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Abstract: Artificial neural network analysis (ANN) is used to study the seasonal distribution of
viruses and microbial food web (MFW) components in the open Adriatic Sea. The effect of viruses
within the MFW is often overlooked, although viruses play an important role in microbial community
dynamics. The results showed that the strongest influence is found in the nonlinear relationship
between viruses and temperature. In addition, the algorithm showed that the number of viral
populations in the P-limited open sea varies by season and according to the abundance of their main
hosts, HB. A strong positive relationship between viruses and HB was found in more than 50% of the
observed data. Moreover, this algorithm confirmed the association of the virus with the autotrophic
part of the picoplankton and with heterotrophic nanoflagellates. The dynamics of the four resulting
clusters, characterized by biological and environmental parameters, is described as a cyclic pattern
in the water layer above the thermocline. Neural gas network analysis has been shown to be an
excellent tool for describing changes in MFW components in the open Adriatic.

Keywords: viruses; heterotrophic bacteria; autotrophic picoplankton; heterotrophic nanoflagellates;
oligotrophic environment; P-limitation; Neural gas; Adriatic Sea

1. Introduction

In the not-so-distant past, microbial ecologists peeked into a drop of seawater and
found that viruses were present in large quantities [1,2]. Today, we know very well
that viruses are a highly abundant and dynamic component of the marine microbial
community [3]. The most abundant viruses in the marine environment are bacterial and
archaeal viruses, and it is estimated that 10> infections of prokaryotic cells happen every
second. Viruses are on average 10 times more abundant than bacteria, but the ratio of
viruses to bacteria varies among different marine environments [4,5]. However, viruses are
known to infect other marine microorganisms such as autotrophic picoplankton bacteria
(Synechococcus and Prochlorococcus) and other picoeukaryotic microorganisms [6-8]. The
lysis of these planktonic microorganisms has a major impact on the microbial community
structure in different marine environments, thus driving microbial evolution [3,9].

Viral lysis, along with protistan grazing, account for up to 50% of the bacteria produced
daily [3,10]. While grazers link bacterial carbon to higher trophic levels, viruses promote
shunting or shuttling of released cell contents [11,12], thus lubricating the tiny wheels of
the microbial food web [3,12-17]. These processes are an especially important source of
new nutrients in the oligotrophic environment where regenerative primary production
prevails, thus stimulating the growth of heterotrophic and autotrophic picoplankton [18].

Viruses themselves can be an important source of nutrients, particularly phosphorus,
which is important in P-limited areas [19]. When present in larger quantities, viruses
themselves can become the target of heterotrophic flagellate grazing [20-22].
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Examination of virioplankton and its relationship with other types of microbial plank-
ton can provide insight into the functions at the very base of the food chain [23]. To better
understand the ecology of marine virioplankton, it is necessary to measure the temporal
and spatial variability of viruses and compare them with other types of microbial plankton
and abiotic parameters. Viral distribution varies in different marine environments, which
is driven by biotic (host availability and variability) and abiotic factors such as temperature
and nutrients [10,24,25]. In general, viral abundance decreases from the coast to the open
seas, and with depth [26]. Changes in abundance are usually the result of changes in
the viral host population, as host populations depend on the availability of nutrients as
well as predation or parasitism. In oligotrophic environments, the prokaryotic population
will be mostly dominated by competing specialists, and differentiation of the prokaryote
population caused by resource availability affects changes in the viral population [27].
Conversely, viruses lyse the winners and keep the microbial population in balance, thus
increasing diversity [28].

The open waters of the Adriatic Sea are generally considered to be an oligotrophic
ecosystem with low production, where the microbial food web is the main trophic pathway
and the picoplankton size fraction of the microbial community dominates the total biomass
and production [29-32]. Planktonic food webs exhibit successions which are driven by
water column dynamics [32,33]. In these P-limited oligotrophic waters, as indicated by an
average phosphorus concentration below 0.1 umol L~ and N/P and Si/P ratios above 22,
microbial community dynamics are determined by water column stratification [32-35].

In the past 20 years, numerous studies have been performed that describe the distri-
bution and activity of viruses and their coupling with the microbial picoplankton com-
munity both in the coastal and open sea areas of the Mediterranean [36—41]; however,
studies focusing on viruses in the open Adriatic are still scarce. Corinaldesi et al. [42] and
Ordulj et al. [25] gave a comprehensive overview of the distribution of the virioplankton
and microbial communities in the Adriatic, while Santi¢ et al. [43] analysed the distribution
and activity of picoplankton in the South Adriatic Pit, but seasonal changes were not
addressed for the open areas of the central and south Adriatic. The main objective of this
study was to investigate the seasonal distribution of marine viruses in the open Adriatic Sea.
Since viral populations are often nonlinearly related to biotic and abiotic parameters, we
used neural gas (NG) analysis to achieve a good classification of microbial food web com-
ponents and environmental parameters. In addition, as the abundance and composition
of microbial host populations can be affected by predation and water column dynamics,
we also analysed the relationship between viruses and the abundance of marine pico- and
nano-plankton during periods with mixed and stratified water columns to identify the
main factors determining the distribution of virus populations in the open Adriatic Sea.

