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Abstract

L’ Antartide ¢ caratterizzato dalla piu vasta estensione di ghiaccio marino al mondo con
temperature sottozero e condizioni di vita estreme. All’interno del ghiaccio marino
prosperano comunita microbiche caratterizzate da procarioti, protisti, fitoplancton e virus, in
particolare nei canali che si creano nell’interfaccia ghiaccio-acqua.

L'aumento delle temperature registrate negli ultimi decenni sta accelerando sempre di piu la
fusione dei ghiacci, inclusi quelli Antartici, con enormi implicazioni sul funzionamento degli
ecosistemi.

Tra le varie implicazioni della fusione del ghiaccio antartico, il rilascio delle diverse
componenti biologiche, inclusi virus e procarioti simpagici, nell’acqua sottostante, potrebbe
determinare effetti molteplici su biodiversita e funzioni degli ecosistemi marini.

I1 nostro studio ha lo scopo di valutare se la fusione dei ghiacci antartici nel Mare di Ross
possa alterare le interazioni virus-ospite e la composizione delle comunita microbiche nel
ghiaccio e nell’acqua di mare con possibili conseguenze sulla biodiversita e il funzionamento
dell’ecosistema marino antartico.

Per raggiungere questi obiettivi sono stati effettuati degli esperimenti simulando un aumento
di temperatura di +2.5°C come previsto dall’IPCC per il 2100 e lo scioglimento del ghiaccio
nell’acqua di mare. Sono stati valutati 1'abbondanza virale e procariotica, la produzione
virale, i tassi di infezione virale e la composizione tassonomica delle comunita procariotiche
prima e dopo lo scioglimento dei ghiacci antartici.

I risultati indicano che le comunita microbiche e virali sono piu abbondanti nel ghiaccio
marino rispetto alle acque circostanti e che 1’aumento della temperatura determina una
diminuzione della produzione virale e dei tassi di infezione virale, in particolare nel ghiaccio

(fino a 4 volte).



Inoltre, abbiamo stimato che circa la meta delle abbondanze virali e procariotiche presenti
nel ghiaccio viene rilasciata nell’acqua di mare dopo la fusione e che mentre una frazione di
virus simpagici di dimensioni < 0.2 um continua ad infettare attivamente i procarioti
planctonici, 1 virus “giganti” del ghiaccio (di dimensioni > 0.2 pm, presumibilmente virus di
alghe simpagiche), non trovando ospiti specifici o condizioni ideali in acqua di mare,
perdono la loro capacita infettiva.

In aggiunta, i nostri risultati mostrano che I’aumento di temperatura determina uno shift nella
composizione della comunita microbica sia nell’acqua sia nel ghiaccio e che lo scioglimento
dei ghiacci e il rilascio di virus simpagici hanno effetti rilevanti sulle comunita microbiche
planctoniche.

In particolare, i dati di metabarcoding rivelano una diminuzione dell’abbondanza relativa
per alcuni taxa, tra cui Polaribacter e Clade-Ia, guidata da virus e temperatura. Questi taxa
giocano un ruolo chiave nella decomposizione della biomassa algale, per cui uno shift nella
loro abbondanza relativa potrebbe avere un impatto sui cicli di remineralizzazione della
materia organica negli ecosistemi antartici.

Complessivamente, considerando i risultati osservati, possiamo affermare lo scioglimento
del ghiaccio marino antartico, dovuto all” aumento delle temperature, esercita un'influenza
significativa sulle interazioni virus-procarioti in colonna d’acqua e sulla diversita delle
comunita procariotiche. Prevedere gli effetti del riscaldamento globale su biodiversita e
funzionamento degli ecosistemi polari ¢ essenziale per identificare piani di gestione

adattativa e definire decisioni informate per la mitigazione di tali effetti.
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INTRODUCTION

Antarctica and its sympagic community

The study of undisturbed habitats defined as “pristine areas” is essential to create a reference
frame of natural habitats without human intervention (Levin & Dayton, 2009). Far from any
anthropogenic impact, Antarctica can be considered our last true wilderness serving as a
unique natural laboratory for fundamental research (A. Clarke et al., 2007).

The region is dominated by the Antarctic Ice Sheet, the largest expanse of sea ice on Earth.
The ice sheet extends beyond the continent during wintertime covering up to 20 x 10° km?
and recedes to less than 4 x 10° km? extent in austral summer (December-March, Eicken,
1992a). As reported by Zwally (1983), Antarctica is characterized by strong seasonality
(austral summer and winter) where the extent of Southern Ocean Sea ice follows a robust
seasonal cycle of growth and decay, expanding fivefold in area from summer to winter (June-
September). It reaches a minimum of 4 x 10% km? during austral summer, in February, then
rapidly expands equatorward at a maximum rate of 4.2 x 10° km? per month from May to
June, with an average rate of 2.4 x 10° km? per month. The maximum extent of 20 x 10° km?
is reached during austral winter, in September. Subsequently, the ice edge retreats slightly
from September to October, followed by a rapid retreat of 4.6 x 10°® km? per month from
October to December. The peak retreat rate of 6.9 x 10° km? per month occurs from
November to December, with an average retreat rate of 3.3 x 10° km? per month between
September and February. The total area of the Antarctic Continent is 14 x 10° km?, resulting
in an approximate total area of snow and ice cover in Antarctica of around 34 x 10° km? at

the winter maximum.



Antarctic Sea ice is a harsh environment for life (Rocchi et al., 2022a). It exhibits
temperatures below zero (around -1.8°C), limited liquid water, and is characterized by the
presence of brine channels with salinity exceeding 200 %o (Eicken et al., 2000). Brine
channels form within sea ice through a process driven by the expulsion of salt (Krembs et
al., 2000). Indeed, as sea ice forms, salt is expelled from the ice crystals creating a pathway
for the brine to move. This process results in the formation of an intricate network of
channels that run through the ice (Paterson & Laybourn-Parry, 2012). Here, microbial life
including prokaryotes (bacteria and archaea), protists (e.g., nanoflagellates), phytoplankton
(microalgae), and viruses can proliferate (Arrigo et al., 2010; Deming & Eric Collins, 2017;
Mock & Thomas, 2005a). These organisms form the sympagic community (Brierley &
Thomas, 2002) and thrive in the portion of sea ice in direct contact with underlying seawater.
This peculiar sea ice layer is called brown ice and is the most biologically productive habitat
in Antarctic Sea ice. Here, as seawater flows through the ice channels, it transports suspended
or dissolved particles, nutrients, and other substances supporting the growth of sympagic
algal, prokaryotic, and microeukaryotic communities within the ice channels (Krembs et al.,
2000).

The sympagic algal communities can contribute up to 50% of the total primary production
during the beginning of austral summer (September-November) when algal biomass
accumulates in thick brown layers at the sea ice-water interface (Arrigo & Thomas, 2004a;
Mangoni et al., 2009; Saggiomo et al., 2017).

The oceans surrounding Antarctica also provide an important physical component of the
Antarctic region. The waters surrounding Antarctica are deep, reaching depths of 4,000 to
5,000 meters, and are a key component of the "ocean conveyor belt," a global system in

which water circulates the globe based on density and currents (Convey et al., 2014). Water



masses around and below Antarctic Sea ice are among the most inhospitable habitats for life,
especially during the winter months. Moreover, the high salinity hampers nutrient exchange
with the underlying water column (Golden et al., 1998, 2007). However, as spring arrives,
the situation shifts: rising temperatures and melting ice led to decreased salinity, allowing
for water column mixing and the upwelling of nutrients from deeper waters. This, coupled
with increased sunlight, results in heightened algal and microbial biomass in the water
column, peaking in early summer (Garrison et al., 2003; Mundy et al., 2011).

