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Abstract

:

Southern Adriatic (Eastern Mediterranean Sea) is a region strongly dominated by large-scale oceanographic processes and local open-ocean dense water formation. In this study, picoplankton biomass, distribution, and activity were examined during two oceanographic cruises and analyzed in relation to environmental parameters and hydrographic conditions comparing pre and post-winter phases (December 2015, April 2016). Picoplankton density with the domination of autotrophic biomasses was higher in the pre-winter phase when significant amounts of picoaoutotrophs were also found in the meso-and bathy-pelagic layers, while Synechococcus dominated the picoautotrophic group. Higher values of bacterial production and domination of High Nucleic Acid content bacteria (HNA bacteria) were found in deep waters, especially during the post-winter phase, suggesting that bacteria can have an active role in the deep-sea environment. Aerobic anoxygenic phototrophic bacteria accounted for a small proportion of total heterotrophic bacteria but contributed up to 4% of bacterial carbon content. Changes in the picoplankton community were mainly driven by nutrient availability, heterotrophic nanoflagellates abundance, and water mass movements and mixing. Our results suggest that autotrophic and heterotrophic members of the picoplankton community are an important carbon source in the food web in the deep-sea, as well as in the epipelagic layer. Besides, viral lysis may affect the activity of the picoplankton community and enrich the water column with dissolved organic carbon.
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1. Introduction


Autotrophic members of the picoplankton community are important primary producers, while bacteria are consumers of the dissolved organic matter that can originate from primary production, thus transferring carbon towards higher trophic levels. Bacteria represent the main component of plankton, which is involved in the degradation of organic matter and in transforming inorganic compounds into the shapes adequate for primary producers. The role of the picoplankton community has become more important in oligotrophic and phosphorus-limited (P-limited) areas, such as the open sea area of the Adriatic Sea (Mediterranean Sea), where bacteria, Synechococcus, Prochlorococcus, and picoeukaryotes play an important role in the production and flow of biomass and energy [1,2,3] than in eutrophic areas. However, previous studies on picoplankton communities were mostly focused on investigating the epipelagic layer (i.e., depths less than 200 m). The deep-sea is characterized by the absence of light, i.e., conditions that are unfavorable for the primary production. Tanaka and Rassoulzadegan [4] pointed out the importance of bacteria and their biomass in carbon flux in the deep-sea. Moreover, Arístegui et al. [5] have highlighted that the deep ocean represents a key site for remineralization of organic matter and long-term carbon storage. The discovery of cyanobacteria Synechococcus in the deep part of the Adriatic Sea revealed that they could be used to gain a better understanding of the effects of deep-ocean convection, such as ventilation and renewal of deep waters [6]. Hence, the vertical distribution of the picoplankton in the open southern Adriatic Sea, below the euphotic zone, has recently started to be investigated more intensively [7,8,9,10]. Aerobic anoxygenic phototrophs (AAPs), a bacterial group recently discovered in the Adriatic Sea [11,12] and primarily unknown in the investigated area, are up to 3 × bigger than other bacterial cells [13,14], and hence they could represent a remarkable source of carbon in the marine environment. These photoheterotrophic microorganisms can harvest light energy using pigment bacteriochlorophyll a to supplement their primarily organotrophic metabolism only in the presence of oxygen [15].



The Adriatic Sea is an elongated semi-enclosed basin of the Eastern Mediterranean Sea. According to its morphology and bathymetry, it can be divided into three sub-basins (northern, middle, and southern). The Southern Adriatic Pit (hereafter SAP) is the deepest area, with a depth reaching ~1250 m. Adriatic is characterized by a cyclonic basin-scale circulation. Through the Strait of Otranto at its southern end (~80 km wide, with a sill depth of ~800 m) [16,17], the Adriatic exchanges water and mass with the adjacent Ionian Sea. The Eastern Adriatic Current (EAC) brings northward warm and saline waters from the Ionian Sea and the Western Adriatic Current (WAC), transporting southward colder and fresher waters [18]. Waters from the Ionian Sea enrich the P-limited Adriatic Sea [19,20] with nutrients and organic substances, causing changes in the food web [21] and the distribution of organisms [6,8,10,22]. The prevalent heat and salt import from the Ionian involve the surface and intermediate layers of the Adriatic Sea, between the surface and 800 m depth. According to Gačić et al. [23], periodical changes in the sense of the rotation between cyclonic and anticyclonic phases of the North Ionian Gyre (NIG) deviate the branch of the Atlantic water, entering the Eastern Mediterranean through the Strait of Sicily, towards the Adriatic (during anticyclonic phase) or towards the Cretan and Levantine basins (during cyclonic phase). Under these two opposite conditions, changes in the heat and salt content of the SAP may occur out of phase compared to those observed in the Levantine basin [24]. Moreover, water masses flowing into the Adriatic along its eastern flank have important ecological implications. Indeed, the pool of available nutrients in the SAP changes according to the phases of the NIG [25,26,27]. The deep part of the SAP occasionally receives the North Adriatic Dense Water (NAdDW), that ventilates the deepest layers after winter cooling [28,29]. Locally, the open-sea winter convection triggers vertical mixing and produces dense water (Adriatic Deep Water, AdDW) that reaches depths between 300 and 1000 m [30,31,32]. Subsequently, AdDW outflows across the Strait of Otranto sinks into the Ionian Sea abyss and ventilates the deep layers of the eastern Mediterranean [33].