2. Materials and Methods
2.1. Study Sites and Sample Collection

Sampling and measurements were carried out via the research vessel BIOS DVA at a
station in the open sea area of the middle Adriatic (Figure 1) between March and November
2013. Station CJ011 is located in the Palagruza Sill (170 m), which divides the Jabuka Pit
from the South Adriatic Pit. This sampling location may be affected during the year by
surface currents carrying nutrients deposited by the Po River along the Italian coast. Niskin
bottles (5 L) were used to collect the samples, which were processed on board. Geographical
location, sampling depth, and sampling months are shown in Table S1.

2.2. Environmental Parameters

A SeaBird 25 CTD profiler (Sea-Bird Electronics, Inc.; Bellevue, WA, USA) recorded
temperature and salinity data with accuracy >=40.01 °C and £0.02, respectively.
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Figure 1. Study area with a sampling station.

Seawater samples for dissolved nutrient analysis (nitrate, nitrite, and silicate) were
collected in polyethylene vials and immediately frozen at —20 °C on board. Afterward,
concentrations were determined in an onshore laboratory via an AutoAnalyzer III colorimeter
(Seal Analytical, Mequon, WI, USA) using standard spectrophotometric methods [44]. De-
termination of orthophosphate and ammonium concentrations was performed immediately
on board using a Shimadzu UV-VIS 1280 (Kyoto, Japan) spectrophotometer using methods
described by Parsons et al. [45]. Chlorophyll a (Chl a) was determined based on 500-mL
sub-samples filtered through Whatman GF/F glass-fibre filters and stored at —20 °C. Filters
were homogenized, extracted in 90% acetone and subsequently analysed fluorometrically
using a Turner TD-700 Laboratory Fluorometer (Sunnyvale, CA, USA), calibrated with pure
Chl a (Sigma-Aldrich, Munich, Germany) [46]. Chl a analysis includes cells larger than 0.8 pum;
this parameter can be considered a relative estimate of large phytoplankton biomass.

2.3. Marine Virus Counts

The abundance of virus-like particles (VLP) was determined as described in [47].
Collected samples were preserved in formaldehyde (2%, final concentration), flash-frozen
in liquid nitrogen, and stored at —80 °C until analysis. A count was performed in the
laboratory immediately after the end of the cruise. Preserved samples (2 mL) were filtered
through 0.02-pum pore-size filters (Anodisc; diameter: 25 mm; Al,O3, 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 via epifluorescence
microscopy (Olympus BX 51, 1250 x magnification, equipped with a blue excitation filter,
Tokyo, Japan) and were expressed as the number of virus-like particles (VLP).
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2.4. Bacterial, Synechococcus, Prochlorococcus, and Heterotrophic Nanoflagellate Counts

Abundances of Synechococcus (SYN), Prochlorococcus (PRO), picoeukaryotes (PE), het-
erotrophic nanoflagellates (HNFs), and heterotrophic bacteria (HB) were determined using
flow cytometry [47]. Samples of autotrophic cells (2 mL) for flow cytometry counts of
samples were preserved in 0.5% glutaraldehyde, frozen at —80 °C, and stored until analysis
(5-10 days). Autotrophic cells were divided into two groups: cyanobacteria (Synechococcus
and Prochlorococcus) and picoeukaryotes, distinguished according to light scattering, red
emission of cellular chlorophyll content, and orange emission of phycoerythrin-rich cells.
Individual subsamples for bacterial and HNF analysis were fixed at a final concentration of
2% formaldehyde and stored at 4 °C in the dark before analysis (5-10 days). Subsamples
of bacteria were dyed with 1:5000 final SYBR Green I [48] for a staining time of 30 min at
room temperature in the dark from an initial stock diluted to 1:10 with DMSO. Bacterial
abundance was determined via 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 was
divided into two sub-groups: HNA (high nucleic acid content) and LNA (low nucleic acid
content) bacteria. Subsamples of HNFs were dyed with 1:10,000 final SYBR Green I [49]
at a staining time of 30 min at room temperature in the dark from an initial stock diluted
to 1:10 with DMSO. Samples were analysed on a Beckman Coulter EPICS XL-MCL with a
high flow rate from 1 to 1.2 uL s~ 1.