The interaction between sea ice and the seawater around and below the ice creates a crucial
habitat whose conditions significantly influence the Antarctica prokaryotic community
(Eicken, 1992b; Rivkin & Putt, 1987; Spindler et al., 1990). Indeed, in these peculiar
environments, thrive highly diversified and metabolically active prokaryotic communities
(Bluhm et al., n.d.; J. Bowman, 2013; J. S. Bowman et al., 2012; Martin et al., 2012; Mock
& Thomas, 2005b) which are involved in the biogeochemical cycles of elements playing a
key role in the re-mineralization of nutrients (Maranger et al., 1994a; Yager et al., 2001) and
in the transfer of the organic matter to higher trophic levels (Deming & Eric Collins, 2017).
The number and the taxonomic composition of prokaryotic communities living in the sea ice
and in the seawater around and below the ice can be influenced by environmental factors
(temperature, availability of trophic resources, and exposure to sunlight) as well as by the
interactions with other organisms, including grazers, algae, and viruses (Deming & Eric
Collins, 2017; Thomas & Dieckmann, 2002a). The prokaryotic assemblages in Antarctica
are dominated by members of the Proteobacteria and Bacteroidota phylum (Mock &
Thomas, 2005b). Among the Proteobacteria, the Colwelliaceae family has been extensively
found along the Dotson ice shelf, between the Martin Peninsula and the Bear Peninsula, and

along the Antarctic coasts (Fuentes et al., 2019), while members of the families



Pseudomonadaceae and Rhodobacteraceae are often associated with algal blooms in
Antarctica surface waters (Castro-Sowinski, 2019; Fuentes et al., 2019; Wagner-Dobler &
Biebl, 2006). Belonging to the Bacteroidota phylum, the Flavobacteraceae were observed
across various subregions of the Antarctic Ocean characterized by high phytoplanktonic
production with a potential role in the remineralization of algal biomass (Abell & Bowman,
2005; J. P. Bowman et al., 2000; Moore et al., 2001). Moreover, different adaptation
strategies to periods between melting and refreezing of ice have been observed in some taxa.
For example, members of the family Octadecabacter and Polaromonas have been found
capable of maintaining the bacterial cells at the surface probably to increase access to light
and nutrients suggesting an evolutionary response to the seasonal changes in sea ice (Boetius
et al., 2015a; Deming & Eric Collins, 2017). These adaptations and life strategies likely help
prokaryotes to survive and remain active despite the strong seasonality that characterizes

Antarctica.

Virus-host interactions in Antarctic Sea ice

Marine viruses are the main agents of prokaryotic mortality (Suttle, 2007). Bacteriophage
proliferation occurs predominantly through lytic or lysogenic infection. Lytic infection
results in the release of viral progeny into the surrounding environment following the lysis
of host cells, along with cellular debrides (Weinbauer, 2004a). As dissolved organic matter,
the cellular material released by viral lyses can be a source of labile carbon for the microbial
community (Danovaro et al., 2008). Temperate viruses, on the other side, can “choose” the
lysogenic cycle. Temperate viruses are able to integrate their viral DNA into the host's
genome and replicate alongside it, without inducing immediate cell lysis (Weinbauer,

2004a).



As main agents of microbial mortality, viruses can play a key role in shaping microbial
diversity. A well-known density-dependent hypothesis, the Kill-the-Winner (KtW)
hypothesis, states that the most abundant microbial taxa are more likely to be infected and
lysed by viruses (Breitbart et al., 2018; Suttle, 2007). As suggested by the KtW theory, a
high-microbe-density state is coupled with a high viral density, a high virus-to-microbe ratio
(VMR) and enhanced lytic infections that kill the numerically dominant taxa. This
mechanism can keep in check competitive dominants promoting the co-existence of less
competitive taxa, thus enhancing microbial community biodiversity (Breitbart et al., 2018).
Hence, marine viruses have a substantial influence on mortality, dynamics, diversity, and
element transfer through trophic levels (Chen et al., 2021). Moreover, another process
occurring in marine ecosystems is the microbial loop, a trophic pathway for carbon transfer
to higher trophic levels through the consumption of dissolved organic matter by prokaryotes,
which are then grazed by protists (Evans et al., 2021).

The abundance of viruses and microorganisms in Antarctic sea ice was around 3 times higher
than in the surrounding surface seawater (4.5+1.9x10% and 1.7 x 10° viruses mL!,
1.5£0.7 x 10° and 4 x 10° cells mL™! for viruses and prokaryotes, respectively; Rocchi et
al., 2022) with the significant presence of large viruses in the ice (>110-424 nm capsid
diameter; Gowing et al., 2002, 2003). In sea ice, faster microbial metabolism and higher
levels of microbial biomass promoted viral proliferation (Mock & Thomas, 2005b; Gowing
et al., 2002, 2003) with values ranging from 1.5x10° and 8.5 x10° viruses mlI"'h™! (Paterson
& Laybourn-Parry, 2012).

In sea ice, microbes with high metabolic activity have been observed (Brinkmeyer et al.,
2003; Cowie et al., 2014), likely thriving on dissolved and particulate organic substances

released by microalgae, such as transparent exopolymers (Riedel et al., 2006). Here,



sympagic viruses can proliferate by infecting their sympagic (prokaryotic or eukaryotic)
hosts (Zhong et al., 2020). Previous evidence showed that viral activity induces lysis on
prokaryotes even at temperatures below —20 °C in brines (Deming, 2009) and on protists as
well (Gowing, 2003b), resulting in the release of dissolved organic carbon in sea ice
environments (Boetius et al., 2015b).

As summer arrives and light duration and intensity increase, photosynthetic activity is
favored, leading to the growth and accumulation of phytoplankton and other microbial
components (Legendre et al., 1992) on the submerged side of the 10-20-cm-thick sea ice
layer (Rocchi et al., 2022b). Early summer marks the beginning of sea ice melting, releasing
the organic matter previously trapped in ice channels and the sympagic microorganisms into
the seawater. An increase in organic matter and nutrient concentration in the water column
leads to a surge in phytoplankton growth and grazing activity on new photosynthetic biomass
and on sympagic microorganisms (prokaryotes, microalgae, and protists) which become new
food sources for krill and pelagic organisms (Arrigo & Thomas, 2004a).

The lithic interaction between viruses and prokaryotes (and protists) in seawater has been
extensively studied in the past (Fuhrman, 1999; Weinbauer, 2004a). After viral lyses, the
release of organic material into the water column provides an important contribution to
uninfected prokaryotic metabolism promoting higher prokaryotic biomass (Danovaro et al.,
2011a). This process can divert the flow of organic carbon and nutrients from microbes to
higher trophic levels (the so-called “viral shunt”, Suttle et al., 2007, Chen et al., 2021).
Information on virus-induced host mortality (including prokaryotes and protists) and their
role in shaping host communities in sea ice and at the interface between seawater and sea ice
(Gowing, 2003b; Gowing et al., 2002) is still scarce. Temporal and spatial investigations in

Antarctic sea-ice are needed to better understand the role of viruses in these extreme systems.



Global warming and its impact on Antarctic ecosystems

In the Fifth Report (2013), the Intergovernmental Panel on Climate Change (IPCC) stated:
“It was found the human activity’s influence on the rise in atmospheric and ocean
temperatures, a change in the global hydrological cycle, a decrease in snow and of ice, on
the rise of the average global sea level, and on some extreme climatic phenomena |...]. It is
extremely probable that human influence has been the main cause of the warming observed
since the mid-20th century” (Evseeva et al., 2021).

