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Abstract: Viral processes in the coastal and offshore regions of the Eastern Arabian Sea (west coast of
India) and their contribution of viral lysis to the organic carbon and nitrogen pool was examined.
Water samples were collected during the southwest monsoon season at different depths (up to 1000 m)
from four transects, with each transect consisting of two sampling points (S1–S8). Abundances of
viruses and prokaryotes together with viral mediated prokaryotic mortality (up to 49.7%) were
significantly (p < 0.001) higher in eutrophic coastal stations, whereas high percent lysogeny (up to
93%) was observed in the offshore regions. High viral-mediated carbon (Mean ± SD = 67.47 ±
2.0 µM C L−1 d−1) and nitrogen (Mean ± SD = 13.49 ± 14.0 µM N L−1 d−1) release was evident
in the surface coastal waters compared to offshore regions. The percentage contributions of carbon
and nitrogen released by viral lysis to the total dissolved organic carbon and nitrogen pool were
estimated to be 7.4% and 3.9%, respectively, in the coastal surface waters. Our findings suggest that
the contribution of viral lysis to DOM production through viral shunt could be crucial for the cycling
of major biogeochemical elements and functioning of the studied tropical ecosystem.

Keywords: viruses; prokaryotes; viral-mediated prokaryotic mortality; viral production; lysogeny;
Eastern Arabian Sea

1. Introduction

Viruses are the most abundant biological entities infecting almost all living organisms
in the ocean. They play significant roles in the nutrient cycling and energy flow in the
sea through the viral shunt [1]. Most of the viruses in the sea are phages, the viruses that
infect prokaryotes [1]. It is estimated that viruses can infect approximately 1023 prokary-
otes per second, accounting for the removal of 20–40% of prokaryotic standing stock per
day [2]. Numerous studies suggest that viruses are generally 10-fold more abundant than
prokaryotes, with large variations in the virus-prokaryote ratio across various aquatic envi-
ronments [1,3]. Apart from host abundances and community composition, environmental
factors like temperature, salinity, inorganic nutrient concentration, solar radiation, etc.,
can influence viral-mediated prokaryotic lysis [2]. Physicochemical parameters impact the
temporal and spatial distribution of viruses, their population structure and function [1].
Studies on virus-host dynamics have shown that the viral population changes with seasonal
fluctuations in host diversity [4] and viral infection remains one of the most important
top-down mechanisms influencing microbial diversity and community structure [2,5]. Con-
sidering the significance of viruses in marine systems, it is important to quantify, identify,
and ascertain the impact of viruses in aquatic environments.
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The unique biophysical processes in the Arabian Sea include high biological productiv-
ity, presence of intense oxygen minimum zones (OMZs), and upwelling phenomenon [6,7].
The Arabian Sea contains one of the most intense OMZs in the world. OMZs are unique
oceanographic areas with reduced oxygen concentrations. A combination of strong organic
matter decomposition, poor ventilation and high biological production in the surface wa-
ters explains the presence OMZs. Microbial life in the OMZ are adapted to thrive under
oxygen-starved conditions through anaerobic respiration for the transformation of nutri-
ents [8,9]. The hydrography of the Arabian Sea is largely influenced by monsoons, which
are a seasonal reversal of prevailing winds accompanied by corresponding changes in pre-
cipitation. Over the Arabian Sea, monsoon winds alternately blow from the southwest and
the northeast, reversing their dominant direction with the seasons, resulting in two mon-
soons, the southwest monsoon (summer monsoon, June to September) and the northeast
monsoon (winter monsoon, November–January) with inter monsoon periods in between.
During the monsoon, the dissolved organic carbon (DOC) produced by phytoplankton
supports the growth of prokaryotes. Upwelling during the monsoon makes the Arabian
Sea highly productive due to high nutrient availability [10]. During the winter monsoon in
the northeast Arabian Sea, convective mixing of surface waters takes place due to cooling,
rendering the water column well mixed [6,10]. On the contrary, the water column becomes
highly stratified with warmer nutrient-deficient surface waters during inter-monsoons. Re-
cent reports have brought out the significance of viral-mediated lysis in highly productive
coastal waters of the Red Sea [11] and also the existence of inter-annual and intra-annual
variability influencing viral-mediated processes in the south-eastern Arabian Sea, especially
during the pre-monsoon season [12].