2.5. Bacterial Production

Bacterial cell production was measured from DNA synthesis based on incorporation
rates of 3H-thymidine [50]. Methyl-3H-thymidine was added to 10 mL samples at a fi-
nal concentration of 10 nmol (specific activity: 86 Ci mmol~!). Triplicate samples with
a formaldehyde-killed adsorption control (final concentration: 0.5%) were incubated for
1 h at room temperature, and incubations were stopped by adding formaldehyde (final
concentration: 0.5%). The thymidine samples were extracted with ice-cold trichloroacetic
acid (TCA). The TCA-insoluble fraction was collected by filtering the samples through
Whatman filters with a 0.2-um pore size. Conversion factors for bacterial production (BP)
were calculated from the bacterial cell number and 3H-thymidine incorporation during
bacterial growth in 1 um pre-filtered seawater [51]—CF = (N2-N1)/ 3H, where N1 and N2
represent the numbers of bacteria at the beginning and the end of the experiment, respec-
tively, and 3H is the integrated *H-thymidine incorporation rate during the experiment.
The bacterial-specific growth rate (SGR, day!) was calculated from the estimates of BP and
bacterial biomass (BB).

2.6. Characterization of the Studied Area according to Nutrient Status

The probable nutrient limitation at studied sites was assessed by comparing ambient
nutrient concentrations with concentrations likely to limit nutrient uptake, which are
based on studies of nutrient uptake kinetics [52-55], and criteria for stoichiometric nutrient
limitation, which point out that ambient ratios of dissolved N/P < 10 and Si/N > 1 indicate
stoichiometric N limitation, Si/N < 1 and Si/P < 10 indicate Si limitation, and N/P > 22 and
Si/P > 22 suggest P limitation [56,57]. All samples with the concentration of PO4 < 0.1 uM
and with N/P ratio > 22 and Si/P ratio > 22 were taken as phosphorus-limited.

2.7. Relative Importance of Bacterial Biomass Control Mechanisms

To assess the importance of nutrients or predation in regulating the BB, linear regres-
sion analysis between BB and BP was applied as suggested by [58-60]. If BP is considered
to be equivalent to the nutrient supply, it would be completely converted to BB in the
case of low predation. Conversely, if predation of bacteria is high, BB would not increase
with an increase in BP. Accordingly, a strong relationship between BP and BB suggests
bottom-up control of the bacteria, while the lack of a relationship suggests top-down control
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of the bacterial population. The biomass of heterotrophic bacteria was calculated using the
following conversion factor of 20 fgC cell~1 [61,62].

2.8. Statistical Analysis

Statistical analyses were performed using Statistica 14.0 software. The dataset of the
biotic parameters was log transformed according to the needs of the analysis. The normality
criteria were tested using Kolmogorov-Smirnov and Shapiro-Wilk tests. A nonparametric
Spearman’s p-correlation test was performed to assess the correlation between the microbial
plankton population and the abiotic parameters. Values with an r-ratio between 0 and 0.3
were considered weakly correlated, values between 0.3 and 0.7 were considered moderately
correlated, and values above 0.7 were considered strongly correlated. Results of the
statistical tests are considered to be significant at p-values < 0.05.

NG was used to determine the seasonal dynamics of the viral population and its re-
lationship to the major MFW components. Separately normalized viral abundances and
temperatures were used as elements of the data vectors. NG analysis is a weak smoothing
algorithm that spreads the clusters far enough to cover all data, including extreme values,
making it more suitable for detecting anomalies and outliers [63,64]. During the adaptation
process, NG was trained with 5000 training epochs, with default values for the initial step
size (0.5) and an initial decay constant (2.5), following Martinetz et al. [65]. The learning
process that reduces data space into a certain number of clusters yields the best matching units
(BMU). Links between the clusters are weak without a predefined topological structure in the
manifold. The analysis resulted in four NG clusters referred to as BMUs. The SOM Toolbox
version 2.0 for MATLAB used in this study was developed by E. Alhoniemi, J. Himberg, J.
Parhankangas, and ]. Vesanto at Helsinki University of Technology, Finland, and is available
at http:/ /www.cis.hut.fi/projects /somtoolbox/ (accessed on 10 February 2023).

3. Results
3.1. Environmental Parameters

The cruises were conducted between April and November 2013 at station CJ011. The
sampling station is situated near the island of PalagruZa in the mid-Adriatic, and during
the year can be influenced by the exiting surface currents that bring nutrients deposited
by the Po River in the Italian coastal area. Average values with standard deviations for
temperature, salinity, and pH are shown in Table 1. The mean temperature of station CJ011
was 16.93 £ 3.36 °C, with the maximum in August (24.36 °C) and the minimum in June at
100 m depth (12.8 °C). The highest average temperature was measured in August and the
lowest in March. A vertical temperature gradient with higher values at the surface and lower
values in the bottom layer, which stratified the water column (SWC), was observed between
May and October. During the rest of the sampling months, the water column was mixed
(MWC). Mean salinity values did not change during the year, except that a vertical gradient
between lower values at the surface and higher values at the bottom was observed during
the warmer months. Total chlorophyl a concentration ranged from 0.09 to 0.94 ug L1, with
the maximum mean value of 0.34 + 0.24 pg L~! measured in May (Figure S1).