Rising temperatures and changing ocean currents have resulted in accelerated ice melting,
which has important implications for the carbon cycle and the stability of Antarctic ice
shelves (Adusumilli et al., 2020; Hellmer et al., 2017; Rignot et al., 2013).

An average temperature increase of >0.05°C per decade has occurred across Antarctica since
1957, although not uniformly (Steig et al., 2009). While West Antarctica warmed by >0.1 °C
per decade from the 1950s to the 2000s, the colder and more stable East Antarctica had been
experiencing cooling until the 2000s (Clem et al., 2020).

The Southern Ocean around Antarctica has absorbed more heat than any other ocean
(Bourgeois et al., 2022a), with particularly strong warming at depths below 2,000 m (Garner
et al., 2022) and around the West Antarctic, which has warmed by 1 °C since 1955

(Discovering  Antarctica, 2022, URL: https://discoveringantarctica.org.uk/climate-

change/impacts-of-climate-change/). This is due to the presence of the wind-driven Antarctic

Circumpolar Current that creates a residual overturning circulation, consisting of an
upwelling of circumpolar deep waters around the Polar Front, a residual northward transport,
and eventual subduction under subtropical waters (Bourgeois et al., 2022b). In particular, the

upwelled water mass is cold and undersaturated with respect to anthropogenic-derived CO»,
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enabling it to effectively absorb significant quantities of atmospheric excess heat and
anthropogenic carbon (Tjiputra et al., 2010).

According to Bourgeois (et al., 2022b), from 1850 to 2005, the area between 30°S and 55°S
accounted for 27% of the worldwide uptake of anthropogenic carbon and 50% of the ocean's
excess heat, despite comprising just 21% of the total global ocean area.

In particular, over the last 50 years, there has been a significant decrease in sea-ice
distributions and extent in the Bellingshausen-Amundsen sector, while there has been a net
increase in the Ross Sea sector (Comiso et al., 2011). These findings suggest that the duration
of ice-free days on the Ross Sea continental shelf has decreased by more than 2 months over
the past three decades (Stammerjohn et al., 2012).

Nonetheless, projections for future regional air temperature changes indicate a substantial
warming trend in the Ross Sea sector over the next century (Bracegirdle & Stephenson,
2012). In fact, since the recorded peak in September 2007, there has been an overall, but
uneven, reduction in sea ice coverage, leading to a record low in February 2017, followed
by some recovery the next year (Parkinson, 2019).

Large amounts of meltwater entering the ocean reduces the salinity (Heinrich, 1988), and
release organic carbon (Krembs et al., 2002) and microorganisms in the water column
(Maranger et al., 1994b; Thomas & Dieckmann, 2002b).

This process can have direct or indirect impacts on the prokaryotic metabolism.

An increase in temperature and organic matter might stimulate prokaryotic metabolism
leading to an increase in cellular respiration with the release of CO2 (Wadham et al., 2019).
Indirect impacts can be seen in the fertilization of downstream ecosystems, either through
the release of nutrient-rich glacial meltwaters or through subglacial meltwater-induced

upwelling of nutrient-rich marine water at tidewater glacier margins (Cape et al., 2019).



Glacially induced Ocean fertilization might lead to significant CO» drawdown by
phytoplankton, thereby enhancing the biological pump (Death et al., 2014).

As viral replication and life cycle are connected to host metabolism (Zhang et al., 2020),
temperature rises are expected to impact the dynamics between viruses and their hosts
(Mojica & Brussaard, 2014). For example, as the growth rate of prokaryotes accelerates, the
duration of the lytic cycle shortens and the burst size increases, potentially leading to higher
levels of virus production (Hadas et al., 1997; Proctor et al., 1993). Moreover, higher
temperatures are likely to enhance the rate of contact between viruses and hosts (Murray &
Jackson, 1992), potentially leading to increased infection rates. Danovaro et al., 2011
reported that in cold water systems, higher rates of viral production were associated with
warmer temperatures.

Together with organic matter and microorganisms, sympagic viruses can be released into the
seawater in order to understand the impact and the potential infection rates of sympagic
viruses once they are released into the water column, it is essential to monitor their
abundance and virus-host dynamics in the sea ice, polar waters, and at the interface between
sea ice and seawater (Ibarbalz et al., 2019; Lopez-Simon et al., 2023).

May these microorganisms released by Antarctic ice affect the dynamic and the interaction
of the microbial community in the water column?

To shed light on this unanswered question, we investigated sea ice collected from the Ross
Sea Ice Shelf, seawater samples from the Ross Sea, and samples at the ice-water interface to
quantify and discriminate the impact of viruses on prokaryotes, microalgae, and protozoa.
Moreover, to improve our understanding of virus-host dynamics in the investigated systems

(sea ice, seawater, and ice-water interface) in a future climate-changing scenario, we



conducted a time-course experiment simulating an increase of temperature of +3°C

according to RCP 4.5 (Representative Concentration Pathway 4.5) emission scenario.
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OBJECTIVES

The main objective of this thesis is to assess whether sea ice melting due to global warming
can influence virus-host interactions in Antarctic seawater and microbial assemblage
composition with potential implications on Antarctic biodiversity and food web functioning.
In particular, through a time-course experiment conducted on board the Laura Bassi
oceanographic vessel in two different sites of the Ross Sea, we simulated the melting of sea
ice in a future scenario of temperature increase (AT + 2.5°C) as predicted by IPPC for 2100,
to assess:

Viral and prokaryotic abundance, viral production, and infection rates before ice melting in
seawater and sea ice, and after ice melting in seawater.

Taxonomic composition of prokaryotic communities before ice melting in seawater and sea

ice, and after ice melting in seawater.
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MATERIALS AND METHODS

Study area and sample collection

Samples were collected in the western part of the Ross Sea (Antarctica, 72-74°S; 174-175°E)
during austral summer 2022, between January and February, on board the research vessel
Laura Bassi in the framework of the “GIAnt Viruses in Antarctic Ecosystems” (GIAVA)
project.

In the Ross Sea (Fig.1), the bathymetry and topography, including the north-northwest
oriented deep and narrow basins (such as Glomar-Challenger Basin, JOIDES Basin, and
Drygalski Basin), as well as shallow banks (such as Ross Bank, Pennell Bank, and Crary
Bank), were formed by the advancing ice sheet during the glacial periods (Ha et al., 2023).

Seawater samples were collected in the northern part of the JOIDES Basin (74°01.8940°S
175°06.4461°E), an NE-SW oriented basin separated into two parts by a sill (Melis & Salvi,
2009). Sea ice samples were collected in the northern part of the Drygalski Basin
(72°20.1162"' S 172°43.1526' E) located in the western Ross Sea which also includes the
deepest area on the Ross Sea continental shelf (Ha et al., 2023). It can reach depths exceeding
1000 meters and contains water near the freezing point with a salinity greater than 34.8

(Gordon et al., 2004).
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175.000 -175.000

Figure 1. Sampling area in the Ross Sea. Seawater samples were collected in the northern part of the JOIDES
basin (74°01.8940'S 175°06.4461'E; in green); sea ice samples were collected in the northern part of the

Drygalski Basin (72°20.1162'S 172°43.1526'E, in red).

Experimental design

To study the impact of global warming on virus-host dynamics occurring in sea ice, seawater,
and at the interface between sea ice and seawater, we conducted a time-course experiment
in seawater samples simulating sea ice melting with an increase in temperature of +3°C.

