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A B S T R A C T

The identification of the factors driving the biodiversity and metabolism of microbial components in deep-sea 
Antarctic ecosystems is crucial in light of their rapid transformations. Here, through a replicated and hierar
chical sampling strategy, we investigated two deep-sea benthic areas in the Ross Sea (Antarctica) characterized 
by different bottom temperatures (ΔT ca. 1.3◦C) and trophic conditions. The warmer and more oligotrophic deep 
seafloor showed higher bacterial and archaeal diversity and faster organic matter cycling, whilst the colder 
mesotrophic system displayed a higher organic matter content and microbial biomass. Proteobacterial assem
blages dominated both areas, yet only 9.2% of the taxa were shared between the two sampling areas, indicating a 
major turnover in microbial biodiversity. Multiple linear regression models identified temperatures and organic 
matter as key drivers of prokaryotic assemblages and ecosystem functioning, with viral infections playing a 
potential role in organic matter cycling. These findings allow understanding how environmental changes in 
Antarctic benthic ecosystems, such as those potentially induced by climate change, could alter the biodiversity 
and metabolism of the microbial components and the organic matter cycling.

1. Introduction

Deep-sea life is typically ‘food limited’ as it largely depends on 
downward fluxes of the biomass produced in the surface ocean, which 
decreases exponentially with increasing water depth (Smith et al., 
2008). Microbes represent the largest fraction of the total biomass in 
deep-sea sediments (Danovaro et al., 2015; Whitman et al., 1998) and 
are key drivers of organic matter (OM) cycling and nutrient regeneration 
(Danovaro et al., 2014).

Deep-sea ecosystem functioning and biogeochemical processes 
largely depend on the interplay between bottom-up and top-down 
controls: bottom-up controls include the quantity and quality of 
organic matter reaching the seafloor from surface production, which 
fuels benthic microbial metabolism and nutrient regeneration 
(Danovaro et al., 2016b; Walker et al., 2021), whereas top-down 

controls include predation and viral infections, which can regulate 
abundance, activity, and carbon transfer across trophic levels (Danovaro 
et al., 2008; Danovaro et al., 2016a).

In the Southern Ocean, primary productivity displays wide spa
tial–temporal changes, with phytoplankton blooms at the end of the 
austral spring in ice-free waters (Arrigo et al., 2008; Arteaga et al., 2020; 
Smith and Comiso, 2009). On the one hand, such variability depends on 
the temporal succession of several phytoplanktonic groups, which can 
bloom and decline over the short term (i.e., approximately two weeks) 
(Mangoni et al., 2018; Smith and Comiso, 2009). On the other hand, 
high local variability is due to the presence of specific environmental 
conditions, such as the presence of “polynyas”, which are areas of ice- 
free open waters surrounded by ice, able to trigger seasonal phyto
plankton blooms (Bolinesi et al., 2020; Mangoni et al., 2017; Smith 
et al., 2014; Smith and Comiso, 2009). Overall, these features 
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influence the temporal and spatial patterns of organic matter export to 
the deep Antarctic seafloor (>200 m water depth) (Chiarini et al., 2019; 
Langone et al., 2000).

There is considerable interest in understanding the interplay be
tween climate change and its implications for the deep sea (Arneth et al., 
2020). Climate change is expected to alter the thermal and trophic 
conditions of the Antarctic ecosystems (Queirós et al., 2024; Sweetman 
et al., 2017). Warmer temperatures are expected to increase ice melting 
(Jacobs et al., 2022; Silvano et al., 2020), lengthening the ice-free pe
riods and enhancing primary production (Sweetman et al., 2017). This 
would finally lead to an increase in carbon export to the deep seafloor 
(Comiso, 2010; Jones et al., 2014; Sweetman et al., 2017). Changes in 
temperature and trophic conditions at the seafloor can alter microbial 
metabolic rates, potentially accelerating organic matter biogeochemical 
cycling with profound changes in ecosystem structure and functioning 
(Danovaro et al., 2017). In addition, viruses and prokaryotes are ex
pected to react rapidly to changes in environmental conditions (Nomaki 
et al., 2021; Sweetman et al., 2019) either in terms of abundance, di
versity, and metabolic rates, with potentially important implications for 
microbial dynamics and biogeochemical processes (Thullner and 
Regnier, 2019).

Here, we investigated spatial and temporal changes in deep-sea 
benthic prokaryotic diversity and viral infections in two Ross Sea sys
tems characterized by different temperature and trophic conditions 
(Cerchierini et al., 2004; Langone et al., 2000). By comparing these 
contrasting systems, we aimed to assess differences in prokaryotic 
biodiversity and turnover in relation to temperature and trophic con
ditions, and to explore their potential response to environmental shifts 
and climate change.