The mean values with standard deviation for the sampled station of nitrates, phos-
phates, and silicates are shown in Table 1. The highest concentrations of nitrates, and,
in most of the sampling months, of phosphates and silicates, were found in the bottom
layer. The highest average ammonia and silica concentrations were detected in March. All
the nutrient concentrations were lower on average during June (Figure S2). Analysis of
the ratios between nitrogen, phosphorus, and silica showed that this area was limited in
phosphorus (DIN:P > 22; Si:P > 22, P < 0.1 uM), while there was virtually no limitation of
nitrogen or silica (Figure S3).
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Table 1. Mean values and standard deviation for biotic parameters (HB—heterotrophic bacte-
ria, BP—bacterial production, HNF—heterotrophic nanoflagellates, HNA—high nucleic acid het-
erotrophic bacterial group, LNA—Ilow nucleic acid heterotrophic bacterial group, PRO—Prochlorococcus,
SYN—Synechococcus, PE—picoeukaryotes, CHL a—chlorophyll 4, VMR—yvirus-to-microbe ratio) and en-
vironmental parameters at studied site and samples assigned to clustered in best matching units (BMUs).

cJo11 BMU1 BMU2 BMU3 BMU4
VLP (x10° VLP mL~1) 6.7 +£228 5.14 + 0.68 9.89 + 1.9 6.09 £ 1.76 6.59 &+ 1.13
HB (x10° cells mL~1) 0.34 4+ 0.09 029 +0.1 0.39 + 0.02 037 +0.1 0.29 + 0.06
BP (x10* cells mL~1) 0.27 +0.18 0.28 +0.3 0.26 £ 0.07 0.25 £ 0.12 0.32 £ 0.09
HNF (x103 cells mL~1) 2.04 +1.27 1.55 + 0.96 3.33 +1.76 1.59 £ 0.75 2.08 +0.78
HNA (%) 49.9 £+ 6.21 51.53 + 4.49 49.62 +9.65 50.47 4+ 5.12 45.6 +24.24
LNA (%) 50.1 + 6.21 48.48 + 4.49 50.38 + 9.65 49,53 +5.12 54.4 + 4.44
PRO (%103 cells mL™1) 1.95 +£1.71 2.36 £ 1.04 2.19 £ 2.45 2.02 +1.81 0.61 £0.32
SYN (x 103 cells mL~1) 2.66 + 3.39 1.65 & 1.39 521+ 6.19 2.46 +2.07 1.34 4+ 043
PE (x103 cells mL~1) 1.23 £ 0.79 0.74 £0.51 1.74 £ 1.16 1.34 +0.67 1.14 +0.27
CHL a (mg m~3) 0.27 £0.26 0.27 £0.19 0.25 £ 0.36 0.37 + 0.25 0.05 + 0.06
SGR (day~1) 0.56 + 0.32 0.62 £ 0.59 0.59 =+ 0.40 0.50 4 0.22 0.54 +0.39
VMR 21.42 +11.50 23 4+21.11 25.7 £ 6.11 18.29 & 7.34 23.1 +1.86
T (°C) 16.93 + 3.36 13.85 + 0.57 18.97 + 0.88 15.52 + 0.56 2355+ 1
S 38.62 + 0.34 38.81 & 0.07 38.25 + 0.34 38.84 + 0.07 38.28 +0.38
O, (mL/L) 5.65 & 0.31 57402 5.66 & 0.29 5.61 & 0.33 5.61 £ 0.47
pH 8.20 4 0.03 8.18 4 0.02 8.22 + 0.02 8.2 4 0.03 8.24 + 0.01
NO;3;~ (umol L71) 1.01 4+ 0.99 1.6 +1.36 0.96 & 0.68 0.59 £+ 0.71 0.94 £0.77
NO,~ (umol L~1) 0.13 £0.14 0.15 £ 0.14 0.19 +0.23 0.11 4 0.06 0.06 + 0.04
NH,* (umol L~1) 0.74 £ 0.54 0.93 £0.72 0.71 £ 0.52 0.71 £0.43 0.47 £ 0.38
PO;~ (umol L~1) 0.02 4 0.02 0.02 4+ 0.02 0.04 + 0.03 0.02 4 0.03 0.01 +0.01
Si0O,~ (umol L™1) 0.99 + 0.64 1.29 4 0.36 0.7 +£0.21 0.94 £ 0.96 0.93 £ 0.08