In detail, the experimental setup consisted of 5 treatments:

Treatment A: 500g of sea ice;

Treatment B: 250 ml of seawater and 250 ml of virus-free seawater (ratio 1:1);

13



Treatment C: 250 ml of seawater and 250 g of ice;

Treatment D: 250 ml of seawater and 250 ml of ice melted and filtered at 0.2 pum;
Treatment E: 250 ml of seawater and 250 ml of ice melted and filtered at 0.02 um.

For each treatment, three independent replicates were incubated at 2.4°C considering an
increase in temperature of +2.5°C starting from an in situ temperature of -0.56°C for surface
water. All the samples were stored at -20°C immediately after the beginning of the

experiment and after 3h, 6h, 12h, and 24h.

Prokaryotic abundance and biomass

Total prokaryotic counts were performed using the SYBR Green I direct count procedure
(Danovaro, 2009) adapting the procedure to ice samples.

Materials were sterilized in order to avoid transcontamination.

Sea ice and seawater samples were incubated for 15min with 0.02 pm pre-filtered
tetrasodium pyrophosphate solution (final concentration, 5 mM), then properly diluted
before filtration onto 0.2 wm pore-size Whatman Nuclepore Track - Etched Membrane
polycarbonate black filters (WHA110656). Filters were then stained with 20 ul of SYBR
Green [ (S7563) (10000x stock) diluted 1:20 in pre-filtered TE buffer (pH 7.5), with excess
stain removed 3 times using 3 ml of Milli-Q water and mounted onto microscope slides. At
least 20 microscope fields and 400 cells per filter were counted randomly using
epifluorescence microscopy (Zeiss Axioskop 2MOT, magnification x 1,000) under blue light
(A 498nm). For the determination of the prokaryotic biomass, prokaryotic size was converted
into bio-volume following inter-calibration with Scanning Electron Microscope (SEM)
based size determinations and converted into carbon content assuming 310 fgC pm

(Danovaro, 2009), in line with previous studies (Rastelli et al., 2016).
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Viral abundance, production and viral decay

For this procedure, we follow the protocol presented in “Methods for the study of deep-sea
sediments, their functioning and biodiversity” by Roberto Danovaro (2009) adapting the
procedure to ice samples.

Sea ice and seawater samples were incubated for 15min with 0.02 pm pre-filtered
tetrasodium pyrophosphate solution (final concentration, 5 mM), centrifuged at 800 x g
speed for 1 min and then properly diluted before filtration onto 0.02-pum-pore-size Al>O3
filters (Anodisc; diameter 25 mm). The filters were stained with 100 ul of SYBR Gold 2x
(S11494) diluting stock solution with 0.02-um pre-filtered TE buffer: 10 mM Tris-HCI, 1
mM EDTA). Filters were incubated in the dark for 20 minutes, rinsed three times with 3 ml
of 0.02-um pre-filtered Milli-Q water, dried under a laminar flow hood, and then mounted
on glass slides with 20 pl of antifade solution (50% phosphate buffer pH 7.8, 50% glycerol,
0.5% ascorbic acid). Viral counts were obtained by EFM under blue light (A 495nm) (Zeiss
Axioskop 2MOT, magnification % 1,000) examining at least 20 fields per slide, and at least
400 viral particles per filter. Average viral production rates were determined from linear
regression analyses of the increase of viral abundances over time (Dell’Anno et al., 2009),
and data were normalized to the volume of sample filtered.

The percentage contribution of viral decay was calculated as the ratio between average viral
decay and gross viral production where the average viral decay was determined from linear
regression analyses of the decrease of viral abundance over time (6 h after the beginning of
the experiment) and the gross viral production was calculated as the sum of average viral

production and average viral decay (Corinaldesi et al., 2010).
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Burst size and viral-induced prokaryotic mortality (VIPM)

Prokaryotic burst size (number of viruses released by cell lysis due to viral infection, BS)
was derived from the literature using the equation: BS = 30.2+261.4x cell volume, expressed
as pm? cell’'; (Weinbauer & Hofle, 1998).

VIPM was calculated as follows: VIPM (% d!') = (AVP / BS)/ PA x 100 x 24h, where AVP
is the average viral production expressed as the number of viruses produced per milliliter of
seawater (or ice) per hour, BS is the burst size, PA is the prokaryotic abundance at the

beginning of the experiment (Danovaro et al., 2016; Manea et al., 2019).

Total DNA extraction

DNA extraction was performed on sea ice and seawater samples at the beginning (T0), when
the peak of viral production was reached (i.e. generally 6h after the beginning of the
experiment), and at the end of the experiment (after 24 h).

Total DNA was extracted and purified using the DNeasy PowerWater Kit (QIAGEN)
following manufacturer instructions. The melted ice and water samples (around 25ml of
sample) were filtered onto 0.22 pm filters with a 47mm diameter (Advantec MFS mixed
Cellulose Ester Membrane, A020H047A). Using two sets of sterile forceps, the filter
membrane was inserted into a 5 ml PowerWater Bead Pro tube where 1 ml of PW1 solution
was subsequently added (the solution PW 1 must be warmed to 55°C for 5—-10 min to dissolve
precipitates before the use and it should be used while still warm). The tube was then warmed
to 65° for 10 minutes and then secured horizontally to a Vortex adapter set to maximum
speed for 10 minutes. After that, the tube was centrifuged at 4000 x g for 1 min.

The supernatant then was transferred to a clean 2 ml collection tube and centrifuged at 13,000

x g for 1 min. Avoiding the pellet, the supernatant was transferred to another clean 2 ml
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collection tube where 200 pl of solution IRS was added. The tube was vortexed briefly to
mix the solution and then incubated at 2—8°C for 5 min in ice. After the incubation, the tube
was centrifuged at 13,000 x g for 1 min. Avoiding the pellet, the supernatant was then
transferred to a clean 2 ml collection tube where later 650 pl of Solution PW3 (if Solution
PW3 has precipitate, heat to 55°C for 5-10 min to dissolve precipitate) was added and then
the tube was vortexed briefly to mix. 650 pl of supernatant were loaded onto an MB Spin
Column that was centrifuged at 13,000 x g for 1 min where then the flow-through was
discarded. This step was repeated until all the supernatants had been processed. The
supernatant was loaded onto the MB Spin Column Filter was placed into a clean 2 ml
collection tube where 650 pul of Solution PW4 was added. The tubes were centrifuged at
13,000 x g for 1 min. After discarding the flow-through, 650 pul of ethanol was added to the
tube and then centrifuged at 13,000 x g for 1 min. The flow-through was again discarded and
the tubes were recentrifuged at 13,000 x g for 2 min and then left opened. At the end the MB
Spin Column was placed into a clean 2 ml collection tube where 50 pul of Solution EB were
added to the center of the white filter membrane. The tube was then centrifuged at 13,000 x
g for 1 min, the MB Spin Column was discarded, and the DNA was then ready for
downstream applications and kept in a cold room at 20 degrees.

DNA quantification was carried out via readings on Qubit fluorometers.

Sequencing of 16S rRNA and bioinformatic analysis

For the analysis of prokaryotic diversity, the 16S RNA gene was amplified using the primer
set S515F-Y (5'-GTGYCAGCMGCCGCGGTAA) and 926R (5-

CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016). The PCR amplification of the 16S
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RNA gene conditions were as follows 95°C for 3 min; 35 cycles of 95°C for 45 s, 50°C for
45 s, and 68°C for 90s; 68°C for 5 min, and then a 4°C hold.

