implications on large-scale ecological processes [25,26].



Within the Svalbard archipelago (Norway), Kongsfjorden, located on the west coast of Spitsbergen, is considered a site representative of Arctic glacial fjords. Exposed to strong Atlantic and glacial runoff influence [27], it is a widely studied marine ecosystem [28]; here, many physical and biological features are being addressed by several countries which have established their research stations at Ny-Ålesund [29]. To date, an important number of studies have explored the structure and function of the bacterial community across the entire Kongsfjorden marine system, both at a pelagic and sedimentary level [25,30,31,32,33,34,35,36,37,38,39,40]. Data on microbial distribution and its role in this Arctic area are mostly fragmentary, due to the lack of comprehensive studies, as evidenced by recent literature reviews [29,40]. Comparatively more limited is the knowledge of the taxonomic composition and metabolic potential of the complex microbiota inhabiting the Ny-Ålesund harbour [41,42,43], where benthic and pelagic domains have never been investigated simultaneously. Originally, Ny-Ålesund was born as a coal mining community, which was decommissioned since the 1960s after a large accident; therefore, the soil of this site is affected by coal waste materials and heavy metals from mining operations [44]. In the Ny-Ålesund harbour sediments, the presence of cold-adapted oil-degrading bacteria was previously demonstrated [45]. As a contribution to fill this knowledge gap, during a field study performed in June 2015, the abundance, structure, and metabolic activity of the benthic microbial community hosted in this harbour were analysed; parallel measurements were performed in the waters of the same area. Psychrophilic heterotrophic bacteria were also isolated and identified.




2. Materials and Methods


2.1. Sampling in the Study Area


Ny-Ålesund harbour is situated in Kongsfjorden within Spitsbergen, the largest island of the Svalbard archipelago (Arctic Ocean). Surface water samples were collected in June 2015 from two sites (further indicated as SW1 and SW2) in the Ny-Ålesund Harbour (78.928° N; 11.940° E; Figure 1), a popular shore break for cruises. Sampling was performed on board of the r/v Teisten with a 10 L Niskin bottle. The physico-chemical parameters of the sea water were acquired with a CTD SBE 911 probe (SeaBird Electronics, Bellevue, WA, USA). One surface sediment sample (indicated as SED1) was taken at a 4 m depth in the site corresponding to the SW1 area (Figure 1). The sampling was carried out using a 3 kg Van Veen Grab sampler. All samples, after collection, were transported and immediately treated in laboratory for microbiological and chemical analyses.




2.2. Measurement of the Hydrocarbon Concentration (GC-FID Analysis)


The total hydrocarbons and their derivates (TERHCs) in seawater (SW1 and SW2) and sediment (SED1) samples were extracted, and their composition was determined according to the EPA (Environmental Protection Agency) 3510 and 3550 methods, respectively. The extracts, reduced to 1 mL by a rotary evaporation (Rotavapor model R110; Büchi Labortechnik AG, Flawil, Switzerland), were analysed according to Genovese et al. [46] by high-resolution fast gas chromatography using a DANI Master GC Fast Gas Chromatograph System (DANI Instruments S.p.A., Milan, Italy). The concentrations of hydrocarbons were determined using the analytical protocols reported by Denaro et al. [47]. Generally, the detection limit of GC FID is approximately 20 pg of each component eluting from a capillary column.




2.3. Total Bacterial Count (DAPI)


For the quantification of the total bacterial abundance, seawater samples (1–2 mL) preserved in formaldehyde (2% final concentration) were stored at 4 °C until their treatment. After short-time (30 s) ultrasound exposure to an ultrasonic bath (Branson 1200 Ultrasonic Cleaner, Branson, Brookfield, CT, USA), they were filtered through Nuclepore black polycarbonate filters (0.2 µm pore size), which were incubated with 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Milan, Italy, 5 mg L−1 final concentration), following standard analytical protocols [48]. As reported by Cappello et al. [49], prior to the analytical protocol, a preliminary treatment with Tween 80 (final concentration, 1 mg L−1) for at least 15 min of the sediment samples was carried out. Bacteria were detached from the sediment through an ultrasonic treatment in a Branson 1200 Ultrasonic Cleaner bath (Branson, USA), using the protocol reported by Kuwae and Hosokawa [50]. The water-Tween 80 phase was collected after centrifugation of the samples at 8000× g for 8 min and stained with the above-indicated protocol. Observation of the obtained slides was performed using a Zeiss Axioplan 2 Imaging epifluorescence microscope (Zeiss; Carl Zeiss Inc., Thornwood, NY, USA); at least 30 microscopic fields were visualised, and the labelled cells were counted. Bacterial abundance was reported in terms of total number of cells mL−1.