3.2. Distribution of Viruses

Viral abundance at CJ011 ranged from 4.18 x 10° VLP mL~! to 12.19 x 10° VLP mL~!,
with a mean value of 6.70 + 2.16 x 10 VLP mL~! (Table 1). The increased mean abundances
were determined during the summer sampling campaigns, with a 35.7% change when
compared to winter samples, with the highest value in October at the depth of 10 m
(12.19 x 10° VLP mL~!) and the lowest in April at the surface (4.18 x 10® VLP mL~'). Viral
abundance started to increase with the water column stratification in May, and rather high
values were determined at the depth of thermocline in June and August. The maximum
average abundance was determined in October when the water column was still stratified.
The average virus-to-microbe ratio (VMR) ratio was 21.42 &+ 11.50, but the values varied
substantially during the sampling campaigns (8.10-80.94). The VMR changed regarding
the stratification of the water column, and on average was higher, during the SWC period,
with higher values in depths above the thermocline with one exception in June when an
unusually high value was determined at the bottom (Figure 54).

Viruses correlated positively with temperature (r = 0.58; n = 42, p < 0.05) and pH (r = 0.45;
n =42, p < 0.05) and negatively with salinity (r = —0.56; n = 42, p < 0.05), nitrite (r = —0.44;
n =42, p <0.05) and silica (r = —0.44; n = 42, p < 0.05). A positive but weak correlation was
observed with HNFs (r = 0.36; n =42, p < 0.05), and a moderate but negative correlation was
observed with PRO (r = —0.42; n = 42, p < 0.05) at the studied station (Table S2).

3.3. Abundance of Picoplankton and Nano Plankton Communities

Bacterial abundance ranged from 0.07 x 10° mL~! to 0.52 x 10° cells mL~!, with a
mean abundance of 0.34 + 0.09 x 10° cells mL~! (Figure S4). The lowest abundance was
found at the bottom in June, while the highest abundance was found in April at a depth of
5 m. The percentage of the LNA bacterial group ranged between 36.3% and 62% (an average
value of 50.1 £ 6.21) and slightly prevailed in the sampled area. HNAs dominated the
LNA bacterial community throughout the water column in the colder period (March, April,
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and November), while the LNA bacterial community dominated the water column in June,
August, and October (Table S4). BP ranged between 0.10 and 1.20 x 10* cells mL~!' h~1,
with the highest mean value determined for March (0.45 & 0.38 x 10% cellsm < L-1h~1).
BP was higher when the water column was temperature-stratified, with slightly larger
values in the layer above the thermocline (0.28 = 0.07 x 10* cell mL~! h~!) than when the
water column was mixed (0.26 + 0.26 x 10* cell mL~! h~!). Heterotrophic picoplankton
(HPP) dominated the biomass of autotrophic picoplankton (APP), with the ratio always
exceeding 1 at the station (Table S3). The average values with standard deviation are shown
in Table 1.

Of all the members of the autotrophic picoplankton, Synechococcus dominated in 66.67%
of the samples, with an abundance ranging from a few cells to 18.30 x 103 cells mL~!
(Figure S4). Prochlorococcus was predominant in 23.81% of the samples, with an abundance
ranging from a few cells to 7.15 x 10° cells mL~!. Mean Synechococcus abundance was
highest in May (9.26 £ 4.95 x 10% cells mL~!), while the highest mean abundance of
Prochlorococcus was determined in April (4.39 & 0.56 x 10° cells mL~!). Picoeukaryotes
were present throughout the sampling period, but their abundance was highest in May
(2.176 + 1.27 x 103 cells mL~1), when the maximum abundance of 3.88 x 103 cells mL~!
was determined at the surface. The autotrophic picoplankton members had the lowest
abundances in August (Figure 54).

The abundance of HNFs followed the abundance of HB (Table 1)—mainly its HNA group
(r=0.53,n =42, p <0.05—and it ranged between 0.34 x 10° mL~! and 5.62 x 10°> mL~!, with
the highest mean abundance determined in May (3.78 + 1.96 x 10° cells mL~!) (Figure S4).

3.4. Top-Down vs. Bottom-Up Control of Heterotrophic Bacteria

Analysis of the relative importance of top-down (TD) and bottom-up (BU) control
revealed that TD was more important in controlling bacterial populations in three of the
four clusters. A moderately pronounced BU control was found only in BMU4 (regression
slope b = 0.49), which represents the heated surface layer with low nutrient concentration
(Figure S5).