The picoplankton community is exposed to sudden physical-chemical changes in a dynamic environment. The ability of certain members to acclimate physiologically determine their presence and activity or absence in the water column. Hence, environmental conditions (vertical convection, lateral exchanges, long-term trends, and multiannual oscillatory signals) make the Southern Adriatic an ideal laboratory to study vertical distribution and activity of picoplankton members in the deep zones (below epipelagic layer), where they can represent a significant source of carbon through their biomass.



The primary goal of the ESAW (evolution and spreading of the Southern Adriatic Waters) cruise was to assess and compare the pre-and post-winter hydrographic and environmental (physical, biogeochemical) conditions in the middle and southern Adriatic basins. The objective of the present study was to evaluate for the first time, the abundance of aerobic anoxygenic phototrophs (AAPs) in the deep waters of the Southern Adriatic Pit (hereafter SAP). Beside the AAPs, we determined the distribution of Synechococcus, Prochlorococcus, picoeukaryotes, and heterotrophic bacteria and estimated their contribution to carbon budget from epipelagic to deep waters. Our study shows and discusses results obtained from the analysis of picoplankton biomasses and their activity concerning environmental parameters and hydrographic conditions and the effect of grazing and viral lysis.




2. Material and Methods


2.1. Physical and Biochemical Sampling


In this study, we used data collected during the two ESAW cruises (Evolution and spreading of the Southern Adriatic Waters), supported by the EUROFLEETS2 program. The first one was conducted in December 2015 (10–15 December). The second one was conducted in April 2016 (5–10 April), when the hydrographic and environmental conditions were supposed to be changed after the wintertime occurrence of vertical convection, and consequent dense water formation. The intention was to measure the signals of a possible spread of dense water from the middle to the southern Adriatic, because the former may be both an accumulation site and an occasional formation site for dense waters [34]. Here, we focused only on data collected in the SAP, at hydrological stations regularly spaced along a transect between Bari (Ba; Italy) and Dubrovnik (Du; Croatia, Figure 1). A conductivity-temperature-depth (CTD) SBE 911plus probe (Sea-Bird Electronics, Bellevue, WA, USA) measured vertical profiles of temperature (T), conductivity (C), dissolved oxygen (DO), fluorescence, and turbidity. The sampling rate was set to 24 Hz. The T-C sensors were controlled and calibrated before and after the cruise at the Calibration facility center at OGS (Trieste, Italy). For water sampling purposes, the CTD probe was coupled with a rosette sampler, holding 12 Niskin bottles (8-L capacity). Salinity (S), potential temperature (θ), and potential density anomaly (σθ) were calculated using the MATLAB toolbox TEOS-10 (http://www.teos-10.org/software.htm) and Ocean Data View software [35]. The reference pressure for θ and σθ was 0 dbar. Data were processed and quality checked according to MyOcean in situ quality control standards and methodology. The final vertical profiles consisted of the data averaged every 1 dbar, with overall accuracies ±0.005 °C for T, and ±0.005 for S, and 2% of DO saturation. Due to the malfunctioning of the SBE43 sensor for DO detection, these data were missing at stations 8 and 9 during the April cruise. The missing profiles were substituted by the data from the closest stations, namely, 7 and 10 (Figure 1), assuming that the main pattern of the vertical structure was similar in the deep SAP region (as compared in Figure 2). Sampling depths for the nutrients and dissolved organic compounds were 2, 45 (56 m in April), 84 (100 m in April), 220 (204 m in April), 400, 500, 662 (600 m in April), 800, 940 (900 m in April), 1000, 1100, 1140 m at station 8; 2, 50 (62 m in April), 96 (100 m in April), 193 (201 m in April), 400 (350 m in April), 520 (missing in April), 700, 800, 900, 1000, 1100, 1208 m at station 9. Dissolved organic carbon (DOC) samples were occasionally sampled at a smaller rate. During sampling, there were no pieces of evidence on neither water leakage from the Niskin bottles nor some other possible source of contamination of the water samples. Moreover, there were no striking patterns among measured parameters which could have indicated such kind of a problem. Therefore, we are confident that the samples were taken correctly.



Water samples for measuring dissolved inorganic nutrient concentrations (nitrite, NO2, nitrate, NO3, ammonium, NH4, phosphate, PO4, and silicic acid, H4SiO4) were prefiltered through glass-fiber filters (Whatman GF/F) immediately after sampling and stored at −20 °C in polyethylene vials until performing analysis in the on-shore laboratory. The samples were defrosted and analyzed colorimetrically with a QuAAtro Seal Analytical continuous segmented flow analyzer, according to Hansen and Koroleff [36]. Detection limits for the procedure were 0.003 μM, 0.01 μM, 0.04 μM, 0.02 μM, and 0.02 μM for NO2, NO3, NH4, PO4, and H4SiO4, respectively. The accuracy and precision of the analytical procedures at low concentrations were checked periodically through the quality assurance program QUASIMEME, and the relative coefficient of variation for five replicates was less than 5%. Internal quality control samples were used during each analysis. As in the case of inorganic nutrients, samples for dissolved organic nitrogen and phosphorus analysis were filtered through Whatman GF/F glass fiber filters, collected in acid-washed polyethylene vials rinsed with seawater, and frozen immediately (−20 °C) until laboratory analysis. Total dissolved inorganic nitrogen (TDN) and phosphorus (TDP) were determined after quantitative conversion to inorganic N and P by persulfate oxidation [36] and subsequent analyses of nitrate + nitrites and phosphates. Dissolved organic nitrogen (DON) and phosphorus (DOP) were computed from the relationship DON = TDN – (N-NH4 + N-NO2 + N-NO3) and DOP = TDP − P-PO4. DOC samples were filtered immediately after collection through 0.2 µm membrane filters (Sartorius, Minisart, SM 16534, Goettingen, Germany) and stored at 4 °C in the dark until analysis (within 3 months). DOC samples were analyzed using a Shimadzu TOC-VCSN. Samples were acidified with 2N HCl and sparged for 3 min with CO2-free pure air, to remove inorganic carbon before high-temperature catalytic oxidation. One hundred microliters of the sample were injected into the furnace after a four-fold syringe washing. From 3 to 5, replicate injections were performed until the analytical precision was within <2% (±1 µM). The calibration curve was determined by using four different solutions of potassium phthalate, in the same concentration range as the samples. The reliability of the measurements was checked daily using consensus reference materials (CRM) kindly supplied by Prof. D. A. Hansell, University of Miami. At least two CRM and two low carbon water (LCW) analyses were performed for each analytical day (measured value = nominal value ± 0.5 µM).