2.4. Culturable Heterotrophic Bacterial Count (Marine Agar)


Culturable heterotrophic bacterial count in seawater samples was obtained through the “spread plate method”, through inoculation of 0.1 mL of sample on plates of Marine agar 2216 (Conda Pronadisa, Madrid, Spain), a medium specific for the cultivation of heterotrophic bacteria [51]. Marine agar was chosen in this study as the culture medium to better compare the heterotrophic bacterial counts with those determined in other Arctic environments [25,38].



One sediment aliquot was 10-times diluted into sterile physiological solution (in a weight/volume ratio); the obtained supernatant was further diluted (1:10) and treated as reported for seawater samples. Colonies grown after incubation for 20 days at +5 °C were counted, and the number of colony-forming units (CFU) obtained per ml or g of sample (for water or sediment, respectively) was reported, considering the dilutions performed for the sediment sample.




2.5. Hydrocarbon-Degrading Bacterial Count (MPN)


Hydrocarbon-degrading bacterial count was determined using a miniaturised most probable number (MPN) method, following the protocol of Brown and Braddock [52] with slight modifications [48]. The MPN index was calculated as indicated by the American Public Health Association [53].




2.6. 16S rDNA Clone Library


Extraction and PCR Amplification of Total DNA, and 16S rRNA Cloning and Sequencing


An amount of 1 L of seawater was treated by filtration through polycarbonate filtering membranes (Nuclepore, Costar, Pleasanton, CA, USA) with a 47 mm diameter and a 0.2 μm pore size. DNA extraction of total bacterial community of the seawater sample was performed using the MasterPure™ Complete DNA and RNA Purification Kit (Epicentre, Illumina San Diego, CA, USA). The total genomic DNA was eluted by washing with 35 μL of 1× TE (Tris and ethylenediaminetetraacetic acid) buffer; thereafter, it was measured with a Spectrophotomer ND-1000 (NanoDrop Technologies, Wilmington, DE, USA), and then nucleic acids were stored at −20 °C. From the total DNA, the 16S rRNA genes were amplified using the set of universal eubacterial primers 530F (5′-GTGCCAGCMGCCGCGG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACT-3′) [54]. The PCR was performed in a 50 µL mixture (whole volume) containing 1 µM of each primer, 10 µM dNTPs (Gibco, Invitrogen, Carlsbad, CA, USA), 1× Q solution (Qiagen, Hilden, Germany), 1× Qiagen reaction buffer, 1 µL of DNA template (40–250 ng), and 2U of Taq Polymerase (Qiagen). The reaction included an initial denaturation step at 95 °C for 5 min, continued with an annealing step (1 min at 94 °C, 1 min at 50 °C, and 2 min at 72 °C, 30 cycles), and a final extension at 72 °C for 10 min. PCR products were run on agarose gel (1% w/vol) and treated with the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA); 16S rRNA gene fragments were cloned into the pGEM®-T Easy Vector (Promega) following the manufacturer’s instructions. Escherichia coli DH10β cells (Invitrogen, Waltham, MA, USA) were transformed using the obtained ligation products. From each clone library, a total of 100 white colonies were picked at random, and a PCR reaction was performed on the collected cells using the same conditions reported previously and the set of M13F and M13R primers. Gel electrophoresis was carried out to identify the amplified inserts according to their expected size (approx. 1200 bp). PCR products of the isolated strains were purified and sequenced (Sanger’s Method) by Macrogen Inc. (Amsterdam, the Netherlands) using only the reverse primer (1492R). The 16S rRNA gene sequences of the closest relatives were identified with the Basic Local Alignment Search Tool (BLAST), provided by the National Center for Biotechnology Information (NCBI, Bethesda, MA, USA).