The viral activities and their processes are well studied in oceanic environments like
the North Adriatic Sea, Gulf of Mexico, Mediterranean Sea, and Baltic Sea [13–15]. Recent
advances in sequence analysis of environmental viromes have demonstrated diversity
of DNA viruses in the surface and deep sea of the South China Sea and have suggested
the possible passive transport of marine viruses by the horizontal and vertical physical
transportations [16]. The Pacific Ocean Virome (POV), the largest viral metagenomic
sampling of the Pacific Ocean was carried out for future comparative viral metagenomic
study [17]. As a part of the TARA Ocean expedition, the morphological diversity of the
viruses was studied [18]. However, in the Arabian sea, there are only a few reports on
viral distribution, processes, and their life strategies. Investigations in the Cochin estuary
(southwest coast of India) have reported on the seasonal variations in viral abundance, viral
production, and viral processes [19,20]. A recent study has brought out the presence of clear
seasonality in viral abundance and viral-mediated processes in the south eastern Arabian
Sea [12]. The above studies are limited to only a single geographical location. In this study,
which was carried out on a large-scale region in the Arabian Sea, we hypothesise viral
activities to be more prevalent in coastal waters compared to offshore regions. Our aim
was to ascertain various viral processes (life strategies, viral production) operating between
coastal and offshore deep-sea waters and to draw comparison in terms of the release of
both organic carbon and nitrogen through the viral shunt in this tropical marine ecosystem.

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

Water samples were collected during a multidisciplinary oceanographic cruise onboard
FORV Sagar Sampada along the west coast of India coinciding with southwest monsoon
season from 4 September 2019 to 20 September 2019. The study area extended from
9.76–18.54◦ N to 69.4–75.88◦ E in the Arabian sea, consisting of four transects from Kochi
to Mumbai (Figure 1). Each transect consisted of two locations: a coastal station with 50 m
depth and an offshore station with 1000 m depth. Water samples were collected from the
surface and bottom layer for coastal stations and at different depths (~50 m, ~200 m, ~300 m,
~500 m, ~800 m, ~1000 m) for offshore stations, based on the chlorophyll a and dissolved
oxygen concentrations along the vertical water column (Table S1). The water samples at
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respective depths were collected using Niskin samplers (12 L capacity, Hydrobios, Kiel,
Germany) attached to a Conductivity Temperature Depth (CTD) profiler (SBE Seabird 19,
Sea-Bird Scientific, Bellevue, WA, USA).
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Figure 1. Sampling locations in the Arabian Sea (depth contour for 50 m and 1000 m). S1–S8 represent
stations, S1 and S2 (Kochi coastal and offshore), S3 and S4 (Mangalore coastal and offshore), S5
and S6 (Goa coastal and offshore), S7 and S8 (Mumbai coastal and offshore). Image was drawn by
using the software QGIS Version 3.14 (Quantum GIS) (Free and Open-Source Geographic Information
System. http://qgis.osgeo.org).

2.2. Estimation of Physicochemical Parameters

The CTD profiler was equipped with sensors for the estimation of salinity, temperature,
dissolved oxygen (DO), turbidity, Chlorophyll a, and photosynthetically active radiation
(PAR). Dissolved oxygen concentration was estimated by Winkler’s method [21]. Dissolved
inorganic nutrients (NH4

+1, NO2
−1, NO3

−1, PO4
−3, SiO4

−4) were analyzed using an auto-
analyzer (Skalar SAN++, Breda, The Netherlands) [22]. The dissolved organic carbon (DOC)
and dissolved organic nitrogen (DON) were measured using high temperature catalytic
oxidation method using TOC analyzer [23].

2.3. Viral Abundance (VA), Prokaryotic Abundance (PA), and Total Viable Prokaryotic
Count (TVC)

Water samples were analyzed for the abundance of viruses and prokaryotes (both
bacteria and archaea) using epifluorescence microscopy as described by Patel et al. [24].
Briefly, a 5 mL of water sample was fixed with 0.02 µm filtered formalin (final concentration
2% v/v from a 37% w/v solution of commercial formaldehyde) and stored at −80 ◦C until
further analysis. A 1 mL of water sample was filtered through a 0.02 µm filter paper

http://qgis.osgeo.org
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(Anodic, 25 mm, Whatman, Ronkonkoma, NY, USA), stained with SYBR Green I (diluted
1:400, Invitrogen, Waltham, MA, USA), and incubated for 15 min. After the incubation,
the filter paper was treated with an antifading agent, p-phenylenediamine, and observed
under an epifluorescence microscope (Olympus BX 41, Olympus, Center Valley, PA, USA)
under 1000× oil immersion using Green Interference Filter. Viruses and prokaryotes were
distinguished based on their size differences. Negative controls were prepared using
Milli-Q water to check for contamination.