2.2. Picoplankton Analysis


Sampling depths for the picoplankton analysis were 2, 45 (56 m in April), 220 (204 m in April), 400, 662 (600 m in April), 800, 1000, 1140 m at station 8; 2, 50 (62 in April), 96 (100 m in April), 193 (201 m in April), 400 (350 in April), 520 (missing in April), 700, 800, 1000, 1208 m at station 9. Flow cytometry was used to determine the abundances of Synechococcus, Prochlorococcus, picoeukaryotes, and heterotrophic bacteria [37]. Samples for autotrophic cells analysis (2 mL) were preserved in 0.5% glutaraldehyde, frozen at −80 °C, and stored until analysis (5–10 days). Samples for analysis of bacteria were preserved in 2% formaldehyde and frozen until analysis (5–10 days). Autotrophic cells were divided into two groups: cyanobacteria (Synechococcus and Prochlorococcus) and picoeukaryotes, distinguished according to light scattering, cellular chlorophyll content, and phycoerythrin-rich cells signals, respectively. Bacterial abundance was determined in scatter plots of particle side scatter versus Sybr Green I fluorescence related to cellular nucleic acid content, to discriminate bacteria from other particles. According to the cellular nucleic acid content, the bacterial population is divided into two sub-groups, HNA (High Nucleic Acid content) and LNA (Low Nucleic Acid content) bacteria. Abundances of Sybr Green-I-stained heterotrophic nanoflagellates (HNF) were also determined by cytometry [38]. For obtaining abundances, samples were processed on a Beckman Coulter EPICS XL-MCL with a high flow rate from 1 to 1.2 μL s−1. AAPs were sampled only in April and were determined using the protocol described by Mašìn et al. [39]. Cells were collected on 0.2-µm polycarbonate (PC) filters by filtration and dyed with 4′,6-diamidino-2-phenylindole (DAPI) using 3:1 mixture of Citifluor™ AF1 and Vectashield® after drying. AAP bacteria were enumerated using an Olympus BX51 microscope equipped with an Olympus UPlanSApo 100×/1.40 OIL, IR objective, and software for image analysis (CellSens, Münster, Germany). The microscope was equipped with a Hg Lamp U-RFL-T, Olympus, for excitation. Fluorescent images were taken using an XM10-IR camera. Three epifluorescent filter sets were used, DAPI, IR, and chlorophyll, to create the composite image. These images were afterward used for distinguishing between organisms that contain bacteriochlorophyll a and chlorophyll a, but also for determining the number of heterotrophic bacteria, cyanobacteria, and AAP bacteria in each sample. The abundance of virus-like particles (VLP) was determined, as described in Noble and Fuhrman [40]. Collected samples were preserved in formaldehyde (2%, final concentration), flash-frozen in liquid nitrogen, and stored at −80 °C until analysis, which was performed in the laboratory immediately after the end of the cruise. Preserved samples (2 mL) were filtered through 0.02-µm pore-size filters (Anodisc; diameter: 25 mm; Al2O3, Whatman, Maidstone, UK) and stained with Sybr Green I (stock solution diluted 1:300). Filters were incubated in the dark for 20 min and mounted on glass slides with a drop of 50% phosphate buffer (6.7 mM, pH 7.8) and 50% glycerol, containing 0.5% ascorbic acid. Slides were stored at a temperature of −20 °C until analysis. Viral counts were obtained by epifluorescence microscopy (Olympus BX 51, 1250× magnification, equipped with a blue excitation filter, Tokyo, Japan) and were expressed as the number of virus-like particles (VLP).



Bacterial cell production was estimated by measuring the incorporation of 3H-thymidine into bacterial DNA [41]. Methyl-3H-thymidine was added to 10 mL samples at a final concentration of 10 nmol (specific activity: 86 Ci mmol−1). Triplicate samples, together with a formaldehyde-killed adsorption control (final concentration: 0.5%), were incubated for one hour. The incubations were stopped with formaldehyde (final concentration: 0.5%). The thymidine samples were extracted with ice-cold trichloroacetic acid (TCA), according to Fuhrman and Azam [41]. Finally, the TCA-insoluble fraction was collected by filtering the samples through 0.2 μm pore size polycarbonate filters.