2.7. Quantitative Determination of Enzymatic Activity Rates


The metabolic activities of the microbial assemblage on organic polymers (proteins, polysaccharides, and organic phosphates) were assessed through determination of the leucine aminopeptidase (LAP), beta-glucosidase (ß-GLU), and alkaline phosphatase (AP) activities. Enzymatic assays were performed through fluorogenic measurements [55]. L-leucine-4-methylcoumarinylamide hydrochloride, 4-methylumbelliferyl B-D-glucopyranoside, and 4-methylumbelliferyl phosphate (Merck Life Sciences, Milan, Italy) were the substrates specific for LAP, ß-GLU, and AP. Seawater samples were dispensed into three test tubes (10 mL each) plus one autoclaved sample (Blank tube), which were added increasing volumes (10 to 320 nmol L−1) of each substrate separately, according to the procedure already described in Caruso et al. [25]. The sediment was diluted 1:10 in sterile physiological solution, and the supernatant obtained after re-suspension was divided into triplicate sub-volumes that were incubated with each substrate in concentrations of 20 to 160 µM (stock solution 5 mM). After substrate hydrolysis by the specific enzyme, the released fluorescence was recorded using a Jenway fluorimeter (model 6280, Dunmow, UK); measurements were taken both at time zero (initial time) and after incubation at +5 ± 1 °C (LAP and AP, 2.5 h; ß-GLU, 4 h). Calibration was performed for LAP with increasing amounts (200 to 800 nM) of the standard 7-amino-4-methylcoumarin (MCA), while for ß-GLU and AP, the standard 4-methylumbelliferone (MUF) was used [56]. Results were expressed as the maximum velocity (Vmax) of substrate hydrolysis, in nanomoles of leucine, glucoside, and PO4 potentially released by LAP, ß-GLU and AP activities, respectively, per litre or per gram and per hour (nmol L−1 h−1 or nmol g−1 h−1, for water or sediment samples, respectively).




2.8. Isolation of Psychrophilic Heterotrophic Bacteria


To isolate strains of autochthonous heterotrophic bacteria, from the Marine Agar 2216 plates, a total number of 35 colonies (12 from each water sample and 11 from sediments) were selected on the basis of their different phenotypical traits (i.e., colony shape, size, presence of pigmentation) and subjected to purification by repeated streaking on the same Marine Agar medium until an axenic culture was obtained.




2.9. 16S rDNA Gene Phylogenetic Analyses


A 2 mL late-exponential phase cell culture of each bacterial isolate was used to extract the total genomic DNA with a MasterPure™ Complete DNA and RNA Purification Kit (Epicentre). The 16S rDNA genes were amplified by a PCR using the primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′). The reaction was carried out under the conditions described previously. PCR products of both heterotrophic isolates and 16S rDNA seawater sample clone’s library were assayed for purity and sequenced by Macrogen (Amsterdam, the Netherlands). Checking of the sequences for possible chimeric origin was performed using the Pintail 1.1 software [57]. Alignment of the amplified 16S rRNA gene sequences and of the closest relative identified with BLAST [58] was initially made with the SILVA alignment tool [59], followed by manual alignment with ARB [60]. After these operations, using the neighbour-joining algorithm of ARB package and the distance analysis of the 16S rDNA genes, the phylogenetic trees were built. The sequences were deposited into the GenBank database under the accession numbers OQ753775-OQ753823.