The total viable count (TVC) was used to check the abundance of physiologically
active prokaryotes in the environment by incubating the samples with yeast extract (final
conc. of 0.05%) and antibiotic cocktail (final conc. of 0.05% of nalidixic acid, pipemidic
acid, piromidic acid, and cephalexin) for 6 h in the dark. After the incubation, samples
were fixed with formalin (final concentration 2% v/v) and stained with acridine orange
(0.1 g/100 mL) [25]. The viable elongated cells were observed and enumerated under an
epifluorescence microscope (Olympus BX 41, Olympus, Center Valley, PA, USA).

2.4. Viral Production (VP) and Viral-Mediated Mortality of Prokaryotes (VMM)

The dilution method was used for the direct measurement of viral production as
described previously [26]. Seawater samples (100 mL) were diluted with 3 volumes of
virus-free water (0.02 µm ANOTOP, Whatman) and incubated in the dark for 24 h. Sub-
samples were taken at every 3 h interval and viral abundance was examined under the
epifluorescence microscope. Viral production was estimated from the regression line
plotted based on the increase in viral abundance according to time [27].

VP = m × (B/b) (1)

where m = slope of the regression line; b = Prokaryotic concentration after dilution;
B = Prokaryotic concentration prior to dilution.

Viral mediated mortality (VMM) was calculated as a ratio between viral production
and burst size (determined from transmission electron microscopy) [28].

2.5. Induction Assays for Lysogenic Prokaryotes

The fraction of lysogenic cells (FLC) was estimated using Mitomycin C (Sigma,
Ronkonkoma, NY, USA), a powerful and an effective phage inducing agent. A 25 mL
water sample (in triplicates) was treated with mitomycin C (1 µg mL−1 final conc) and
incubated for 24 h [29]. To check the lysogenic activity, subsamples (2 mL) were collected
every 3 h and the abundance of virus and prokaryotes were enumerated after SYBR Green
staining using epifluorescence microscopy. From these values, the percentage of lysogenic
cells was estimated using the equation, FLC = (VAMC × VAC)/BS × PAt0) × 100 (where,
VAMC: Viral abundance treated with mitomycin C, VAC: viral abundances control assays,
PAt0—prokaryotic abundance at t0, BS—maximum burst size) and viral-mediated prokary-
otic mortality was calculated. To estimate the amount of dissolved organic carbon and
dissolved organic nitrogen released due to viral-mediated prokaryotic lysis, 20 fg C cell−1

for carbon (Dissolved organic carbon, DOC) and, 4 fg N cell−1 for nitrogen (Dissolved
organic nitrogen, DON) was used [30], using the following formula.

DOC release (C L−1 d−1) = Viral mediated mortality × elemental carbon content of
a bacterium

DON release (N L−1 d−1) = Viral mediated mortality × elemental nitrogen content of
a bacterium

2.6. Viral Lytic Infection and Burst Size Estimates (BS)

A transmission electron microscope was used to determine the frequency of visibly
infected prokaryotic cells (FVIC), burst size, viral morphotypes, and viral infected prokary-
otic morphotypes. Due to some technical difficulties encountered during sample collection,
water samples could not be collected from S5 and S6. Viral lytic infection was inferred
from FVIC measured according to Pradeep Ram et al. [31]. Prokaryotes present in 8 mL
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of glutaraldehyde fixed (final concentration 2% v/v) water samples were collected onto
400-mesh carbon-coated formvar grids by centrifugation (70,000× g, 20 min at 4 ◦C) using
an SW 40Ti rotor (Optima LE-80K, Beckman Coulter, Brea, CA, USA). The grids were then
stained at room temperature for 30 s with uranyl acetate stain (2% w/v) and washed twice
with 0.02 µm filtered distilled water to remove the excess stain and dried on a filter paper.
Grids were examined under a transmission electron microscope (TEM) operated at 80 kV
at a magnification between 20,000 and 60,000× (JEOL 1200Ex, Tokyo, Japan) to distinguish
between prokaryotic cells with and without intracellular viruses. FVIC was determined
by examining 300–500 prokaryotic cells per grid. The viral mean burst size (BS, viruses
per prokaryote) was estimated for every sample as the average number of viral particles
in infected cells (at least 15 infected cells were examined per sample). The frequency of
infected cells (FIC) and viral-induced prokaryotic mortality (VIPM) was estimated using
the following equation: FIC = 9.524 FVIC − 3.256 and VIPM = (FIC + 0.6 × FIC2)/(1 − 1.2
× FIC) [32].