The amplicons were sequenced on Illumina MiSeq platform and the paired-end sequences
were subsequently analyzed through the DADA?2 procedure within QIIME2 (Bolyen et al.,
2019) to infer biologically significant Amplicon Sequence Variants (ASVs). The reference
sequences were trimmed to the region amplified by the primers and the resulting ASVs were
compared against the SILVA 16S database (v138; Quast et al., 2012) or taxonomic affiliation
using the VSEARCH-based inference plugin within QIIME2 (Bolyen et al., 2019).

Before the computation of alpha- and beta-diversity indices, the ASV table was filtered to
taxa seen at least two times in at least 5% of samples using the phyloseq package (McMurdie
& Holmes, 2013) within RStudio software (v 4.2.0).

The microeco package (Liu et al., 2021) within RStudio software (v 4.2.0) was used to
remove chloroplast- and mitochondrion-affiliated sequences. The main alpha-diversity
indices (i.e., ASVs Observed, Shannon index and Pielou Index) were calculated through the
microbiome package (Lahti et al., 2017; RStudio software v 4.2.0). Taxonomic inference of
ASVs was carried out using phyloseq package (McMurdie & Holmes, 2013; RStudio
software v 4.2.0) on the rarefied table to obtain a view of the assemblage structure at the
phylum and family level considering those taxa whose contributions were >0.5% to the
whole assemblage and merging the remaining taxa into a single “Others” group. Unknown

families were grouped at the lowest taxonomic level known.

Statistical analyses
Differences in the investigated variables (between controls and the treatments) were

investigated  through  permutational analyses of variance (PERMANOVA;
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PRIMER+PERMANOVA 6+ stare; M. Anderson, 2008; M. J. Anderson, 2001) with 9999
permutations considering: “Treatments” (n=6 fixed levels: Ctrl Ice, Ctrl SW, Tr A, Tr B,
Tr C, Tr_D, Tr_E). Pairwise tests were also carried out to ascertain patterns of differences
among controls and treatments when the main test displayed significant results.

Analysis of variance (ADONIS2 test with 9999 permutations) was carried out within the
vegan package (K. R. Clarke, 1993; Warton et al., 2012) (RStudio software v 4.2.0) using
the distance matrix based on the Bray-Curtis to look for significant differences between the
microbial assemblages found within controls and treatments and the three investigated times
of the time-course experiment.

Differential abundance analyses were performed with the ANCOM-BC procedure (Dixon,
2003; Lin & Peddada, 2020; Nearing et al., 2022) at the genus level on the non-rarefied table
to identify differentially abundant taxa between the investigated times (i.e. TO vs T6h vs

T24h).
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RESULTS

1. Prokaryotic abundance and biomass
1.1. Prokaryotic abundance

Prokaryotic abundance showed values 1.79 times higher in sea ice (on average 8,25 x 10° +
9,64 x 10* Cells ml™!) than in seawater samples (on average 4.60 x 103 = 1.70 x 10%
PERMANOVA, p<0.001; Fig. 2). At the beginning of the experiment (sampling time T0),
no significant differences were observed between samples incubated at in situ temperature
and samples incubated at AT +2.5°C (8.06 x 10° + 2.54 x 10* Cells ml"!' and 4.01 x 10° +
3.34 x 10° Cells ml™! for sea ice and seawater at AT +2.5°C, respectively). Mixing sea water
and sea ice (treatment C), prokaryotic abundance displayed values lower than sea ice
(PERMANOVA, p<0.01) and higher than seawater (PERMANOVA, p<0.05). Treatments D
and E showed the lowest values (2.61 x10° = 4.29 x10* and 2.51 x10° = 1.90 x10* Cells ml

! for D and E, respectively).

Prokaryotic Abundance
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B T in situ (-0.5°C) AT +2.5°C

Figure 2. Prokaryotic abundance in seawater and sea ice at in situ temperature (in blue) and sea ice, seawater,

sea ice mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um
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filtered sea ice incubated at AT +2.5°C (in yellow). Prokaryotic abundance of different treatments in y-axis is

expressed in cells ml!. Reported are average values and standard deviations.

1.2. Prokaryotic biomass

Prokaryotic biomass (Fig.3) displayed patterns similar to prokaryotic abundance, with higher
values in sea ice than seawater and no significant differences between samples incubated at
in situ temperature (8.75 x 107 +1.07 x10 pgC ml™! for sea ice and 6.76 x 10 £ 1.54x10
3 ugC ml! for seawater) and samples incubated at AT +2.5°C (8.81 x 10 £ 5.79 x10™* ugC
ml! for sea ice and 4,19 x 10° =+ 3,74 x10* pgC ml"' for seawater). As observed for
prokaryotic abundance, treatment C showed lower values than sea ice and higher values than
seawater, while treatment D and E displayed the lowest values showing no significant
differences (2.71 x107° + 4.46 x10* ugC ml™! and 2.60 x10 + 1.97 x10™* ugC ml™! for D and

E, respectively).

Prokaryotic Biomass
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B Tinsitu (-0.5°C) m AT +2.5°C

Figure 3. Prokaryotic biomass in seawater and sea ice at in situ temperature (in blue) and sea ice, seawater,

sea ice mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um
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filtered sea ice incubated at AT +2.5°C (in yellow). Prokaryotic biomass of different treatments in y-axis is

expressed in ugC ml'. Reported are average values and standard deviations.

1. Viral abundance, production and viral decay
1.1.  Viral abundance

Viral abundance showed the highest values in sea ice (both at in situ temperature and at AT
+2.5°C; on average 1.07 x10° + 5.54 x10* viruses ml''; Fig.4). At sampling time TO0, viral
abundance didn’t differ between samples at natural conditions and their respective
treatments. Viruses observed in treatment C (sea ice and seawater together, 8.79 x10° £ 2.97
x10* viruses ml") showed lower values compared to sea ice, but higher values than seawater.
Treatments D and E showed lower values compared to treatments A, B, and C (3.65 x10° +

5.50 x10° and 3.45 x10° £ 1.39 x10* viruses ml"! for treatments D and E, respectively;

PERMANOVA, p<0.05).
Viral Abundance
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Figure 4. Viral abundance in seawater and sea ice at in situ temperature (in blue) and sea ice, seawater, sea ice

mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um filtered

22



sea ice incubated at AT +2.5°C (in yellow). Viral abundance of different treatments in y-axis is expressed in

viruses ml'. Reported are average values and standard deviations.

2.2.  Viral production
Viral production (Fig.5) in sea ice incubated at in situ temperature showed higher values than
seawater at in situ conditions (PERMANOVA, p<0.001). All the samples (both sea ice and
seawater) incubated at AT +2.5°C displayed lower values of viral production compared to
samples incubated at in situ temperature (PERMANOVA, p<0.001). In detail, viral
production in sea ice showed values 4 times higher at in sifu temperature than in samples
incubated at AT +2.5°C (2.75 x10° + 1.87 x10* and 7.00 x10*+ 6.58 x10> viruses ml"' h!
for sea ice at in situ and AT +2.5°C temperature, respectively; PERMANOVA, p<0.001),
while in seawater samples viral production was 1.8 times lower at AT +2.5°C (1.90 x10° +
1.00 x10* and 1.07 x10° £ 9.98 x10* viruses ml"! h'! for sea ice at in situ and AT +2.5°C
temperature, respectively; PERMANOVA, p<0.001). Sea ice and seawater samples showed
no significant differences from treatment C; values observed in treatment E showed no

significant differences with seawater incubated at higher temperature (AT +2.5°C).
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Figure 5. Viral production in seawater and sea ice at in situ temperature (in blue) and sea ice, seawater, sea ice
mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um filtered
sea ice incubated at AT +2.5°C (in yellow). Viral production of different treatments in y-axis is expressed in

viruses ml"' h'. Reported are average values and standard deviations.