2. Materials and methods

2.1. Study area and sample collection

Sediment samples were collected in the western part of the Ross Sea 
(Antarctica, 72-74◦S; 174-175◦E; Fig. S1) during the XXXII Italian Ant
arctic Expedition between January and February 2017. This region is 
characterized by a deep shelf with irregular topography containing high- 
relief banks and depressions, where the presence of the Drygalski Basin 
(1200 m depth canyon) isolates the shelf from the shore (Halberstadt 
et al., 2016), offering a pathway for cold bottom water to flow north
wards (Smith Jr et al., 2014). Samples were collected from 2 areas of the 
western Ross Sea, named Area B and Area C, located at ca. 200 km from 
each other.

Area B (average depth 586 m, 74◦01′S, 175◦04′E) is located in the 
northern part of the JOIDES Basin and was characterized by bio- 
siliceous muddy sediments (Capotondi et al., 2020). Here, the Modi
fied Circumpolar Deep Water (forming from the mixing of the Circum
polar Deep Waters and shelf waters) intrudes into the continental shelf 
along the east side of the JOIDES basin and mixes near the bottom with 
the High Salinity Shelf Water (Orsi and Wiederwohl, 2009). The High 
Salinity Shelf Water is the densest water mass in the Southern Ocean, 
which moves northward following clockwise circulation, creating water 
conditions characterized by high salinity (> 34.7) and temperatures 
close to the freezing surface point (about − 1.92◦C) (Jacobs et al., 1985; 
Rivaro et al., 2014).

Area C (average depth 432 m, 72◦30′S, 174◦56′E) is closer to the shelf 
break on the northern flank of the Mawson Bank, and is characterized by 
low surface water productivity, low sedimentation rates, and strong 
currents reaching 10–25 cm s− 1 (Capotondi et al., 2020; Cerchierini 
et al., 2004).

The sampling strategy followed a replicated hierarchical design for 
capturing spatial and temporal variability. At large spatial scale, we 
compared two areas, Area B and Area C that are ~ 200 km apart. Within 
each area, two sub-areas were sampled, namely B1 and B2 (Area B) and 
C1 and C2 (Area C). These sub-areas were separated by approximately 2 

km and were selected to assess mesoscale spatial variability within each 
area (Table S1). Each sub-area was sampled during two periods, here
after referred to as sampling times T1 and T2, to assess short-term 
temporal changes in the investigated variables (Table S1). At all sam
pling sites and times, 3 independent replicates were collected. Sediment 
sampling was coupled with CTD casts in both periods to characterize 
bottom-water conditions. Sediment sampling was coupled with CTD 
casts to investigate bottom-water characteristics in both periods.

Sediment samples were collected using an oceanic box corer. At each 
station, sediments were obtained from 3 independent deployments of 
the box corer. Sediment sub-samples were then collected from each box 
corer using sterile Plexiglas tubes, and the top 1 cm of the sediment core 
was immediately processed for the analysis of viral and prokaryotic 
heterotrophic C production and extracellular enzymatic activities or 
stored at − 20◦C for the analysis of organic matter content and compo
sition and prokaryotic abundance, biomass, and diversity.

2.2. Ocean assimilation model of total chlorophyll a concentration

Satellite data of chlorophyll a concentration (from January 2016 to 
January 2019) were downloaded from Copernicus Marine Service 
(CMEMS) database (https://doi.org/10.48670/moi-00281), a global 
dataset with a resolution of 4 × 4 Km, provided by the Copernicus 
Globcolour processor (Garnesson et al., 2019), and used here as a proxy 
of phytoplanktonic biomass to provide an indirect estimate of the 
amount of organic matter being produced through photosynthesis over 
time in the investigated Areas.

2.3. Sedimentary organic matter content and composition

Chlorophyll-a and phaeopigments in surface sediments were 
analyzed after extraction (12 h at 4◦C, in the dark) using 90% (vol/vol) 
acetone (Lorenzen et al., 1980). After centrifugation, the supernatants 
were analyzed fluorometrically to estimate chlorophyll-a, and after 
acidification with 200 μL of 0.1 N HCl, to estimate the phaeopigments. 
The sum of chlorophyll-a and phaeopigment concentrations was 
expressed as chloroplastic pigment equivalents (CPE).

Total protein concentration (PRT) was analysed according to Hartree 
1972 (Hartree, 1972), modified by Rice1982 (Rice, 1982). Total car
bohydrate concentration was analysed according to Gerchakov and 
Hatcher (1972), optimized for sediment samples. Total lipids were 
extracted in chloroform: methanol (1:1, vol: vol(Bligh and Dyer, 1959)), 
and the resultant fraction, after evaporation in a dry hot bath (80-100◦C 
for 20 min), was quantified spectrophotometrically after addition of 
H2SO4 (Marsh and Weinstein, 1966). Protein, carbohydrates, and lipid 
concentrations were expressed as bovine serum albumin, glucose, and 
tripalmitin, respectively, and the sum of their concentrations was con
verted into carbon equivalents (by using the conversion factors of 0.49, 
0.40, and 0.75 mg C mg− 1, respectively) was defined as biopolymeric 
carbon (Danovaro, 2009).