3.5. Relationship between Viruses and the MFW Components

NG analysis was tested in several experiments with different biotic and abiotic pa-
rameters, and it fitted best when viral abundance and temperature were used. Four BMUs
were distinguished, each BMU representing a cluster describing the ecological status of a
single layer characterized by biotic and environmental parameters. Explanations for the
observed patterns within the clusters were sought, and the mean values for the biotic and
abiotic parameters are shown in Table 1. Clusters BMU1 and BMU3 represent conditions in
the period prior to water column stratification with increased salinity, while clusters BMU2
and BMU4 represent conditions in the surface layers after thermocline formation and water
column stratification (Figure 2B).

BMUT1 represents the vertical temperature-mixed water column in March, and the
bottom layer until November (Figure 2B). The cluster is characterized by low temperatures
and phosphate values, while nitrogen and silica levels are high, with the highest mean
salinity values (38.86 £ 0.02 PSU). In the APP microbial group, only PRO is abundant,
while VLP, HB, and HNFs are low. A high SGR follows a low abundance of HB.

The BMU3 cluster corresponds to the conditions of the transition period before and
after the formation of the thermocline and describes 35.71% of the data. In summer, it
is located approximately at the depth of the deep Chl 4 maximum determined in the
layer below the thermocline at a sampling depth of about 50 m (Figure S1). The cluster is
characterized by lower temperature and higher salinity. Chl a concentration is high, as is
the abundance of HB, dominated by HNA bacteria, and followed by a low SGR. Nutrient
concentrations are low, especially nitrate concentrations, as indicated by the negative
NO3/NH4 anomaly.
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Figure 2. (A) Bar plot representations of biotic and abiotic parameters for NG best-matching units
and the relative frequency appearance for each unit. Values are standardized as z-scores; (B) water
column distribution of NG best-matching units (labelled by number and differentiated by colour).

BMU?2 represents the conditions after the thermocline has been formed, characterized
by surface water with lower salinity. Phosphate and nitrite concentrations are elevated,
while silicates are below average. Abundances of VLP are highest, with an average value
of 9.89 + 1.99, which is followed by a high VMR. HNF abundances also reached their
maximum, as well as the abundances of the HB and APP microbial groups, especially
SYN and PE. SGR and BP values are low. The high abundances of the APP microbial
groups indicate their dominance over larger autotrophic eukaryotic microorganisms, as the
chlorophyll 4 anomaly is not pronounced.
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Cluster BMU4 is characterized by high temperatures and low nutrient concentrations.
BP is high, as is SGR, while HB is below average and dominated by the LNA bacterial
group. Abundance of VLP, HNFs, and picoautotrophs is low, as is the Chl a concentration.

The values of the environmental parameters are similar in BMU1 and BMU3, and the
clusters are characterised by a vertical temperature-mixed water column. On the other
hand, thermohaline stratification of the water column is observed in the BMU2 and BMU4
clusters (Figure S1). The results of NG analysis show that the thermohaline stratification of
the water column affects the distribution of the virus population. This is also reflected in
the relationship with MFW members. Thus, the relationships between the virus population
and MFW members in the central Adriatic are seasonal and depth-dependent.

4. Discussion

Here we present data on the distribution of viruses and other components of planktonic
microbial communities together with abiotic parameters collected over one year in the
Adriatic Sea. The abundance of viruses in the open central Adriatic was consistent with
previous results for the open Adriatic [25,42] and can be related to the values for the
viral counts in the Mediterranean previously reported by numerous authors [36—41,66]
and those generally in the open oceans [67]. Clustering showed that viruses were most
abundant in the first 10 m in spring (May) and late summer (October) and at the depth of
the thermocline (20 m) in summer (Figure 2). Interestingly, the abundance of viruses in
BMU4, which describes the months of June and August, was lower at the surface than in
the layers between 10 and 50 metres, which could be due to greater decay of viruses by
intense solar radiation [45,68,69].

In general, the abundance of the virus population in the central Adriatic Sea changes
with time and depth, which is consistent with the results of previous studies [21,25,42,70].
Viruses correlated significantly with abiotic parameters, mainly temperature (r = 0.58,
n =42, p < 0.05) and salinity (r = —0.56, n = 42, p < 0.05), but that connection could be a
result of the same parameters affecting their hosts [24,27] (Table S2). NG analysis identified
clusters representing a viral population as a function of abiotic and biotic parameters that
vary temporally and spatially (Figure 2). The analysis showed how the viral population in
the open Adriatic is determined by temperature, but this relationship is not linear, since an
increase in temperature leads to an increase in the abundance of viruses, but only up to the
point where the number of viruses decreases when water temperatures at the surface reach
the highest values. Temperature-driven vertical stratification of the water column is known
to alter the productivity of open marine areas by affecting the availability of nutrients
and thus the abundance of viruses and their hosts in the water column [10,39,71,72]. The
increase in viral numbers with SWC has been previously reported in the Adriatic Sea [25],
in the Mediterranean Sea [36,39-41], and other regions [71,73-75].