2.10. Qualitative Study of Enzymatic Expression of Bacterial Isolates


Bacterial isolates were screened for their metabolic profiles in terms of presence/absence (+/−) of six enzymatic activities; this qualitative assay was performed with a miniaturised method using 96-well microtitre plates. For each bacterial strain, a suspension in sterile physiological saline was prepared, followed by the seeding of 75 μL of this suspension into each well and the addition of the same volume of each fluorogenic substrate (diluted to obtain a working solution of 20 μM). Stock solutions of the substrates in Cellosolve (5 mM final concentration) were prepared. The substrates used for the metabolic screening were leucine-amido-methyl coumarine (Leu-MCA), 4-methylumbelliferyl (MUF)-alpha-D-glucopyranoside, MUF-beta-D-glucopyranoside, and MUF-phosphate in order to assess whether the strains were positive for aminopeptidase (proteolytic enzyme), alpha- and beta-glucosidase (glycidic enzymes acting on maltose and cellobiose, respectively), and alkaline phosphatase (an enzyme able to decompose organic phosphoric compounds). The presence of lipolytic activity was assessed using MUF-heptanoate as the substrate; MUF-acetate was used as the substrate for esterase activity. After incubation at in situ temperature for 4 h, the fluorescence released by hydrolysis of the substrates was detected under a UV-Wood lamp, assigning a positive score to those wells that showed an intense and bright fluorescent signal [61].





3. Results


3.1. Environmental Characteristics


Temperature and salinity values recorded in the harbour were 2.79 °C and 32.88 psu, respectively; a low turbidity characterised the water column, as shown by a value of 4 m (by a Secchi disk) [45].




3.2. Analysis of Hydrocarbons (GC-FID Analysis)


The qualitative and quantitative analyses of hydrocarbons (GC-FID analysis) did not show the presence of these chemical compounds in the examined seawater and sediment samples.




3.3. Total Bacterial (DAPI), Heterotrophic Bacterial (CFU), and Hydrocarbon-Degrading Bacterial Counts (MPN)


Table 1 shows the total (DAPI), the cultivable heterotrophic (CFU), and the hydrocarbon-degrading bacterial counts as MPN values of the examined samples. Total microbial abundance evidenced similar values of ≈104 cell mL−1 in the seawater samples (SW1 and SW2), compared to values of ≈106 cell g−1 observed in the SED-1 sample. The abundance of heterotrophic bacteria able to grow on Marine Agar was in the order of 102 CFU mL−1 in the waters (4.9–6.1 × 102 CFU mL−1) and one order of magnitude higher in the sediment (2.1 ×103 CFU g−1). Regarding the hydrocarbon-degrading bacteria, values of ≈102 MPN mL−1/g−1 were measured.




3.4. Structure of the Microbial Community (16S rRNA Clone Library)


Globally, 192 16S rRNA sequences were obtained from the SW1 and SW2 samples and analysed from the environmental clone library (Table S1 in Supplementary Materials). Statistical and taxonomic analysis did not reveal differences between the samples, and therefore the results obtained for the SW1 and SW2 were treated together, as a single sample. After clusterisation (at 97% of similarity), the sequences were assigned to 41 main taxa. The phylogenetic analysis of all the obtained 16S rDNA gene sequences revealed their distribution within four major taxonomic groups of prokaryotic organisms (Figure 2). The phylogenetic analysis showed that Proteobacteria were the most abundant group, with almost 66% of clones affiliated to Gammaproteobacteria, followed by 12% of sequences affiliated to the Bacteroidetes group and 9% of clones belonging to Alphaproteobacteria, with only one group related to Cyanobacteria (Figure 2).




3.5. Taxonomic Identification of the Isolated Bacteria


Thirty-five bacterial strains were obtained by isolation on Marine Agar 2216 medium, and 16S rDNA gene amplicons of each isolate were subject to sequencing. Results of molecular identification are reported in Table 2, where the closest hits are indicated; the phylogenetic tree is shown in Figure 3. In detail, 25 sequences were related to Pseudoalteromonas antarctica strain NF3 (NR 029317, [62]) isolated from an Antarctic coastal environment; 5 sequences were closely related to the psychrophilic species Psychrobacter immobilis ATCC 43116 (NR 118808, [63]); and, finally, 1 sequence showed a high similarity to Aliivibrio salmonicida strain HI 7751 (NR 044844, [64]). Furthermore, one isolate, belonging to Alphaproteobacteria, had a phylogenetic affiliation to Sulfitobacter sp. BSw20046 identified in Arctic seawater [65] or on the Antarctic macroalga surface (JQ618837, [66]). An Actinobacteria-related sequence showed similarity with Leucobacter komagatae strain Z_S_TSA 12 (KC337249, [67]). Two isolates closely related to the Bacteroidetes group showed high similarity to the Flavobacterium frigidarium isolate S3-9 (AY771722, [68]) and to Polaribacter sp. W-2 (DQ923436, [69]).