2.4. Extracellular enzymatic activities and organic matter turnover

The aminopeptidase and β-glucosidase activities were determined by 
the analysis of the cleavage rates of the fluorogenic substrates L-leucine- 
4-methylcoumarinyl-7-amide (Leu-MCA) and 4-methylumbelliferyl 
(MUF)-b-D-glucopyranoside (Glu-MUF), respectively (Sigma Chem
icals) under saturating substrate concentrations (Danovaro, 2009). 
Samples were incubated in the dark at in situ temperature for 1 h. The 
fluorescence of the samples was measured fluorometrically (380:440 
nm, excitation: emission, for Leu-MCA and 365:455 nm, excitation: 
emission for Glu-MUF) immediately after the addition of the substrate 
and after the incubation and converted into enzymatic activity using 
standard curves of 7-amino-4-methylcoumarin for Leu-MCA and 4- 
methylumbelliferone for Glu-MUF (Sigma Chemicals).

Aminopeptidase and β-glucosidase activities were then used to 
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estimate the potential degradation rates of proteins and carbohydrates, 
respectively. The turnover times of these molecules were calculated as 
ratio between their amount and the rates of their degradation, and 
represent a measure of their cycling. For this calculation, protein and 
carbohydrate concentrations were first converted into carbon equiva
lents in order to estimate the amount of carbon contained in the sedi
mentary protein and carbohydrate pool (Danovaro, 2009). Protein 
carbon was obtained by multiplying protein concentrations, expressed 
as mg protein g⁻1 dry sediment, by a conversion factor of 0.49 mg C mg⁻1 

protein, whereas carbohydrate carbon was obtained by multiplying 
carbohydrate concentrations, expressed as mg carbohydrate g⁻1 dry 
sediment, by a conversion factor of 0.40 mg C mg⁻1 carbohydrate 
(Danovaro, 2009). Also enzymatic activities were converted into carbon 
mobilization rates, assuming that 1 nmol of enzymatically hydrolysed 
substrate corresponds to 72 ng of mobilized C, and rates were expressed 
on a daily basis. Protein turnover time was therefore calculated by 
dividing the protein carbon pool by the aminopeptidase-derived daily 
carbon mobilization rate, whereas carbohydrate turnover time was 
calculated by dividing the carbohydrate carbon pool by the β-glucosi
dase-derived daily carbon mobilization rate. Shorter turnover times 
indicate faster potential degradation of the corresponding organic 
matter pool.

Aminopeptidase and β-glucosidase activities were also normalized 
per number of cells to evaluate the individual cell rates of substrate 
degradation.

2.5. Prokaryotic abundance, biomass, and heterotrophic C production

Prokaryotic abundances in the sediments were determined by epi
fluorescence microscopy, according to Danovaro (2009). To determine 
the prokaryotic biomass, prokaryotic size was converted into bio- 
volume following inter-calibration by scanning electron microscopy 
(Danovaro, 2009). Prokaryotic heterotrophic C production was 
measured through the assessment of incorporation rates of 3H-leucine 
(0.2 nmol final concentration, specific activity of 120.3 Ci mmol− 1) 
(Danovaro, 2009). The turnover time of prokaryotic biomass was used as 
a proxy for the potential renewal time of the benthic prokaryotic 
biomass. It was calculated by dividing prokaryotic biomass by hetero
trophic C production, after converting biomass values from µg C g⁻1 to ng 
C g⁻1 to match the units of production, expressed as ng C g⁻1h⁻1. The 
resulting turnover time was expressed in hours, with shorter values 
indicating faster potential renewal of prokaryotic biomass.

2.6. Viral abundance and production

The abundance of viruses was determined by epifluorescence mi
croscopy using the fluorochrome SYBR Gold (diluted till to a 2 × final 
concentration; (Danovaro, 2009). Viral production was determined 
using the dilution-based approach (Dell'Anno et al., 2009) which allows 
estimating the increase of viruses over time.