The biomass of studied picoplankton groups was estimated using the following cell-to-carbon conversion factors: 20 fgC cell-1 for heterotrophic bacteria [42,43], 36 fgC cell−1 for Prochlorococcus [44], 255 fgC cell−1 for Synechococcus [44], and 2590 fgC cell−1 for picoeukatyotes [44] and for AAPs [45].



An empirical model was used to examine the regulation of bacteria by predation [46]. Information about coupling between the abundance of bacteria and heterotrophic nanoflagellates (HNF) would be analyzed using a log-log graph. In particular, this graph included Maximum Attainable Abundance (MAA) and Mean Realized Abundance (MRA) lines. The MAA line described the HNF abundance reached at a given bacterial abundance (max log HNF = −2.47 + 1.07 log bacterial abundance). Data close to the MAA line, thus, suggested a strong coupling between the bacteria and HNF abundance, likely interpreted as strong predation on the bacteria [46]. Data positioned below the MRA line instead, suggested that bacterial abundance was not controlled by HNF grazing.




2.3. Statistical Analysis


Pearson’s correlation analysis was carried out to examine the relationship between picoplankton community members and environmental variables. The response of the picoplankton community to environmental conditions was analyzed using multivariate statistical analyses. Principal component analysis (PCA) was performed using CANOCO software (http://www.canoco5.com/), v5 [47]. PCA is a multivariate statistical method mainly used for data reduction. Analysis attempts were made to identify a few components that explain the major variation within data. In our study, PCA was used to better understand the relationships in multivariate data set between environmental and biological parameters in the SAP. The data were centered and standardized to remove the large differences in abundances between groups. Model results were reproduced in ordination biplots, summarizing the main trends in the data.





3. Results


3.1. Environmental Parameters


The main physical characteristics observed throughout the water column in December 2015 (Figure 2) and April 2016 (Figure 3) were depicted from the distribution of θ, S, and DO concentration along the transect crossing the SAP (roughly from Bari, Italy toward Dubrovnik, Croatia), and from the vertical profiles of the stations 8 and 9, where picoplankton was sampled. Hereafter, we have referred to the upper layer considering the water column between the surface and 100 m depth, to the intermediate layer considering depths between 100 m and 800 m, and to the deep layer considering depths between 800 m and the bottom (~1250 m depth).



In December 2015, the upper layer along the Ba-Du section was quite heterogeneous, which might be due to the contrasting water masses transported into the SAP by the EAC along its eastern side [18], and by the WAC along its western side (Figure 2). In particular, relatively warm and saline waters moving along the eastern margin of the SAP protruded offshore, reaching the central zone of the pit (Figure 2a,b) due to local cyclonic circulation. There, complex features, such as mesoscale eddies, determine large thermohaline differences among close stations, especially between stations 8 and 9. DO distribution (Figure 2c) in the upper layer showed a marked horizontal gradient, with values diminishing from west to east. The upper intermediate layer, between 100 and 400 m, although more homogeneous, was characterized by the presence of water with properties (θ > 14.30 °C and S up to 38.95) typical of the Ionian surface water and the LIWs/CIWs (Levantine/Cretan Intermediate Waters). In the central zone of the SAP, θ gradually decreased with increasing depth, while S had a structure with alternating fresher and saltier layers. Moreover, between 200 and 300 m depth, a branch of fresher water with local S minimum ~38.70 extended from the western flank towards the center of the pit (Figure 2b). In the lower intermediate layer, between 400 and 800 m, instead, S increased up to 38.84, while θ slightly decreased down to 13.60 °C. Overall, layers characterized by high S values were also characterized by reduced DO values (Figure 2c). Notably, two relative oxygen minima were found around 100 m and 500 m depth, in correspondence of relative S maxima (Figure 2e,f). However, there were some differences between stations 8 and 9, concerning mostly S and DO. At station 8 between 100 and 300 m, S values were lower than at station 9 in the same layer. The origin of that fresher layer might be attributable to a detachment of the western-coast vein of freshwater originating from the northern/middle Adriatic, as hinted from the S transect. At station 8, there was a DO minimum at 700 m depth, which was not so evident at the nearby station 9. This seems to be connected with the small scale recirculation of the “old” intermediate layers, associated with the LIW/CIW. The deep layer (>800 m) of the SAP was occupied by relatively cold, less saline, and dense waters likely formed during previous winters in the northern Adriatic. These waters would have been trapped in the deepest part of the SAP, which lies below the depth of the Otranto sill [32,34]. Dense waters coming from the northern Adriatic usually sink to the deep part of the SAP following bathymetric constraints over the slope [48] and they reach their equilibrium depths according to their densities. At the time of the cruise (December 2015), θ and S in the deep layer had values of 13.10 °C and 38.71, respectively (Figure 2d,e). As far as the oxygen content is concerned, higher values were found between 800 m and 1000 m depth (Figure 2f), and lower values were found below 1000 m depth. This was a sign of water stagnation and lack of ventilation of the deepest part of the SAP during winters before the oceanographic survey, while, likely, relatively dense waters founded their equilibrium depths between 800 and 1000 m.