Bacterial morphotypes were identified as elongated rod, thin rod, short rod, fat rod,
filamentous, and cocci based on observations during TEM examination. Viruses were
classified as myoviruses, podoviruses, siphoviruses, and non-tailed viruses based on their
morphology [33] by JEOL 1200EX TEM at a magnification of 40,000–80,000× [34].

2.7. Statistical Analysis

The correlation between prokaryotic and viral parameters along with physicochemical
parameters was determined using Pearson correlation analysis. To determine whether
the spatial variations were significant, an analysis of PERMANOVA was performed using
PRIMER-e. Canonical redundancy analysis (RDA), a multivariate method, was used to
elucidate the relationships between biological and environmental variables by using a
statistical software package CANOCO 4.5.

3. Results
3.1. Prevailing Environmental Conditions in The Eastern Arabian Sea

The physiochemical parameters in the study area were influenced by monsoonal rains
that occurred during the study period. The surface temperature observed in the sampling
stations was consistent along the study region in the Eastern Arabian Sea (28.0 ± 0.5 ◦C).
The highest sea surface temperature was recorded in the offshore station S2 (28.7 ◦C) and
the lowest at S1 station (28.1 ◦C). The temperature variations were not significant in the
coastal and offshore surface waters. Salinity increased from coastal to offshore waters and
also from surface to deeper waters. The average salinity in coastal and offshore stations
was 28.5 ± 1.8 and 35.3 ± 1.3 psu, respectively. The dissolved oxygen concentration ranged
from 0.18 to 4.73 mg L−1. The average chlorophyll a concentration was higher at the coastal
stations (0.83 ± 0.005 mg m−3) when compared to offshore stations (0.15 ± 0.02 mg m−3)
(Table S2). Upwelling signals were evident with the presence of cooler subsurface waters
in the entire study region (Figure 2). The upsloping of isotherms in the coastal regions,
together with upsloping of dissolved oxygen and salinity from offshore to coastal stations,
indicated the presence of upwelling. In the case of inorganic nutrients, phosphate, nitrate,
silicate, and ammonia showed significantly lower values (p < 0.05) in the surface compared
to deeper waters at both coastal and offshore stations.

3.2. Standing Stocks of Viruses and Prokaryotes

Viral abundance (VA) was significantly higher (p < 0.001) in the coastal waters
(Mean ± SD = 1.19 ± 0.26 × 107 VLPs mL−1) throughout the study region compared
to offshore waters (Mean ± SD = 0.38 ±0.05 × 107 VLPs mL−1). VA decreased drastically
with depth with a maximum at the surface (Mean ± SD = 1.41 ± 0.1 × 107 VLPs mL−1) to a
minimum at the bottom (Mean± SD = 1.0± 0.1× 107 VLPs mL−1) (Figure 3b). The highest VA
was recorded in the coastal waters of S7 (Mean± SD = 1.84± 0.28× 107 VLPs mL−1) and the
lowest VA in the deeper waters (1000 m) of the S6 (Mean± SD = 1.0± 0.2× 107 VLPs mL−1).
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Prokaryotic abundance (PA) also showed a similar trend with higher counts in the coastal
waters (Mean ± SD = 6.18 ± 1.9 × 105 cells mL−1) compared to the offshore region
(Mean ± SD = 2.21 ± 1.5 × 105 cells mL−1). The highest PA was recorded in the coastal
surface waters of S5 (8.4 ± 0.7 × 105 cells mL−1) and S1 (8.2 ± 0.8 × 105 cells mL−1)
(Figure 3a), and the lowest was estimated in the offshore station S6 (0.6 ± 0.2 × 105 cells
mL−1). The virus to the prokaryotic ratio (VPR) ranged from 1.16 to 51.7. The VPR was
maximum in the surface waters of the offshore station of S1 (51.7 ± 9.6) and the minimum
was recorded in the deeper waters (1000 m) of the S6 station (1.16 ± 0.2) (Figure 3c).
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3.3. Viral Production and Viral Mediated Prokaryotic Mortality