2.3.  Percentage contribution of viral decay
The percentage contribution of viral decay (Fig. 6) displayed significantly lower values in
the sea ice compared to the seawater at in situ temperature (PERMANOVA, p<0.01).
Significant differences were observed between sea ice incubated at AT +2.5°C (33.45 £3.85
%) and sea ice at in situ temperature (20.80 +4.26 %), as well as in seawater samples (36.22
+ 5.88 % and 23.18 + 4.30 % at in situ temperature and at AT +2.5°C, respectively).

Treatment C (30.32 + 4.90 %) showed no significant difference with all treatments D and E.
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Percentage Contribution of Viral Decay to Gross Viral
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Figure 6. Percentage contribution of viral decay to gross viral production in seawater and sea ice at in situ
temperature (in blue) and sea ice, seawater, sea ice mixed with seawater, sea water mixed with 0.2 um filtered
sea ice and seawater mixed with 0.02 um filtered sea ice incubated at AT +2.5°C (in yellow). Percentage
contribution of viral decay of different treatments in y-axis is expressed in %. Reported are average values and

standard deviations.

3. Viral-induced prokaryote mortality (VIPM)

Virus-induced prokaryote mortality (VIPM; Fig. 7) was lower in sea ice samples than in
seawater at in situ temperature (PERMANOVA, p<0.05; Fig. 4). VIPM values 3.9 and 1.5
times lower were observed in both sea ice and seawater samples incubated at AT +2.5°C
(3.31+£0.21 % d ' and 10.23 £ 1.54 % d’! for sea ice and seawater at AT +2.5°C, respectively)
compared to in situ conditions (12.81 £ 0.92 % d! and 15.79 + 0.96 % d! for sea ice and
seawater at in situ temperature, respectively; PERMANOVA, p<0.01).

Sea ice and seawater mixed (treatment C, 6.22 + 1.45 % d!) significantly differed from both

sea ice and seawater incubated at higher temperatures. Treatment D (17.21 + 1.68 % d™) did

25



not significantly differ from the seawater incubated at in sifu temperature but differed

significantly from treatment E (11.57 +2.02 % d™).

Virus Induced Prokaryotic Mortality

22.50

15.00

% d!
—
—

7.50 I
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Ice SW SW :ice SW :ice 0.2 SW :ice 0.02

A B C D E

E T in situ (-0.5°C) AT +2.5°C

Figure 7. Viral induced prokaryotic mortality in seawater and sea ice at in situ temperature (in blue) and sea
ice, seawater, sea ice mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed
with 0.02 um filtered sea ice incubated at AT +2.5°C (in yellow). Viral induced prokaryotic mortality of

different treatments in y-axis is expressed in % d”. Reported are average values and standard deviations.

4. Prokaryotic diversity based on 16S rRNA sequencing

After ASVs rarefaction, total ASVs were assigned to 12 phyla, 17 classes, 42 orders, 81
families, 129 genera in all the samples.

The observed ASVs and the Shannon index (calculated at the beginning of the time-course
experiment) in sea ice and seawater samples incubated at in situ temperature displayed a
similar pattern with higher values in sea ice samples (PERMANOVA, p<0.001, Figure 8).
Comparing sea ice samples, Observed ASVs, and Shannon index displayed lower values in
ice samples incubated at AT +2.5°C than those observed in natural conditions

(PERMANOVA, p<0.001), while no differences were found in seawater samples in the two
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temperature conditions. When sea ice and seawater were mixed together (treatment C),
values 1.3 and 1.4 times higher than sea ice and seawater incubated at the same temperature
were observed for the Observed ASVs and the Shannon index, respectively (PERMANOVA,
p<0.05). Significant differences were observed between treatments C and D, as well as

between treatments C and E (PERMANOVA, p<0.05).

a Observed ASVs b Shannon Index
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Figure 8. a-diversity indexes in seawater and sea ice at in situ temperature (in blue) and sea ice, seawater ice
mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um filtered
sea ice, each incubated at AT +2.5°C (in yellow). The plots show the Observed ASVs (a) and the Shannon Index
(b) in the different treatments.

At the beginning of the experiment, Proteobacteria represented the most abundant phylum
in all samples contributing 49-87.6% to all prokaryotic taxa, followed by Bacteroidota (11.8-
36.7%). At family level (Fig. 9), seawater samples (both unfiltered, treatment B, and filtered,
treatment D and E) were dominated by members of the Clade-I group (phylum
Proteobacteria) contributing on average to 22.4% in B, 26.7% in E and 20.9% in D, while
the Rhodobacteraceae (phylum Proteobacteria) and Flavobacteriaceae (phylum
Bacteroidota) were the most abundant taxa in sea ice samples (on average 18.8% all of

prokaryotic sequences).
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Figure 9. Taxonomic structure of the prokaryotic assemblages. The taxonomic structure is facet into: seawater and sea ice at in situ temperature and sea ice, seawater

ice mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed with 0.02 um filtered sea ice, each incubated at AT +2.5°C. Taxa are

represented at family level.
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Comparing taxa changing in their relative abundance during the time-course experiment in
sea ice samples incubated at in situ temperature (Fig. 10), we observed that members of the
Kangiellaceae displayed a general decrease over time (from 11% at the beginning of the
experiment to 9.3% after 24h; ANCOM, p<0.05). Among taxa showing a significant increase
in sea ice samples at in situ temperature during the experiment, members of the
Acinetobacter and Polaribacter genus changed in their relative abundance from 2.7% to
16.3% and from 3.3% to 6.3% of all prokaryotic sequences (ANCOM, p<0.05; Fig. 10a—
10c).

Considering taxa changing in their relative abundance in sea ice samples incubated at AT
+2.5°C (Fig. 10), Rhodobacteraceae and Polaribacter reached minimum values after 6h
from the beginning of the experiment (from 24.3% and 7% to 16.7 and 4.7% for
Rhodobacteraceae and Polaribacter, respectively; ANCOM, p<0.05), while members of the
Psychroserpens and Psychroflexus reached maximum values after 6h and 24h, respectively
(from 5.3% to 6% and 3.7% and 6.3% Psychroserpens and Psychroflexus, respectively

ANCOM, p<0.05; Fig 10d-105).
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Figure 10. Pie chart of the percentage of abundance of the five most abundant genera in sea ice samples
incubated at in situ temperature (upper panel) and at AT +2.5°C (bottom panel) at sampling time tOh (a,
d), toh (b, e) and t24h (c, f).

In seawater samples incubated at in situ temperature (Fig. 11a-11¢), members belonging to
the Clade Ia and the Nitrincolaceae drop dramatically from 20.7% and 16% at the beginning
of the experiment to 2% and 6% after 24h, respectively.

Members of the Clade Ia and the Nitrincolaceae exhibited the highest relative abundance in
seawater samples incubated at AT +2.5°C (Fig. 11d-11f) and in treatment D (Fig. 12d-12f)

after 6 hours from the beginning of the experiment (ANCOM, p<0.05), while ASVs
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associated with the SAR92 Clade reached their lowest values at 6 hours in seawater samples
and the highest values at 6h in treatment D (ANCOM, p<0.05).
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Figure 11. Pie chart of the percentage of abundance of the five most abundant genera in seawater samples
incubated at in situ temperature (upper panel) and at AT +2.5°C (bottom panel) at sampling time tOh (a, d),

t6h (b, e) and t24h (c, f).