In April 2016 (Figure 3), the largest differences with respect to the pre-winter conditions in December 2015 (Figure 2) were found mainly in the upper layer temperature, due to the season signal. The temperature differences between the western and eastern flanks, as well as between the surface and bottom layers over the western shelf, diminished with respect to December 2015 (Figure 3a). On the western slope, at depths between 300 and 500 m (stations 3 and 4), a branch of relatively cold, fresh, and ventilated water (θ ~14.10 °C, S ~38.74, DO ~4.9–5.1 mL/L) pointed to a possible intrusion of northern and/or middle Adriatic waters. However, data collected in the deepest layers revealed that θ and DO did not change significantly with respect to the pre-winter period, while S values slightly increased from 38.72 to 38.74 (Figure 3d–f). At the two nearby stations, 8 and 9, the thermohaline properties were almost uniform. From the DO profiles at the stations 7 and 10 (close to 8 and 9, where DO values were not recorded due to technical problems), we might guess that the vertical convection and mixing, resulting in a homogenous vertical distribution of DO, reached 350 m at station 9, and 250 m at station 8. In any case, the vertical distribution of the physical parameters and DO (Figure 3) suggested that a weak vertical convection occurred during winter 2015–2016, and it probably did not exceed 400 m in depth, as confirmed by time-series data recorded at E2-M3A (http://nettuno.ogs.trieste.it/e2-m3a/), also located in the SAP (Figure 1). The highest S values (~38.94) measured in April 2016, associated with the LIW influence, were slightly lower than those observed in December 2015 (~38.95). From the physical parameters, we inferred that the doming structure, typical of the cyclonic circulation in the SAP, was much more enhanced in April than in December. Moreover, it was centered near station 7. This means that the sub-basin-scale cyclonic gyre was probably stronger in April than in December, favoring lateral exchanges along the perimeter of the SAP. The lateral exchange between both coastal flanks and the middle of the transect seemed less active with respect to December 2015. Biogeochemical properties were obtained through chemical analyses performed on water samples collected from discrete depths along the SAP transect. Here we reported the data from stations 8 and 9, relevant for the biological sampling (Figure 1). The vertical distribution of nutrients was similar at the two stations 8 and 9 (Figure 4), for both cruises. Nitrate, phosphates, and silicates were depleted in the upper layer and increased with increasing depth. Highest values of nitrates and phosphates were found between 400 and 600 m, whereas silicates increased almost uniformly until 800 m, and then more rapidly between 1000 m and 1100 m, reaching the highest values in the bottom waters, where turbidity (proportional to the suspended particle concentration) was also high (Figure S1a,c). Ammonia concentrations were higher in December 2015 than in April 2016. Nitrites were low, but local maxima were observed at depths between 50 and 100 m in both December and April, corresponding to fluorescence maxima (Figure S1b,d). The DON and DOP concentrations throughout the water column were higher in December 2015 than in April 2016 (Figure 5). On the contrary, DOC concentrations were higher in April 2016 than in December 2015 (Figure 5a,b). High concentrations of DOC, DON, and DOP were found in the upper layer, between the surface and 100 m. In the upper layer, at 100 m depth, turbidity was relatively high in both periods, with apparently higher values in April 2016 (Figure S1a,c). Turbidity slightly increased also between 200 m and 600 m, where a prominent LIW signal was found.




3.2. Picoplankton Community


In both surveys, among the measured microbial community (heterotrophic bacteria, Synechococcus, Prochlorococcus, picoeukaryotes), Synechococcus abundances (Table S1) were the highest in the autotrophic fraction and reached values up to 93.93 × 103 cells ML−1. Prochlorococcus and picoeukaryotes abundances were up to 47.09 × 103 cells mL−1 and 2.96 × 103 cells mL−1, respectively. Bacterial abundance ranged from 0.03 × 106 to 0.24 × 106 cell mL−1 with the highest values found above 100 m depth.



In December, the autotrophic biomass (an average of 13.6 µgCL−1) was almost six times higher than heterotrophic (an average of 2.29 µgCL−1), with the domination of Synechococcus. Vertical distribution revealed the prevalence of autotrophic biomass over heterotrophic in the epipelagic layer but also deep waters (Figure 6a,b). In April, the heterotrophic biomass was similar to that in December (on average 2.90 µgCL−1) and slightly higher than the autotrophic biomass (on average 2.47 µgCL−1). The autotrophic biomass, mainly composed by picoeukaryotes, was slightly higher than the heterotrophic biomass in the epipelagic layer, while in the deep waters, the heterotrophic biomass dominated among the observed communities (Figure 6c,d).



Bacterial production ranged from 0.01 × 104 to 0.09 × 104 cells h−1 mL−1. The highest values were found at the surface, but surprisingly high values were recorded at 800 m and 1200 m depth, during April 2016 (Figure 7a). The ratio of nucleic acid content showed the domination of LNA cells in all samples within the bacterial community throughout the euphotic zone (up to 200 m) and the prevalence of HNA cells in the deeper layers (Figure 7b). The abundance of viruses ranged from 0.39 × 106 VLP mL−1 to 5.37 × 106 VLP mL−1 (Figure 7c). Overall, their vertical distribution revealed a large abundance in the euphotic zone and low abundance below 300 m depth, at both sampling sites. However, at both stations, values of VLP slightly increased in the layers below 800 m in December, while at station 8, also increased in the deep layer in April. The average virus to bacteria ratio (VBR) was higher in December (19 ± 10 at station 8 and 29 ± 12 at station 9) compared to April (8 ± 2 at station 8 and 8 ± 4 at station 9).