Viral production ranged between 0.01–4.21 × 109 VLPs L−1d−1 (Figure 4a). High
viral production rates were recorded in the coastal waters which decreased towards the
offshore. In general, VP rates decreased with increasing depth. In offshore stations, VP
was detectable up to 180 m in S6 (0.25 ± 0.01 × 109 VLPs L−1d−1). Beyond 180 m depth,
lytic viral production was not detectable. The highest viral production rate was observed
in the coastal waters of S7 (4.21 ± 0.55 × 109 VLPs L−1d−1) (Figure 4a). Viral-mediated
prokaryotic mortality (VMM) followed the same pattern as viral production with an average
of 8.09 ± 3.27% and 2.73 ± 2.35% in coastal and offshore stations, respectively. Maximum
(14.05 ± 0.47%) and minimum (0.37 ± 0.047%) prokaryotic mortality were recorded in the
coastal waters and deeper waters (100 m) of S7 and S8 stations, respectively (Figure 4b).
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3.4. Lysogenic Induction

The percentage of lysogenic induction (LI) showed a contrasting pattern with that
of viral production. Lysogeny ranged from 4% to 93%. Interestingly, lysogeny was unde-
tectable in the surface waters of all the coastal and offshore waters. Percentage lysogeny
increased with depth. Maximum lysogeny was recorded at 750 m depth in the offshore
station, S4. However, lysogeny was not detectable beyond this depth in the present study
(Figure 4c).

3.5. Release of Organic Carbon and Nitrogen Due to Viral Mediated Prokaryotic Mortality

An estimate of the amount of organic carbon and nitrogen released by viral lysis was
calculated from the estimates of viral production. The dissolved organic carbon (DOC) in
the study area was high with maximum concentration in the coastal surface waters of S3
(187.75 µM) and minimum concentration in S4 (49.83 µM at 166 m) (Figure 5a). In the case of
total DOC distribution, there were negligible variations from coastal to offshore stations, but
these mostly decreased from surface to deeper waters. In this study, based on assumptions
made on the C and N content in the bacterial cells and calculated viral production, esti-
mates of DOC and DON released due to viral-mediated prokaryotic lysis were calculated
as previously done by Ordulj et al. [13]. Carbon released due to prokaryotic lysis ranged
from 0.5± 0.3 to 67± 7.9 µM C L−1 d−1, decreased from coastal to offshore. The maximum
amount of carbon released was observed in the surface of S7 (67.47 ± 2 µM C L−1 d−1)
and the minimum in the offshore station, S8 (0.5 ± 0.21 µM C L−1 d−1) at 200 m depth. In
this study, there was no viral-mediated release of carbon after 180 m, obviously due to
non-detectable viral lytic production beyond this depth. The estimated dissolved organic
nitrogen (DON) released due to viral lysis was high in the offshore deeper waters and
it decreased towards the coastal waters. The maximum concentration of DON was mea-
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sured at 1000 m depth of S2 (42.75 µM), and the minimum at 35 m depth of S2 (6.67 µM)
(Figure 6a). The estimated nitrogen released due to vial activity ranged from 0.1 ± 0.09
to 13.49 ± 1.5 µg N L−1 d−1, and the activity decreased from coastal to offshore waters.
Maximum values were observed in the surface waters of S7 (13.49 µM) and minimum at
200 m of S8 (0.1 µM). The percentage contribution of carbon released by viral activity to
total DOC was as high as 7.4% in the coastal surface waters of S7and DON was 3.9% in the
coastal surface waters of S3 (Figures 5b and 6b).
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Figure 4. Represent the (a) Viral Production (109 VLPs L−1d−1) (b) VMM (%) (c) Percentage lysogeny
at various stations in the Y axis; Whereas X axis represent the station depths, S1 and S2 (Kochi coastal
and offshore stations), S3 and S4 (Mangalore coastal and offshore stations), S5 and S6 (Goa coastal
and offshore stations), S7 and S8 (Mumbai coastal and offshore stations). Dotted lines separate the
coastal and offshore stations of each transect.