When incubated sea ice and seawater together at AT +2.5°C (treatment C; Fig. 12a-12c¢),
members of the Rhodobacteraceae group reached their maximum values of relative
abundance at 6 hours, while Nitrincolaceae and Clade la decreased over time (ANCOM,

p<0.05). In treatment E, no significant differences were found in Clade Ia during the
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experiment, while the Nitrincolaceae were more abundant after 24h (ANCOM, p<0.05; Fig.

12g-12i).
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Figure 12. Pie chart of the percentage of abundance of the five most abundant genera in seawater samples

incubated at in situ temperature (upper panel) and at AT +2.5°C (bottom panel) at sampling time tOh (a, d),

t6h (b, e) and t24h (c, f).
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Prokaryotic assemblages found in sea ice samples clustered separately from those observed
in seawater samples in both in situ and warmer temperature conditions (PERMANOVA,
p<0.01; Fig.13). Both sea ice and seawater samples incubated at AT +2.5°C displayed
significant differences in prokaryotic assemblages when compared to sea ice and seawater
samples incubated at in situ temperature (PERMANOVA, p<0.01). Prokaryotic assemblages
observed in sea ice and seawater mixture (treatment C) showed significant differences with
sea ice and seawater incubated at warmer temperature conditions (PERMANOVA, p<0.01).
When the sea ice was filtered at 0.2 um (treatment D) and 0.02 pm (treatment E) and mixed
with seawater, no significant differences were observed in the prokaryotic assemblages
between these treatments or in comparison with the seawater samples incubated at in situ

temperature.
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Figure 13. PCoA plot representing inter-sample distances between seawater and sea ice at in situ temperature
and sea ice, seawater ice mixed with seawater, sea water mixed with 0.2 um filtered sea ice and seawater mixed
with 0.02 um filtered sea ice, each incubated at AT +2.5°C (treatment A, B, C, D and E, respectively). Inter-

sample distances were calculated with Bray-Curtis distance.

The analyses of ASVs showed that 26.9% of all ASVs were shared among sea ice and
seawater incubated at natural conditions (T -0.5°C; Fig. 14a). The ASVs shared between sea
ice and seawater samples were affiliated to 18 genera. ASVs affiliated to the Acinetobacter
accounted for 17.4% of all shared ASVs, followed by Rhodobacteraceae and Sulfitobacter

(Fig. 14b).
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incubated at in situ temperature; a) The Venn plots show the percentage of ASVs on the total number of ASVs
found within sea ice and seawater samples; b) taxonomic structure of ASVs shared between sea ice and

seawater samples at genus level.

The analyses of ASVs showed that 42.3% of all ASVs were shared among sea ice and

seawater incubated at AT +2.5°C (Fig. 15a). The ASVs shared between sea ice and seawater
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samples were affiliated to 16 genera. ASVs affiliated to the Polaribacter accounted for the

13% of all shared ASVs, followed by Rhodobacteraceae and Sulfitobacter (Fig. 15b).
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Figure 15. ASV exclusivity analysis on the whole prokaryotic assemblage within sea ice and seawater samples
incubated at AT +2.5°C; a) The Venn plots show the percentage of ASVs on the total number of ASVs found
within sea ice and seawater samples; b) taxonomic structure of ASVs shared between sea ice and seawater

samples at genus level.
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The analyses of ASVs showed that 38.3% of all ASVs were shared among sea ice, seawater
and sea water mixed with sea ice incubated at AT +2.5°C (Fig. 16a). The ASVs shared
between sea ice, seawater and sea water mixed with sea ice samples were affiliated to 16
genera. ASVs affiliated to the Polaribacter accounted for the 15% of all shared ASVs,

followed by Rhodobacteraceae and Sulfitobacter (Fig. 16b).
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between sea ice and seawater samples at genus level.
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Redundancy analysis (RDA) was performed to identify whether temperature and/or viral
abundance modulated the prokaryotic community structure (Figure 13). Viral abundance was
the strongest driver of the community composition (p<0.001) followed by temperature
(p<0.001). The direction and the length of the arrow indicate a strong positive correlation
between viral abundance (p<0.001) in sea ice samples and sea ice and seawater mixture
incubated at AT +2.5°C, but also a positive correlation with temperature (p<0.001). Sea
water mixed with 0.2 um filtered sea ice (treatment D) and sea water mixed with 0.02 um
filtered sea ice (treatment E) were negatively correlated with viral abundance (p<0.001).
Taxa belonging to the genera Kangiellaceae, Enhydrobacterwere and Lutibacter were more
relevant in sea ice samples incubated at in situ temperature and were positively correlated

with increasing viral number, while members of the Nitrincolaceae, Clade-Ia and
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SAR92 Clade were present in high abundance in seawater samples incubated at AT +2.5°C

and in treatment D and E showing a negative correlation with viral.
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Figure 17. Redundancy analyses (RDA) of prokaryotic communities in the investigated sea ice and seawater
samples. The plot was generated using Bray-Curtis distance matrix with 9999 permutations. Each point
represents prokaryotic communities found in each sample group. Vectors represent temperature and viral
abundance, the direction of the arrows indicates the direction of maximum change of the variables and its

length is proportional to the rate of change.
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DISCUSSION

Sea ice provides a habitat suitable for the proliferation of microbial communities and their
viruses (Deming, 2009; Deming & Eric Collins, 2017), therefore ice melting, due to
climate changes, is expected to cause a release of biological components that live in sea
ice, including viruses (Arrigo & Thomas, 2004b). Although Antarctic ecosystems are
considered among those most impacted by climate changes (Rintoul et al., 2018),
information on how microbial assemblages and virus-prokaryote dynamics could change in
a global warming scenario is very limited. Nonetheless, this information is crucial to
predict potential effects on biodiversity and Antarctic food-web functioning since there is
evidence that the viral shunt (i.e., deviation of organic matter from higher trophic levels to
the POM and DOM pools mediated by viral infections of marine organisms; (Carlson &
Hansell, 2015) can have multiple implications on biogeochemical cycles and nutrient
regeneration, on biodiversity patterns and global climate changes (Danovaro et al., 2011b).
Previous studies reported that the interaction between viruses and prokaryotes and/or
protists in sea ice may determine the release of organic matter into the water column,
promoting the growth of other prokaryotes (microbial loop) and enhancing grazing by
higher trophic levels (microbial loop and microbial food webs) (Boras et al., 2010;
Maranger et al., 2015).

Our study, conducted on the western part of the Ross Sea, aimed to investigate the effects
of ice melting due to global warming on the interactions between planktonic and sympagic
viruses and prokaryotes, and prokaryotic diversity. To do this, we carried out an
experiment simulating ice melting due to a temperature increase of 2.5°C as predicted by

IPCC for 2100 (Rasmussen et al., 2018), and we assessed the implications on prokaryotic
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abundance and biomass, viral abundance, production and infection, as well as on the
composition of prokaryotic assemblages in seawater.

First, we found that viral and prokaryotic abundances and prokaryote biomass were higher
in sea ice samples than in seawater. This is in line with the pattern described by Rocchi et
al., 2022b, which reported viral and prokaryotic abundances in Antarctic Sea ice ca. 3 times
higher than in the surrounding surface seawater.

The highest microbial abundances in the Antarctic sea ice can be explained by the great
availability of trophic resources for heterotrophic bacteria living in this habitat. Several
studies have highlighted, indeed, the high biomass of sympagic algae (Arrigo, 2014; Arrigo
et al., 1997), which produce organic matter via photosynthesis and essential nutrients for
prokaryotes, thus promoting their growth. Furthermore, the resulting release of organic
debris due to microalgae death enriches the nutrient pool available to prokaryotes (Arrigo,
2014; Arrigo et al., 1997).