Artificial neural networks are a useful modelling tool in environments with complex
trophic conditions where nonlinear interactions of biological parameters are expected [33,76].
This method has been used previously to study virus populations [77-79], but rarely with
the unsupervised learning algorithm used in this study.

4.1. Relation between Viruses and Microbial Picoplankton

The abundance of viruses largely follows the abundance of their primary hosts, the
heterotrophic bacterial populations that dominate the environment, but also the autotrophic
components of the microbial plankton community [3,24,28,80,81].

NG analyses showed that the abundance of viruses changes with the abundance of
their hosts. This change, observed in BMU1 and BMU?2, suggests a direct relationship
between viruses and the microbial plankton community that was more pronounced with
increasing water column stratification. Although the abundance of HB increased only
slightly as the water column shifted from the MWC to the SWC period, the population
increased significantly, as did HNFs. However, the bacterial population decreased during
the summer, which was related to the decrease in VLP and HNF populations. This may
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be due to the shift in the bacterial population toward a higher proportion of the smaller
and less active LNA bacterial group, which is particularly pronounced in BMU4. The
LNA bacterial group, which is well adapted to oligotrophic conditions that characterize
BMU4 [30], carries BP at low nutrient concentrations and possibly maintains the viral
population at a stable summer level. Findings of the LNA bacterial group dominating the
surface layers of the open Adriatic are consistent with previous studies [30,43,82,83].

The proportion of the HNA bacterial group was higher in deeper layers and dur-
ing the MWC period. The dominance of HNA deeper and in the mixed water column
was previously described in the open Adriatic by Santi¢ et al. [43] and in the western
Mediterranean Sea by Winter et al. [39]. The HNA bacterial group may have kept viral
abundance at a stable minimum under these conditions, although an increased abundance
of PE could have also contributed. It is hypothesised that a more active bacterial group
is a preferred host for lytic viruses to make more viral progeny and keep the population
number stable [3,84]. While bacterial species compete for nutrients, viruses infect the
winners, which can affect the abundance and diversity of the microbial community in the
environment [85]. Additionally, a higher number of viruses could be produced due to the
activation of lysogens that fast-growing bacteria tend to harbour [86,87], although previous
work in the open Adriatic suggests that just 3% of the total bacterial population carries
lysogens [70].

Mean bacterial abundance (and production) was highest in spring and lowest in Au-
gust, which could be due to viral infection, although predation by HNFs cannot be ruled
out. A similar decrease in bacterial abundance in summer was previously described by Or-
dulj et al. [25] in Adriatic coastal waters and by Sabbagh et al. [75] in the Red Sea. However,
a correlation with the bacterial population is not always the case, and viruses often correlate
with other microbes [88,89]. In this study, viruses were also linked with other autotrophic
plankton groups (BMU1 and BMU?2), and the relationship changed with water column
stratification, suggesting that viruses also infect autotrophic picoplankton. Considering
that the viral population in the ocean consists of viruses that infect all MFW components,
such seasonal fluctuations are to be expected with a change in the ecological importance of
their host populations [90]. Similar results were found in the western Mediterranean [41],
where viruses correlated significantly with heterotrophic and autotrophic picoplankton,
and the correlation changed with the seasons.

4.2. Virus-to-Microbe Ratio

Viruses are usually 10 to 20 times more abundant than heterotrophic and autotrophic
picoplankton groups in the marine environment [4,5,10]. In our study, the viral population
dominated the microbial population on average by 22.27 & 10.28 times and in a range from
8.10 to 80.94 (Figure 3), which is consistent with previous results for the open waters of
the Adriatic Sea [25] and the Mediterranean Sea [39,73,91] and generally represents the
same ratio for the marine environment [4,5] (Figure 3). Temperature had a significant
effect on viral host activity, as evidenced by the higher VMR during the SWC period in our
study. Similar observations have been made previously in the Adriatic Sea [25] and the
Mediterranean Sea [41].

VMR ratios varied in the water column, likely due to discontinuities of chemical
and biological parameters that affected the abundance of their hosts [10]. For example,
VMR was higher in the bottom layer than in the surface layer in April, June, August,
and November, which was caused by a lower concentration of HB in the layer below
the pycnocline. These differences could be due to the lower effect of abiotic parameters
and nutrient concentrations, which favour slower bacterial growth and viral decay [92].
Accumulation of viral particles is therefore expected in oligotrophic environments where
decay is low. The unusually low abundance of HB with fairly high abundances of PRO and
SYN followed by a high VMR was detected in the bottom layer in June, which could be
the result of water masses sinking from epipelagic zones, which could induce lysogenic
viruses through the mixing process [93,94]. In addition, lysogeny and higher burst sizes



J. Mar. Sci. Eng. 2023, 11, 639 11 of 17

have been proposed as mechanisms for a higher VMR [21], but lysogeny was not found to
be of great importance in the open Adriatic [70]. However, a high VMR in the bathypelagic
area has been previously described for the Mediterranean and other areas [39,81,92,95].
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Figure 3. Monthly values with mean of virus-to-microbe ratio (VMR) for the sampled station.