3.6. Extracellular Enzymatic Activity Rates


The values of enzymatic activity measured in the water samples of the harbour showed for AP the highest hydrolytic rates, followed by LAP and GLU. AP values were below 3.8 nmol L−1 h−1, while GLU ranged around 1 nmol L−1 h−1. In the sediment of the harbour, AP values reached 5.2 nmol g−1 h−1, while comparatively lower LAP activity levels were found (Table 3).




3.7. Enzymatic Expression of Bacterial Isolates


Table 4 shows, in terms of mean percentage values obtained per each sample, the ability of bacterial isolates to decompose organic substrates through the secretion of specific enzymes. The enzymes most frequently produced by the bacterial isolates were lipase and protease, which were expressed on average by 41.7 and 33.3% of the total of water isolates, respectively. In the sediment, these enzymes were produced by 87.5 and 75% of the total of the isolates, respectively. Compared to benthic isolates, bacterial strains isolated from the water column exhibited a more diversified enzymatic spectrum; alkaline phosphatase was synthetised by over 20% of the total, while alpha- and beta-glucosidase as well as esterase were expressed by a lower percentage of bacteria (less than 10% of the total). Conversely, the bacterial strains isolated from the sediment exhibited a preferential utilisation of lipids and proteins, with the majority of the isolates able to decompose the substrates MUF-heptanoate and leucine-MCA, respectively; they were unable to utilise substrates such as maltose (MUF-alpha-glucosidase), cellobiose (MUF-beta-glucosidase), organic phosphates (MUF-phosphate), and acetate (MUF-acetate).





4. Discussion


Given the role of the Kongsfjorden as a harbinger of environmental changes occurring in the Arctic [40], the characterisation of microbial communities is relevant to understand the response of this biological component to environmental changes. The intrinsic peculiarity of a harbour environment makes this a confined environment where anthropogenic activities may cause the most evident effects on the marine biota. Both culture-dependent and -independent techniques were adopted in this study to provide a first characterisation of the microbial community occurring in the Ny-Ålesund harbour, both in pelagic and benthic domains. Data on bacterial abundance, taxonomic composition, and metabolic profiles reported in this study provide new insights on this particular polar habitat. Due to the low number of collected samples, low coverage of the 16S rRNA gene sequencing, and limited number of hydrolytic enzymes measured the obtained results should be treated with caution; as a consequence, the reported data cannot be considered to be representative of the complexity of the microbial community present in this site, preventing the inference of robust conclusions on microbial dynamics. Nevertheless, our research add important information on the abundance, taxonomic composition and metabolic activity of the microbial community.



4.1. Bacterial Abundance in the Ny-Ålesund Harbour


According to the type of the examined sample, total bacterial abundance values varied, with an increase in about two orders of magnitude recorded in the sediment compared to the water samples. Total bacterioplankton abundance in water was about 104 cells mL−1, a quite lower value compared to those reported in Arctic fjords (105–107 cells mL−1 [25,70]), but more similar to values of 1.46–4.26 × 105 cells mL−1 reported by Kalinowska et al. [71] or those of 107–109 cells L−1 found in June–September by Sinha et al. [37]. Bacterial abundance values between 9.34 × 106 and 1.98 × 108 cells mL−1, increasing in during autumn and winter, were found in Kongfjorden sediments close to Ny-Ålesund [33]. Regarding the culturable fraction, average values of 1.1 × 105 CFU g−1 were reported for viable heterotrophic bacteria in the sediments of the Brandalpynten site within Kongsfjorden [38]. The lower values recorded in our study (103 CFU g−1) could be explained by different properties (such as temperature, oxygen content, water mass and light patterns, and nutrient availability) of the overhanging water column or by changes occurring in the sedimentary burial of trophic inputs coming from coastal and riverine supplies. In addition, the presence of anaerobic methylotrophs could determine the low numbers of culturable bacteria, obtained under aerobic conditions. Hydrocarbon-degrading bacteria accounted, on average, for 20 and 10% of the culturable bacteria in seawater and sediment samples, respectively. This low percentage, however, could explained by the inability of obligate hydrocarbon-degrading marine bacteria to grow on the culture media commonly used for total heterotrophic bacteria.