3.6. Viral Morphotypes and Size Classification

Transmission electron microscopy revealed viral morphotypes belonging to Siphoviri-
dae (long non-contractile tail), Myoviridae (non-enveloped viruses with contractile tail),
Podoviridae (short non-contractile tails), and non-tailed viruses (Figure 7). In S1 (coastal)
and S2 (offshore) stations off Kochi, there was a clear difference in viral morphotype dis-
tribution, with dominance of non-tailed viruses (48%) followed by podoviruses (26%) in
offshore stations and myoviruses being (42%) dominant in coastal stations followed by
non-tailed viruses (31%). At S3 and S4 stations (off Mangalore), non-tailed viruses domi-
nated (58%), whereas, in S7 and S8 stations (off Mumbai), myoviridae (48%) was found to
be dominant (Figure 8). Overall, rod bacterial morphotypes were the most infected. TEM
analyses indicated that >75% of the head size diameter of free-living phages was ≤60 nm
suggesting that they were typical bacteriophages.
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Figure 5. Represent the (a) Distribution of DOC (µM) (b) Amount of organic carbon release
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Dotted lines separate the coastal and offshore stations of each transect.
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Dotted lines for separating the coastal and offshore stations of each transect.
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Figure 8. Represent the transmission electron microscopy of different viral morphotypes (in per-
centage). X axes represent the viral morphotypes and Y axis represent the % of viruses in following
stations, S1 and S2 (Kochi coastal and offshore stations), S3 and S4 (Mangalore coastal and offshore
stations) and S7 and S8 (Mumbai coastal and offshore stations). S5 and S6 (Goa coastal and offshore)
were not sampled due to technical reasons.
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3.7. Impact of Physico—Chemical Factors on Viral Activity

Pearson correlation analysis revealed that prokaryotic abundance was the most impor-
tant determinant of viral abundance (p < 0.001), followed by DO (p < 0.001), temperature
(p < 0.001), and Chl a (p < 0.01). Other physicochemical variables such as phosphate, nitrate,
silicate, and salinity were negatively correlated with viral abundance (Table S3). RDA was
used to interpret the relationship between the biotic and abiotic variables. The ordination
significance was tested with Monte Carlo permutation tests (499 unrestricted permutations)
(p < 0.05). The results indicated that prokaryotic abundance, DO, temperature, and Chl a
indirectly influenced the viral dynamics. The RDA results showed that salinity did not
affect the viral and prokaryotic abundance (Figure 9).
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Figure 9. RDA biplot representing the relationship between biological parameters (blue lines) and
environmental parameters (red lines) in the eastern Arabian Sea. Temperature (◦C), DO: Dissolved
Oxygen (mL/L), Nitrate (µM), Phosphate (µM), Silicate (µM), Salinity (psu), Chlorophyll a, VA:
Viral abundance (107 VLPs mL−1), PA: Prokaryotic abundance (105 Cells mL−1), TVC: Total viable
Count (TVC), VPR: Virus to prokaryote ratio, VP: Viral production (109 VLPs L−1d−1), LI: Lysogenic
Induction. Triangle with solid color represents the coastal and squares with solid represent the
offshore stations. Numbers represent the station depths (0 m—1, 3, 8, 10, 14, 16, 23, 25; 50 m—2, 9, 15,
17, 24, 26; 35 m—4; 166 m—11; 180 m—5; 200 m—28; 300 m—19; 500 m—20; 750 m—12, 2; 800 m—6;
1000 m—7, 13, 22).

4. Discussion

Investigations revealed that the Eastern Arabian Sea region experienced coastal up-
welling during the study period, which brings subsurface waters to the surface. The
presence of cooler hypoxic subsurface waters, together with upsloping of isotherms, in-
dicated the presence of upwelling (Figure 2). The upwelling process starts in the deeper
layers of about 90 m from the southern-most regions during April and the upwelled water
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reaches the surface by the end of May. Upwelling shows maximum intensity in June and
July due to the presence of strong southwest monsoon winds. Upwelling gradually moves
and extends towards the north due to the presence of these winds and Ekman transport.
Upwelling leads to a remarkable increase in nutrient availability, phytoplankton commu-
nity structure, and total productivity [34,35]. The upwelling zone on the west coast of
India is economically very important because maximum fish catches are obtained during
or immediately after the upwelling season [36]. The upwelling signals dwindle at the end
of September due to the weakening of southwest monsoonal winds [37].