When sea ice melted into seawater due to the increase in temperature, the abundances of
viruses and prokaryotes showed intermediate values between those observed, separately, in
ice and seawater at the beginning of the experiment. By removing the components with a
size > 0.02 pum in the ice, we estimated that ca. half of the viruses and prokaryotes present
in seawater were released by melted ice. The same result was found when only the biological
components with a size > 0.2 pm were removed (treatment D; 3.65 x10° + 5.50 x10* viruses
ml!'; A in viral abundance between C and D is 2.4 £ 0.1) suggesting that a large fraction of
viruses in sea ice has a size > 0.2 um.

The presence of dSDNA giant viruses (capsid diameter > 0.110—0.424 um) has been observed
in the sea ice of the Ross Sea (Gowing, 2003a; Gowing et al., 2002). Here, we expanded

information on the quantitative contribution of sea-ice giant viruses, which could be relevant.
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The high contribution of the sea-ice prokaryotes (in terms of abundances and biomasses) and
viruses to the seawater due to sea ice melting, suggests that climate changes could intensify
the release of this component in the marine environment.

There is evidence that viral infection rates increase as their hosts increase in number
(Weinbauer, 2004b), although a host-specific interaction appears to be required (Breitbart,
2012). Therefore, if sea-ice viruses remain active after melting, they could infect marine
microbes and other organisms.

Previous studies reported a 10-fold increase in viral abundance over time in the sea ice
suggesting that viruses are highly active in this habitat (Maranger et al., 1994a) and high
viral production rates (Bellas et al., 2013; Paterson & Laybourn-Parry, 2012). These results
are justified by the high probability of contact rate between viruses and prokaryotes in the
sea-ice brine inclusions (Wells et al., 2006).

In the present study, we observed that the increase in temperature decreased by 2-4 times the
viral production rates in sea ice and seawater. Previous studies highlighted that temperature
increases influence the interactions between viruses and prokaryotes and that viral
production rates tend to be higher at higher temperatures (Danovaro et al., 2011b).

Our results expand previous information, indicating that an increase in temperature of 2.5°C
for 24h (as simulated here) could affect viral-host interactions in seawater and sea ice. This
was also evident in terms of viral infection rates, which decreased by 1.5-4 times in seawater
and sea ice once incubated at higher temperatures compared to in situ conditions.
Following sea ice melting in seawater, we observed that viral production and infection were
maintained at intermediate values between those determined, separately, in seawater and ice
after the T increase. When components larger than 0.02 pm (including prokaryotes and

viruses) were removed from sea ice, viral production and infection in seawater after ice
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melting showed values significantly higher than those of the unfiltered samples, suggesting
that a portion of sympagic viruses, especially those smaller than 0.2 um, remain infective in
seawater. At the same time, viral infection in seawater was higher when sea ice hosts larger
than 0.2 um were removed from sea ice (treatment D), suggesting a negative effect induced
by sympagic host competitors on virus-prokaryote interactions.

As we observed a high contribution of giant viruses in sea ice, assumed to be represented by
algal viruses (Gowing, 2003c), our findings allow us to infer that once released from the
melted sea ice, algal viruses cannot find specific hosts to infect in seawater.

Sea ice and seawater samples were characterized by a different composition of the
prokaryotic communities (in terms of ASVs). In seawater samples incubated at in situ
temperature and AT +2.5°C (both filtered and unfiltered) no differences were observed in
their prokaryotic assemblages.

In a climate-changing scenario, prokaryotic community composition displayed significant
shifts between sea ice at in situ temperature conditions vs sea ice incubated at AT +2.5°C.
Both temperature and viral pressures on prokaryotic hosts can be considered key factors in
shaping prokaryotic assemblages (Sandaa et al., 2018). Here we observed a significant
correlation between prokaryotic community composition and viral production and
temperature suggesting that both viruses and temperature can be responsible for the observed
changes in prokaryotic assemblage composition. In particular, shifts in prokaryotic
community observed in sea ice at in situ temperatures were mainly influenced by viral
pressure on different taxa.

Differential abundance analyses conducted on sea ice samples at in situ conditions pointed
out that the genus Kangiellaceae, a Gamma-proteobacteria closely linked to sea-ice algae

blooms during spring (Thiele et al., 2022) and one of the most abundant genera at the
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beginning of our experiment, decreased over time suggesting a preferential infection of
viruses on this taxon. Conversely, Polaribacter, found mainly associated with polar algal
blooms (Thiele et al., 2022), increased over time (from 3.3% to 6.3%). Increasing
temperature conditions on Polaribacter in sea ice samples seems to cause a decrease after
6h from the beginning of the time-course experiment. Even though information on virus-
host dynamics in sea ice samples is still scarce, our data suggested that an increase in
temperature might have a detrimental effect on Polaribacter proliferation probably due to
an increase in viral infection on this taxon.

Simulating sea ice melting with an increase in temperature a release of sympagic prokaryotes
and viruses is expected with possible interactions between the pelagic and sympagic
compartments (Rocchi et al., 2022¢). The negative effect observed on Polaribacter in sea
ice was also observed in seawater after ice melting (treatment C), indicating that this process
might determine changes in the taxonomic composition of prokaryotic communities.

On the contrary, an increase in this taxon was observed in filtered (both 0.2 pm and 0.02
um) seawater samples incubated at AT +2.5°C suggesting that sympagic viruses are
potentially responsible for Polaribacter decrease. A similar pattern can be also observed for
ASVs affiliated with Clade-la. At the same temperature conditions, members of Clade-la
showed a decrease in sea ice and seawater mixture after 24h. As observed for Polaribacter,
sympagic viruses (excluded in treatment D and E) can play a crucial role in killing one of
the most abundant taxa observed in seawater at the beginning of the experiment.

Overall, based on our results, we can state that sympagic viruses released by the melting of
Antarctic sea ice, following an increase in temperature, exert a significant influence on

prokaryotic communities in the ice itself and the surrounding seawater.
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CONCLUSIONS

Our experiment conducted in the western part of the Ross Sea expands knowledge about the

effects of global warming and the resulting melting of Antarctic ice on microbial

communities. Our results add valuable information to a still sparse literature, highlighting

how sea ice is an ideal habitat for the proliferation of diverse microbial communities and

their viruses.

We conclude that:

The abundances and biomass of prokaryotes and viruses are higher in sea ice
compared to the surrounding water;

Approximately half of the viruses and prokaryotes found in seawater were released
by melted ice;

A significant proportion of viruses in sea ice exceed 0.2 um in size;

Climate change may enhance the release of sea ice prokaryotes and viruses into the
marine environment;

Increasing temperatures reduce viral production rates in both sea ice and seawater by
2-4 times;

A 2.5°C temperature increase over 24 hours (as simulated in this study) could affect
viral-host interactions in seawater and sea ice;

The simulated temperature increase may impact viral infection rates, reducing them
by 1.5 to 4 times in both seawater and sea ice;

A portion of sympagic viruses, especially those smaller than 0.2 pm, remain infective

in seawater;
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Following their release from melted sea ice, algal viruses are unable to find specific
hosts to infect in seawater;

The prokaryotic community compositions, in terms of ASVs, differ between sea ice
and seawater samples;

Both viruses and temperature changes may contribute to the observed alterations in
prokaryotic assemblage composition;

Viruses may preferentially infect the Kangiellaceae taxon;

An increase in temperature might negatively impact the proliferation of Polaribacter;,
Sympagic viruses may play a role in the reduction of Polaribacter populations;

The release of sympagic viruses from melting Antarctic sea ice, driven by rising
temperatures, significantly impacts prokaryotic communities within the ice and the

surrounding seawater.
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