4.2. Taxonomic Composition of the Microbial Community


Many of the sequences retrieved in this study were affiliated to isolates belonging to the group of Gammaproteobacteria. Despite the limited number of analysed sequences, which obviously cannot provide a complete picture of the microbial community of the study area, many of the analysed sequences were affiliated to clones identified in the polar regions of both the Artic and Antarctic [72,73], or the Baltic Sea [74] and Marine Fjord [75]. Interestingly, this tendency was maintained in all microbial groups detected in this clone libraries, regardless of taxonomic groups; this demonstrates that low temperatures seem to select entire microbial communities well defined and adapted to thrive in these conditions.



Similar results, with the predominance of Proteoteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria, were reported in other Arctic sediments [38]; Alpha- and Gammaproteobacteria dominated in surface uncontaminated Kongsfjorden sediments [76]. Nevertheless, different signs of human settlement are highlighted by the presence of different sequences phylogenetically close to Gammaproteobacteria, already isolated in ports [77]. A set of other sequences, belonging to the Methylophilaceae group, were previously detected in biofilm covering an antifouling paint [78] and Bacteroidetes-related sequences detected in contaminated oil or oil processing facilities [79] (Figure 2). Compared to the molecular analysis, indicating that contamination occurred in the harbour, the quantitative determination of total hydrocarbon concentrations in our samples did not provide evidence for contaminated waters; a possible explanation for this controversial finding could be the detection limit of the GC-FID analysis.




4.3. Qualitative and Quantitative Characterisation of Microbial Metabolism


The rates of metabolic activity measured in terms of potential enzymatic activity showed the relative predominance of AP compared to LAP and beta-GLU. The enzymatic values examined in the harbour area fell in a range like that measured by Zappalà et al. [80] in the Svalbard region (min–max range AP: 1.33–10.81 nmol L−1h−1; LAP: 0.15–7.97 nmol L−1h−1 and beta-GLU: 0.09–5.19 nmol L−1h−1). This suggested that microbial metabolism was apparently unaffected by the anthropogenic impact in the harbour.



In natural ecosystems, enzyme activity assays provide useful indications on the microbial processes involved in the recycling of autochthonous and allochthonous organic matter, with consequent release of nutrients in water bodies [3,81]. The high enzyme activity levels measured in our study agreed with the summer season; indeed, temperature and organic matter availability are the main factors that stimulate the synthesis of enzymes, as observed also in temperate environments [3,13,15]. LAP was actively synthesised, suggesting the quick decomposition of proteins mediated by microorganisms. This biochemical trait is frequently observed in microbial communities inhabiting coastal marine environments [82], and a relationship between LAP values and eutrophication levels was observed in harbour environments [3,81]. GLU activity, another key enzyme in the carbon cycle in aquatic environments, was also relevant within the Ny Ålesund harbour, probably depending on the high amount of polysaccharidic substrates (i.e., high-carbohydrate-content organic polymers); a high metabolic versatility of the microbial community characterised the surface sediments of an Arctic fjord, where high-molecular-weight substrates were actively hydrolysed, even if a small fraction of the total community is generally found to express carbohydrate-hydrolysing enzymes [83]. In the waters of the harbour channel in Ustka, the estuarine part of the Stupia River (Poland), high levels of extracellular enzymes were found in the surface microlayer and subsurface water [81]. After lipase, phosphatase (133.3 nM MUF cm−3 h−1) and aminopeptidase (107.7 nM MCA cm−3 h−1) predominated within the enzyme spectra of the microbial community; higher values were detected in the surface microlayer, while no clear spatial distribution patterns were observed. Heterotrophic bacterial abundance, varying between 1.50 and 91.67 × 106 CFU dm−3, was about six orders of magnitude higher than in our study (seawater: 102 CFU mL−1; sediment: 103 CFU g−1). Like what was observed in Ny Ålesund, in a touristic harbour of a temperate region (Rapallo harbour, along the Ligurian coast, Italy), enhanced enzyme activities (LAP and GLU) were detected in sediments (mean LAP and GLU: 125.3 ± 77.6 nmol g−1h−1 and 77.3 ± 3.1 nmol g−1 h−1, respectively) compared to seawater (mean LAP and GLU: 70.3 ± 28.28 nmol L−1h−1 and 10.1 ± 4.4 nmol L−1h−1 respectively) [3]. Proteolytic enzyme values were particularly higher in the benthic domain, reflecting the accumulation of organic matter due to the harbour activities.