AAPs were observed in all samples during April, with abundance ranging from 0.04 × 104 to 0.61 × 104 cells mL−1. In general, their vertical distribution showed similar patterns at both stations 8 and 9. Below 200 m, in correspondence of the nutricline and the minimum fluorescence layer (Figure S1b,d) the abundances of AAPs started decreasing steeply (Figure 7d). The proportion of AAPs abundances in total prokaryotes ranged from 0.65% to 2.48%, while the proportion of the AAPs biomass ranged from 0.37% to 4.09%, respectively.




3.3. Distribution of Picoplankton Community Members Concerning Environmental Variables


Relationship between environmental parameters and picoplankton was tested by Pearson’s correlation analysis (Table S2). DOC, HNF, and temperature seemed to be the most important environmental factors for bacterial abundance and production, exhibiting significant positive correlations. Ammonium ion displayed a significant positive correlation with Prochlorococcus and Synechococcus. During the investigation period, VLP significantly correlated with autotrophic members of the picoplankton community.



Positive correlations of AAPs were found for temperature (r = 0.83; p < 0.05), for fluorescence (r = 0.76; p < 0.05), and for nitrites, nitrates, phosphates, and total dissolved phosphates (r = 0.85; r = −0.94; r = −0.90; r = −0.69; n = 14; p < 0.05). Furthermore, AAPs were also positively correlated with picoeukaryotes and HNF (r = 0.74; r = 0.91; n = 14; p < 0.05).



PCA ordination of picoplankton groups concerning environmental variables was used to analyze main factors affecting the abundances of the picoplankton groups (Figure 8a). PCA clustered the samples corresponding to depth (E-epipelagic layer; D-deep layer) and period (Figure 8b). The first principal component explained 44.83% of the variance and correlated positively with HNF and temperature, negatively with a concentration of nitrates and phosphates. The second principal component explained 17.75% of the variance and correlated positively with picoautotrophs and abundance of VLP (Table S3). Picoplankton community members were distributed in two groups, based on the correlation between them. On the one hand, bacteria, bacterial production, and LNA bacteria were closely related, while on the other hand, this was also the case for Synechococcus and Prochlorococcus. Bacterial cluster showed the strongest correlation with DOC, HNF, and temperature, as indicated by the perpendicular projection of bacterial arrow-tips on the line overlapping the DOC, HNF, and temperature arrow. Cyanobacteria were more related to ammonium, while HNA bacteria showed a positive relationship with nitrates and picoeukaryotes with VLP.



The relationship between HNF as the main predator of bacteria and the bacteria was described by the Gasol model [46], which we used for our dataset. Most samples from the epipelagic layer were placed above the MRA line, whereas most samples from deep waters were below MRA. This pattern suggested a stronger coupling between bacteria and HNF in the epipelagic layer. In the deep waters layer, HNF predation pressure on bacteria was lower, suggesting larger importance for bottom-up control of bacteria and top-down control of HNF (Figure 9).





4. Discussion


One of the main findings in this survey was the unusually high biomass of picoautotrophs found in the epipelagic and deep layers in December 2015. Synechococcus dominated the picoplankton community with a maximum value of 23.95 µgCL−1. Observed high value of Synechococcus biomass agrees with those measured in the Levantine basin during the late summer-autumn period [49]. It is well known that picophytoplankton tends to dominate autotrophic biomass and primary production in oligotrophic waters, like those of the Mediterranean Sea [50,51,52]. Furthermore, picoeukaryotes contributed significantly to the autotrophic biomass due to their larger size and carbon content, compared to cyanobacteria.



Physical and biogeochemical measurements performed in December 2015 revealed the presence of LIW in the intermediate layer and NAdDW at depths > 800 m. Our results also revealed the presence, in the deep layers of the SAP, of Synechococcus, Prochlorococcus, and picoeukaryotic cells coming from the Eastern Mediterranean and the North Adriatic Sea. Our findings agree well with previous studies [6,53], which associated the high abundances of Synechococcus and bacterial cells in the deep layers with water mass movement.



The results of this research showed the remarkably high autotrophic biomass in the deep waters, which is not characteristic of that environment. We suggest that picoautotrophs, aside from their important role in primary production, could be a significant carbon source for higher trophic levels in the form of dead or live prey, or as sinking particles in upper [54,55,56,57,58] and deep ocean waters [59]. In this study, physical and biogeochemical measurements performed in the Southern Adriatic revealed that weak vertical convection occurred during winter 2015–2016, which probably did not exceed 400 m depth. Moreover, a strong heterogeneity of the physical properties distribution, both horizontally and vertically, suggested the large influence of lateral exchanges due to the cyclonic circulation and mesoscale activity, apparently stronger during spring.



In April 2016, the picoplankton community throughout the water column was dominated by heterotrophic biomass (contrary to the December case), which is consistent with previous research for the open Adriatic area [3]. Synechococcus, Prochlorococcus, and picoeukaryotes abundances fluctuate in a range typical for the euphotic zone in the open Adriatic Sea [3,60,61]. In this survey, Synechococcus was the most abundant autotroph. Synechococcus hold the advantage over genus Prochlorococcus and thrive in P-depleted environments due to the high affinity for inorganic phosphorus and higher phosphate uptake rates as reported recently [62,63]. Furthermore, both genera of cyanobacteria showed a positive relationship with the concentration of ammonium, which is supported by the fact that Synechococcus can exploit both the reduced and the oxidized forms of nitrogen. In oligotrophic environments, ammonium represents the major nitrogen compound for primary production [64], and Prochlorococcus are effective in consuming the same [65,66].