In the present study, upwelling signals were visible from 09◦52.24′ N 075◦54.35′ E to
18◦54.64′ N 069◦48.12′ E. The intensity of upwelling was high at station S1, which could be
due to varying forcing, such as Ekman transport and strong southwest monsoon winds in
the region [38]. The vertical distribution of temperature along 10◦ N and 15◦ N exhibited
gentle upsloping of isotherms towards the coast producing colder surface waters. The
down sloping of isotherms towards the coast was observed up 50 m along 10◦ to 13◦ N,
and up to 100 m from 13 to 15◦ N. However, the manifestation of upwelling was less
conspicuous towards north above 15◦ N latitude. These latitudinal variations also bring in
variations in nutrient availability and biological productivity [38].

The studies on viral and microbial dynamics during coastal upwelling systems are very
limited. Upwelling brought high saline, low temperature and nutrient rich deeper waters
to the surface layers, leading to high phytoplankton production along the south eastern
Arabian Sea, which in turn supported the abundance of heterotrophic microbial populations.
In the present study, viral abundance, which was high in coastal waters, decreased towards
offshore regions and deeper waters. Coastal upwelling can have a significant effect on viral
and prokaryotic abundance [39]. Viral abundance typically ranged from 105 to 108 viral-like
particles mL−1 in the surface waters of the marine environment [40]. The coastal regions
are generally more productive and dynamic than offshore regions as the former continue to
receive large amount of nutrient discharge from the land that supports high abundance of
prokaryotic and eukaryotic organisms. The results of our study show similarity with regard
to distribution of viral abundances reported from other tropical marine environments
such as in the North Adriatic Sea [41], the Mediterranean Sea, the Baltic Sea [42], and
other coastal and offshore regions [43–45] with higher abundance in coastal regions with
decreasing trend towards the offshore. A recent database on viral abundance and activity
known as “A global viral oceanography database (gVOD)” by Le Xie et al., also shows
viral abundance in Arabian sea to be in the range of 106 VLPs mL−1 [46]. The studied
region experienced upwelling-led nutrient enrichment that supported high primary and
secondary production as evident from the high Chl a and high prokaryotic abundance.
This vast abundance of phytoplankton biomass and prokaryotes requires a strong viral
community to control the host population and functions. The viral abundance in these
tropical seas was mainly influenced by prokaryotic abundance, Chl a, temperature and
dissolved oxygen concentrations.

The viral to prokaryote ratio (VPR) was high in the offshore waters of Kochi and
Goa, compared to coastal waters. In the productive coastal waters, high viral abundances
were accompanied by disproportionately high prokaryotic numbers, resulting in a lower
VPR. Low VPR values in eutrophic coastal waters could also be due to grazing by the
nanoflagellates or bacterivory, adsorption to particulate matter [27], temperature [47,48],
and degradation by heat-labile organic matter (e.g., enzymes) [49] and other anthropogenic
activities [50]. In upwelled waters, the nutrients support the prokaryotic population which
in turn facilitate viral activity and virus-mediated lysis of prokaryotic cells.

Viral production (VP) showed a similar pattern as viral abundance with high activity
at coastal stations due to the high nutrient availability imparted by the riverine influx
and coastal upwelling. The viral production in the coastal region was in agreement with
previous studies from the Adriatic Sea [41], but lower compared to reports from the
Mediterranean Sea [42]. VP rates decreased with increasing depth, similar to the Baltic
Sea [42]. The VP rates along with the prokaryotic abundance and Chl a decreased drastically
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with depth in the mesopelagic waters (120 m). Environmental conditions directly influence
host abundance which indirectly govern viral processes as they are dependent entirely on
hosts. Our results indicated that viral lytic production was not detectable when the host
cell concentration was lower than 1.8 × 105 cells mL−1. The host cell concentrations ranged
from 1.4 to 0.6 × 105 cells mL−1 at stations deeper than 200 m depths. Low VP in deeper
waters could be due to the lack of sufficient number of host cells to establish successful
infection. Low oxygen availability, low nutrients together with low host abundance could
also be responsible for low VP rates in offshore waters. Earlier studies from the same
study region have also indicated the maintenance of minimum host abundance for lytic
production was 5 × 105 cells mL−1 [51]. Burst size represents the number of viruses
released per cell upon successful viral lysis [52]. In the present study, burst size decreased
from the coastal to offshore region, suggesting that increased nutrient availability leads to
the faster cell growth of the prokaryotic community and larger cell size [29].