Screening of bacterial isolates for the production of enzymes allowed us to identify the presence/absence of specific enzymes in each strain; however, the results of this qualitative assay cannot be compared with the quantitative determination of enzyme activity rates measured by the quantitative fluorimetric assay, which were referred to the whole microbial community. Moreover, variations in enzyme production are known to depend on the cell physiological state [84]. The enzymatic expression of bacterial isolates was affected by their source habitat; indeed, different spectra of enzymatic profiles were observed when comparing water to sediment-derived isolates. Bacteria isolated from the benthic compartment were not able to utilise maltose, cellobiose, organic phosphates, and acetate.



The enzymatic profiles obtained from the qualitative screening of enzymatic activities expressed by each bacterial isolate pointed out the wide expression of lipase and aminopeptidase activities, as suggested by the high percentages of utilisation of MUF-heptanoate and leucine-MCA. Lower percentages of strains were found to express alkaline phosphatase, beta-glucosidase, and esterase enzymes; these results pointed out that the bacterial community present in this Arctic harbour was able to preferentially metabolise lipids and proteins as organic substrates supporting their growth. Similar results were reported in a previous study performed close to a glacier in the same area [80]. The predominance of lipase among the enzymes synthesised by bacteria in the seawater of a harbour channel was attributed to anthropogenic pollution related to tourism and maritime activities as well as to lipidic components of marine organisms such as phytoplankton and zooplankton or detritus, accounting for a consistent fraction (3–55%) of the organic matter [81].





5. Conclusions


This study reports the first known description of the microbial characteristics of the Ny Ålesund harbour, a site where several activities related to research, maritime traffic, and tourism coexist. The obtained findings provide a baseline understanding of the composition and metabolic/functional potential of the microbial community in this polar marine ecosystem that could be monitored in future studies to assess the response of the microbial assemblage to increasing the anthropisation of the Svalbard region.



The phylogenetic analysis of the microbial community revealed that Proteobacteria were the most abundant group among the phyla retrieved in the studied sample. Many of the analysed sequences were affiliated to clones identified in cold areas, in ports, in biofilm-covering structures, in antifouling paints, and in oil-contaminated facilities, providing a signature of human pressure at the sampling site.
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Figure 1. Location of the sampling sites at Ny Ålesund. 
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Figure 2. Rooted phylogenetic tree clustered by neighbour-joining of maximum likelihood values showing the affiliation of partial bacterial 16S rRNA gene sequences to closest-related sequences from members of different bacterial clusters. Isolates obtained in the present study are indicated in red bold type. Percentages of 1000 bootstrap resampling that supported the branching orders in each analysis are shown above or near the relevant nodes (only values P50% are shown). The number within the parenthesis indicates the number of times that gene has been detected in the analysis. A sequence of an uncultured archaeon clone Arch_AE_G08 (FJ968062) was used as an out-group. 
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Figure 3. Rooted phylogenetic tree clustered by neighbour-joining of the maximum likelihood values showing the affiliation of bacterial isolates to the closest related sequences. Percentages of 1000 bootstrap resampling that supported the branching orders in each analysis are shown above or near the relevant nodes (only values P50% are shown). A sequence of an uncultured archaeon clone Arch_AE_G08 (FJ968062) was used as an out-group. 
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Table 1. Mean ± standard error (from n = 3 replicates) of total bacterial abundance obtained by microscopic counts after DAPI staining (cell mL−1/g−1), heterotrophic bacterial counts obtained by culture on Marine Agar medium (CFU mL−1/g−1), and hydrocarbon-degrading bacteria estimated by most probable number (MPN mL−1/g−1) in the examined samples.