Our findings clearly showed that bacterial production and biomass values measured in the deep waters were similar to the values for the epipelagic layer. La Ferla et al. [67] also found similar vertical patterns of bacterial density and bacterial production in the Western and the Eastern Mediterranean Sea. Additionally, we determined the dominance of HNA bacterial group in the deep-sea, while the LNA bacterial group prevailed in the epipelagic layer. Recent research from the Adriatic Sea pointed out the increase of HNA bacteria with depth, and together with LNA bacteria, they participated in the bacterial activity [10,68]. It is well known that HNA bacterial cells are larger than LNA cells and that the proportion of HNA bacteria increases with depth [69,70]. Larger cell size is reflected in a higher-level cell-specific activity or higher metabolic versatility in the mesopelagic ocean [5,70,71]. So, we argue that similar values of bacterial production measured in the deep water and epipelagic layer, together with the dominance of HNA bacteria in deep water, showed bacterial activity in the deep waters of SAP. We can conclude that the results of bacterial production as the measure of activity in this study support the idea that deep ocean prokaryotes are active as those living in the epipelagic waters [4,72,73,74,75]. Beside the domination of HNA cells in the bacterial community, our data showed increased values of DOC, phosphates, and bacterial production below 800 m during the post-winter period. This suggests that the bacterial activity increases with the supply of organic carbon, as Nagata et al. [76] previously described for the deep-sea environment.



Bacterial abundance throughout the water column was approximately 105 cells mL−1, which is per the recent data reported for the SAP [8,10] and with previous studies carried out in the Mediterranean Sea [67,72,77,78,79]. Heterotrophic bacteria contribute at a high percentage in total picoplankton biomass, acting as decomposers of organic matter and important producers of new biomass. Through grazing by HNF or larger zooplankton, their biomass becomes available to higher trophic levels, in both the epipelagic and deep waters of the Mediterranean Sea [5,46,59]. During our surveys, bacterial abundance and productivity showed positive relationships with DOC concentration and HNF abundance. Our results showed that the increase in bacterial abundance and cell production supported the increase in the number of HNF, especially in the epipelagic layer. It revealed that bacteria constitute a potential food resource for the nanoflagellate community and suggest a strong top-down control of bacteria. These results confirm previous findings showing [2,80] that predators prefer active bacteria and remove bacterial production, and that they can control the abundance of the bacterial community in surface waters [46]. Some studies [21,81] suggested strong bottom-up control of bacteria, which is in accordance with our results, showing a positive relationship between bacterial parameters and DOC concentration through the water column.



Little is known about the role and distribution of AAPs in the Adriatic Sea, especially in its deepest part. Šantić et al. [12] investigated AAPs abundances along the eastern Adriatic, in coastal and transitional waters, and found that their proportion in total prokaryotes was 7.3% (±4.3%). Celussi et al. [11] pointed out that the concentration of bacteriochlorophyll a, the main pigment of AAPs, could be converted into abundance. Therefore, AAPs might represent up to 10% of total prokaryotes in the open Adriatic Sea. In recent research of AAPs, the abundance, the proportion in total prokaryotes, and biomass decreased along the trophic gradient [45]. Furthermore, these counts were substantially low at the oligotrophic open sea station, especially under 70 m depth. Similar vertical distribution was already noted [13,82,83,84,85,86] since these organisms inhabit the euphotic zone because of their phototrophic nature. The results of this study are consistent with previous reports, which also found lower abundances in the more oligotrophic area when compared to the more productive regions or shelf seas [13,39,82,85,86,87,88,89].



The main environmental parameters that influenced the picoplankton community according to the research conducted by Šantić et al. [12] were chlorophyll, followed by nitrates and temperature.



In this research, fluorescence, as a proxy of chlorophyll, nitrates, nitrites, phosphates, and total dissolved phosphates, influenced the abundance of AAPs. Besides, the correlation found between bacteria and AAPs, which has also been reported by Celussi et al. [11], could be explained by the fact that both AAPs and heterotrophic bacteria rely on labile DOC, part of which is released by phytoplankton. Secondly, AAPs and phytoplankton have a similar dependence on light [90], and this relationship may reflect the same dependence on limiting nutrients, such as phosphorus or nitrogen [15]. The majority of AAP surveys have shown that temperature, salinity, chlorophyll concentration, and carbon and nitrogen compounds affect the dynamics and distribution of the AAP population [39,85,86,87,89]. The high positive correlation between AAPs and HNF found during our study suggest that AAPs represent an important prey for flagellates in the open Adriatic Sea, as documented in the Mediterranean Sea [91,92]. It is a well-known fact that AAPs are larger than the average heterotrophic bacteria [13,14,86,93] and that, consequently, their biomass contribution to total bacterial biomass is also high (up to 11% in this survey). Cell size is an important parameter in feeding ecology, which provides a valuable insight into the trophic significance of AAPs. It was previously observed that nanoflagellates preferentially ingest the larger bacterial cells [94,95,96].