4.3. Control of Bacterial Populations in the Open Adriatic Sea

Strong TD control of the bacterial population was determined in almost all BMUs. The
importance of viral infection and HNF grazing possibly increased with the formation of
the thermocline, as described in BMU2. However, moderate BU control was determined
in the surface layer represented by BMU4 when nutrients were depleted and the LNA
bacterial group dominated the abundance of HB (Figure 4). Structural changes in MFW on
the temporal scale, triggered by water column stratification, determined the strength of the
two types of control [96].

0.6
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-0.1

-0.2
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Figure 4. Regression slopes of bacterial production (BP) vs. bacterial biomass (BB) representing the
relative BU and TD control of bacterial population for analysed clusters. The orange line marks
the upper limit of no BU, and the grey line marks the upper limit for weak BU values according to
Ducklow [59]. Values are standardized as z-scores.
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Viruses are an important microbial mortality agent in oligotrophic areas where lysis
may be equally as important as grazing in explaining the lack of standing-stock increase
in microbes in that type of environment [7,97]. Viral lysis products may even directly
or indirectly stimulate the growth of bacteria and picoplankton communities through
shunting of dissolved organic matter [18,98,99], highlighting the important role of viruses
in nutrient cycling [3,10,100,101]. The Gasol model [102] (Figure S6) revealed that TD
control of HNFs was significant throughout the year, as was previously confirmed for the
open central and south Adriatic [32,33]. It is known that high HNF grazing of HB can
stimulate viral production and infection of bacterioplankton [8,103,104]. However, the SGR
shifts in BMUs suggest that viruses may also be responsible for regenerating nutrients that
maintain the HB population during the SWC period. This process is particularly evident in
BMU4, where a positive SGR and a negative BB were observed, suggesting that the viral
shunt possibly plays a role in recycling nutrients used by the bacterial population with a
high SGR. The dominance of the viral shunt varies throughout the year, but when sampled
on a larger scale, the process can be masked by bacterivory [105].

Interestingly, the virus population in BMU4 decreased when a moderate BU control of
the bacterial population occurred. This population was probably kept in balance through in-
fection of the LNA bacterial group which dominated in BMU4. The LNA bacterial group is
particularly abundant and active in oligotrophic environments because it is better adapted
to the low nutrient content in these areas [43]. HNFs respond to temperature variations
similarly to viral populations, although in summer, when the water column is stratified,
higher pressure on bacterial populations can also be expected [106]. It is possible that both
HNFs and viruses are responsible for regenerating the nutrients needed for the HB popu-
lation during the SWC period by killing winners adapted to the low nutrient conditions
ascribed to BMU4 [107]. Infection and grazing pressure on the bacterial population could
confer HNF and viral populations to balance their populations by targeting APP groups,
especially under BMU2 conditions. It is known that HNFs selectively feed on larger micro-
bial cells [108], although autotrophic organisms such as Prochlorococcus and Synechococcus
are not considered high-quality food sources [109-111]. On the other hand, viruses exert a
greater impact on the APP group in oligotrophic environments than in eutrophic coastal
environments, where their effect on the HB population is more significant [10,112]. A
similar observation has already been made in the Adriatic Sea [25,113,114].

5. Conclusions

The results of neural gas network analysis show that the virus population depends
on spatial and temporal changes of biotic and abiotic factors. The strongest influence
was found in the nonlinear relationship between viruses and temperature. Specifically,
an increase in temperature leads to an increase in virus population, but only to the point
where the virus population decreases as water temperature continues to rise. The number
of virus populations in the P-limited open sea varied with the seasons, influenced by
changes in water column stratification and abundance of its main host, HB. In more
than 50% of observed data, a strong positive relationship between viruses and HB was
determined. Moreover, this algorithm confirmed the association of viruses with the
autotrophic part of the picoplankton and with HNFs. The dynamics of the four resulting
clusters characterized by biological and environmental parameters are described as a
cyclic pattern in the water layer above the thermocline when observed during the year.
However, a long-term study period could provide better insight into the repeatability of
the clusters. Neural gas analysis has proven to be an excellent tool for describing changes
in MFW components in the open Adriatic.
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