Table 1. Mean ± standard error (from n = 3 replicates) of total bacterial abundance obtained by microscopic counts after DAPI staining (cell mL−1/g−1), heterotrophic bacterial counts obtained by culture on Marine Agar medium (CFU mL−1/g−1), and hydrocarbon-degrading bacteria estimated by most probable number (MPN mL−1/g−1) in the examined samples.











	
	SW1
	SW2
	SED1





	DAPI (CFU mL−1/g−1)
	1.60 × 104 ± 1.52 × 103
	2.50 × 104 ± 3.00 × 103
	1.12 × 106 ± 1.1 × 105



	Culturable (CFU mL−1/g−1)
	4.90 × 102 ± 4.6 × 101
	6.10 × 102 ± 5.8 × 101
	2.1 × 103 ± 1.80 × 102



	Hydrocarbon-degrading bacteria (MPN mL−1/g−1)
	1.00 × 102 ± 8.00 × 101
	1.30 × 102 ± 1.9 × 101
	2.10 × 102 ± 0.25 × 101
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Table 2. Outputs of the sequencing of the 16S rDNA gene amplicons of each bacterial isolate. Reported are the length of the fragment (in base pairs) and the closest hits, with an indication of the GenBank accession numbers and percentage of identification.
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	GenBank Accession Number
	Isolate Code
	Length (bp)
	Closest Hit
	Accession No.
	ID, %





	OQ753781
	G10
	780
	Aliivibrio salmonicida strain HI 7751
	NR_044844
	99.3



	OQ753776
	H02
	840
	Pseudoalteromonas antarctica strain NF3
	NR_029317
	98.7



	OQ753775
	E09
	568
	Psychrobacter immobilis strain ATCC 43116
	NR_118808
	99.1



	OQ753778
	D11
	630
	Sulfitobacter sp. BSw20046
	EU365544
	98.1



	OQ753810
	C09
	590
	Flavobacterium frigidarium isolate S3-9
	AY771722
	98.9



	OQ753782
	C10
	880
	Polaribacter sp. W-2
	DQ923436
	98.1



	OQ753780
	G11
	680
	Leucobacter komagatae strain Z_S_TSA 12
	KC337249
	98.2
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Table 3. Mean ± standard error (from n = 3 replicates) of enzymatic activity rates (alkaline phosphatase, AP; beta-glucosidase, GLU; and leucine aminopeptidase, LAP) measured in the seawater (SW1 and SW2) and sediment (SED1) samples.
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	LAP
	GLU
	AP





	SW1 (nmol L−1 h−1)
	1.40 ± 0.13
	1.1 ± 0.10
	2.7 ± 0.3



	SW2 (nmol L−1 h−1)
	1.50 ± 0.14
	1.30 ± 0.14
	3.8 ± 0.41



	SED (nmol g−1 h−1)
	2.90 ± 3.0
	3.50 ± 0.32
	5.2 ± 0.55
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Table 4. Mean percentage of utilisation of organic polymers by the bacterial isolates in the examined seawater and sediment isolates.






Table 4. Mean percentage of utilisation of organic polymers by the bacterial isolates in the examined seawater and sediment isolates.











	
	SW 1
	SW2
	SED1





	No. of isolates
	12
	12
	8



	Alpha-glucosidase
	0.0 ± 0.0
	9.2 ± 0.8
	0.0 ± 0.0



	Beta-glucosidase
	18.2 ± 1.6
	18.1 ± 2.0
	0.0 ± 0.0



	Protease
	33.1 ± 3.5
	33.4 ± 3.4
	76.0 ± 8.0



	Phosphatase
	33.0 ± 2.8
	33.2 ± 2.9
	0.0 ± 0.0



	Lipase
	24.2 ± 2.2
	58.1 ± 0.6
	86.1 ± 0.9



	Esterase
	0.0 ± 0.0
	9.0 ± 0.9
	0.0 ± 0.0
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