The number of viruses ranged between 0.39 × 106 VLP Ml−1 and 5.37 × 106 VLP mL−1, which is in accordance with other studies for the Adriatic and Mediterranean Sea [97,98,99,100,101]. Their average abundance was 16 ± 12× higher than the abundance of prokaryotes, as well as in previous studies on oligotrophic deep waters [99]. Relatively high VBR determined in the deep waters could be a result of higher lytic activity caused by lysogenic viruses. Water mass sinking to the SAP could cause the induction of lysogenic viruses and thus keep the viral abundance stable. Winter et al. [102] recently pointed out that mixing in the deeper waters led to the induction of lysogenic viruses. Viruses positively correlated with the members of the picoplankton community at the sampling sites, indicating their involvement in shaping the picoplankton abundances in the oligotrophic waters of the SAP. The PCA analysis revealed a close relationship between viruses and the picoautotrophic group. It is known that viruses can be an important mortality factor for picoeukaryotes in oligotrophic oceanic waters [103]. Our results suggest that viruses are an important component of the microbial food web, but this topic should be addressed in further studies.




5. Conclusions


The present study points out the importance of Synechococcus, Prochlorococcus, picoeukaryotes, heterotrophic bacteria, AAPs, heterotrophic nanoflagellates, and viruses altogether in the carbon flux through the microbial food web in the SAP for the first time, which depended largely on water mass movements and mixing.



A significant amount of picoautotropic biomass was found in the epipelagic, as well as in the deep layers, during the period under the influence of LIW inflow and NAdDW sinking, respectively. After weak vertical convection during winter, heterotrophic bacteria dominated picoplankton biomass throughout the water column. Furthermore, bacterial activity values in the deep layer were similar to the ones obtained in the epipelagic layer. Besides the physical pump, the changes in the picoplankton community in the SAP were mainly driven by nutrient availability, more specifically bacteria by DOC and cyanobacteria by ammonium ion. Our results also reveal that bacteria represent an important prey for nanoflagellates, especially in the epipelagic layer. Moreover, autotrophic and heterotrophic members of the picoplankton community could be available prey and a source of carbon for the food web below the epipelagic layer. Finally, AAPs contributed up to 4% of bacterial biomass, which can be transferred through higher trophic levels by grazing. Viral lysis may affect the activity of the picoplankton community and serve as an important source of DOC in the deep-sea.
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Figure 1. The Adriatic Sea. Blue dots indicate CTD (conductivity-temperature-depth) stations of the ESAW (Evolution and spreading of the Southern Adriatic Waters) cruises. Red line indicates the SAP (Southern Adriatic Pit) transect. Biological sampling concerns stations 8 and 9. 
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Figure 2. Vertical distribution of (a) potential temperature, (b) salinity, (c) dissolved oxygen, along the Bari-Dubrovnik (Ba-Du) section during the ESAW1 cruise in December 2015. Grey dots indicate locations of picoplankton sampling. Panels (d–f) show the vertical profiles of the same properties at stations 8 and 9. 
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Figure 3. Vertical distribution of (a) potential temperature, (b) salinity, (c) dissolved oxygen, along the Bari-Dubrovnik (Ba-Du) section during the ESAW2 cruise in April 2016. Grey dots indicate locations of picoplankton sampling. Panels (d–f) show the vertical profiles of the same properties at stations 8 and 9, except the oxygen data, which were taken from stations 7 and 10 (data from station 8 and 9 are missing, due to technical problems). 
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Figure 4. Vertical profiles of nutrients. Station 8: panels (a–e) and Station 9: panels (f–j). Periods: December 2015 ESAW1 (black line) and April 2016 ESAW2 (grey line). Symbols indicate sample locations. 
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Figure 5. Vertical profiles of dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), and dissolved organic carbon (DOC). Station 8: panels (a–c). Station 9: panels (d–f). Periods: December 2015 ESAW1 (black line) and April 2016 ESAW2 (grey line). Symbols indicate sample locations. 
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Figure 6. Vertical profiles of biomass for heterotrophic bacteria (BACT), Prochlorococcus (PRO), Synechococcus (SYN), picoeukaryotes (PE), aerobic anoxygenic phototrophs (AAP) at stations 8 (a) and 9 (b) in December 2015 (ESAW1) and at stations 8 (c) and 9 (d) in April 2016 (ESAW2). 
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Figure 7. Vertical profile of bacterial production (a), HNA % (High Nucleic Acid content) (b), viruses (VLP) (c), and AAPs (d) at the station 8 and 9 in December 2015 (ESAW1) and in April 2016 (ESAW2). 
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Figure 8. PCA (principal component analysis) of (a) biological (Synechococcus-SYN, Prochlorococcus-PRO, picoeukaryotes-PE, total bacteria—HB, HNA HB, LNA HB, VLP, HNF, bacterial production BP) and environmental parameters (Salinity—S, Temperature—T, nutrients). The arrow direction points out to the steepest increase of the variable. The angle between arrows indicates correlations between variables (an angle < 90° between two arrows of interest implies positive correlation), whereas the length of an arrow depicts the strength of association between a variable and the ordination axes shown in the biplot. (b) PCA clustering of the samples corresponding to depth (E-epipelagic layer; D-deep layer) and period. LNA: Low Nucleic Acid; VLP: virus-like particle; HNF: heterotrophic nanoflagellates. 
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Figure 9. Relationship between bacterial and HNF abundance at study stations, plotted in a theoretical model (Gasol, 1994) (MAA-maximum attainable abundance: max log HNF = −2.47 + 1.07 log bacterial abundance; MRA-mean realized abundance: mean log HNF = −1.67 + 0.79 log bacterial abundance) in epipelagic (epi-) and deep (deep-) water layers. 
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