Lysogeny largely coincided with low host abundance and low nutrient concentrations,
similar to those reported from oligotrophic marine systems [53]. A negative correlation
of environmental parameters such as temperature, salinity, or nutrient concentrations
with percent lysogeny has been observed. The temperature affects the elasticity and
conformation of membrane proteins and denaturation of genetic material in viruses. Hence,
the low temperature in deeper waters negatively affects the proliferation of both viruses and
prokaryotes. In the present study, lytic viral production was undetectable at a temperature
lower than 14 ◦C and prokaryotic abundance lower than 1.8 × 105 cells mL−1. Lysogeny
was undetectable beyond 800 m depth, at a temperature lower than 8 ◦C, and prokaryotic
abundance lower than 6.4 × 104 cells mL−1.

Viral lytic infection results in the release of dissolved organic matter (DOM), which is
then available for prokaryotic uptake. In aquatic environments, the recycling of nutrients
is very important to maintain ecosystem stability and nutrient cycling. Little is known
about how transformation of dissolved and colloidal organic matter through viral lysis
occurs in the Arabian Sea and how much amount of carbon and nitrogen are released
through viral activity. Organic carbon in marine systems is generally separated into
operational pools: dissolved organic carbon (DOC) and particulate organic carbon (POC).
During lytic viral infection, the prokaryotic host cells release cytoplasmic components
that probably cycle through the DOC pool, and the structural materials might undergo
biological assimilation and cycle through the POC pool. This study estimates the amount
of DOC released due to viral production through prokaryotic lysis, which otherwise
would have been consumed by grazers to enter the food chain directly, as POC. Thus,
the viral mediated mortality is estimated and discussed as contributors to the DOC pool,
accounting to up to 64.47 µM L−1 d−1and 7.4% of organic C through viral activity. The
average DOC due to VMM was higher compared to reports from NW Mediterranean
Sea [54]. These estimates can have important implications in the Arabian Sea ecosystem
and biogeochemical processes, suggesting that organic matter released by viral activity
can serve as a significant source of energy for prokaryotes. Even though these are indirect
estimates of viral activity, it does reflect the pattern of viral lysis and its impact in the coastal
and offshore waters. The estimated amounts of organic carbon and nitrogen released by
viral lysis were higher than those reported from central and north Adriatic Sea [42,55].

5. Conclusions

To conclude, our study demonstrates that viral distribution and their mediated activity
are influenced by a multitude of factors in the Arabian Sea. Lytic viral production is high
in productive eutrophic coastal waters and lysogeny predominated in the deeper waters
(between 200 m to 800 m) of the offshore regions. The reproductive strategies of viruses
seem to be dependent on the host abundance, nutrients, and temperature. However, lack
of detection of lytic and lysogenic reproductive cycles beyond certain depths could also
be due to the current methodological constraints. The results on adoption of reproductive
strategies of viruses is discussed in relation to host abundance for its detection. Furthermore,
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the release of DOC and DON due to viral activity was estimated indirectly. Future studies
must focus on direct measurements of the impact of viral lysis on hosts through dilution
experiments and also additionally include the effect of flagellate grazing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14030230/s1, Table S1: Geographical coordinates, location
name, and depth of the study stations, S1 and S2 (Kochi coastal and offshore stations), S3 and S4
(Mangalore coastal and offshore stations), S5 and S6 (Goa coastal and offshore stations), S7 and
S8 (Mumbai coastal and offshore stations); Table S2: Environmental and biological parameters of
the sampling stations, S1 and S2 (Kochi coastal and offshore), S3 and S4 (Mangalore coastal and
offshore stations), S5 and S6 (Goa coastal and offshore stations), S7 and S8 (Mumbai coastal and
offshore stations). Temp: Temperature (◦C), DO: Dissolved Oxygen (mL/L), NO3: Nitrate (µM), PO4:
Phosphate (µM), NH4: Ammonia (µM), SiO4: Silicate (µM), Salinity: SAL (psu), Chlorophyll a: Chl a
(mg/m3); Table S3: Pearson Correlation Table. TEMP: Water temperature (◦C), DO: Dissolved oxygen
(mL/L), NO3: Nitrate (µM), NH4: Ammonia (µM), PO4: Phosphate (µM), SiO4: Silicate (µM), Salinity:
SAL (psu), PA: Prokaryotic abundance (105 Cells mL−1), VA: Viral abundance (107 VLP mL−1), TVC:
Total viable prokaryotes (109 Cells mL−1), TVC: 105 Cells mL−1) VMM: Viral mediated Mortality:
Viral Production, VPR: Virus to prokaryote ratio and Chl a: Chlorophyll a (mg/m3).
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