2.7. DNA extraction, purification, and sequencing

DNA was extracted and purified from the sediments using the Dneasy 
PowerSoil Kit (QIAGEN) with some modifications provided in Danovaro 
2010 (Danovaro, 2009) for the removal of extracellular DNA. For the 
analysis of prokaryotic diversity, the 16S RNA gene was amplified using 
the primer set 515F-Y (5′-GTGYCAGCMGCCGCGGTAA) and 926R (5′- 
CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016) and the amplicons 
sequenced on Illumina MiSeq platform by LGC group (Berlin, Germany) 
following Earth Microbiome Project protocols (https://www.earthm 
icrobiome.org/emp-standard-protocols/). Paired-end sequences were 
subsequently analyzed through the DADA2 procedure, as implemented 
within the QIIME2 pipeline (Bolyen et al., 2019) to infer biologically 
significant Amplicon Sequence Variants (ASVs). The resulting ASVs 
were then compared against the SILVA 16S database (v138) (Quast 

et al., 2012) for taxonomic affiliation using the VSEARCH-based infer
ence plugin within QIIME2 (Bolyen et al., 2019) after trimming the 
reference sequences to the region amplified by the primers. The ASV 
table resulting from the DADA2 computation was refined to remove 
chloroplast- and mitochondrion-affiliated sequences and unclassified 
sequences before subsequent analyses.

Before the computation of alpha- and beta-diversity indices, the ASV 
table was rarefied to 15,000 sequences (corresponding to the number of 
sequences of the sample with the lowest sequence abundance, rounded 
down). The main alpha-diversity indices (i.e., ASV richness, Shannon 
index, and evenness) were calculated through the QIIME2 core-metrics 
plugin, together with the main beta-diversity calculations (e.g., Bray- 
Curtis distance). In addition to these indices, the non-rarefied ASV 
table was subjected to analysis through the DEICODE plugin (Martino 
et al., 2019), which produced a sample distance matrix based on the 
Aitchison distance (Gloor et al., 2017) to assess the differences in terms 
of ASV abundances.

Taxonomic inference of ASVs was carried out on the rarefied table to 
obtain a view of the assemblage structure at the family level (consid
ering families contributing at least 0.5% to the whole assemblage and 
merging the remaining taxa into a single “Others” group).

2.8. Statistical analyses

To ascertain differences in the investigated variables between areas, 
sub-areas, and sampling times, permutational analyses of variance 
(PERMANOVA) (Anderson, 2014; Anderson and Millar, 2004) were 
carried out in either the univariate (variable by variable) and multi
variate contexts. Details on PERMANOVA design and analyses are re
ported in the Supplementary Information.

Multiple linear regression models were fitted separately for each 
response variable, including prokaryotic abundance, heterotrophic C 
production, viral abundance and production, aminopeptidase and 
β-glucosidase activity, and observed ASVs as response variables. Before 
model fitting, the (multi)collinearity among candidate predictor vari
ables was assessed using the Pearson Correlation Coefficient and the 
Variance Inflation Factor (VIF). Because of high (multi)collinearity, data 
regarding seafloor depth and bottom seawater salinity were excluded 
from the model selection procedure (Fig. S2). Since biopolymeric C and 
bottom water temperature were also highly correlated, they were not 
included in the same model; instead, separate candidate models were 
built considering either biopolymeric C or bottom water temperature as 
predictors, in order to retain both variables in the model-selection 
framework (Table 1). For each response variable, a set of candidate 
models was built using combinations of environmental and biological 
predictors considered relevant for the specific ecological relationship 
being tested. Moreover, the set of covariates was not fixed across all 
models, and some variables were used as response variables in some 
models and as predictors in others, such as prokaryotic abundance 
(Table 1).

Model selection was based on Akaike's information criterion (AIC). 
Between the candidate models, we selected the model with the lowest 
AIC in which all retained predictors were statistically significant (p <
0.05).

The selected models were then tested using the “model validation” 
procedure (Zuur and Ieno, 2016). The models were considered accept
able only when the residual vs fitted values did not show clear patterns, 
indicating homogeneity of variance and the independence of the pre
dicted values. In addition, residuals were required to follow a normal 
distribution. The analyses were carried out using two complementary 
approaches: a pooled approach, in which all the samples were analysed 
together to identify common patterns, and a not pooled approach, in 
which Area B and Area C were analysed separately to identify “area- 
specific” relationships. Only models that successfully passed the model 
validation process and showed statistically relevant results were re
ported (Zuur and Ieno, 2016). For each selected model, the main 
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information needed to interpret the regression analyses, including 
response variable, modelling approach, candidate predictors, retained 
significant predictors, direction of the relationships, p-values, R-squared 
values, and AIC values, is summarized in Table 1. The complete model 
outputs, including regression coefficients and standard errors, are re
ported in Table S4. All the statistical analyses were performed in Python 
v3.10 through pandas and statsmodels packages (McKinney, 2011).

To identify potential drivers of prokaryotic composition in the 
investigated Areas, non-parametric multivariate multiple regression 
analyses, based on Bray-Curtis similarity matrix, were carried out using 
the routine DISTLM forward selection procedure and AIC as the selec
tion criterion(McArdle and Anderson, 2001) for the two Areas together 
(pooled approach) and for Area B and Area C separately (not pooled 
approach). Autocorrelated variables were removed from the DISTLM 
analyses (Fig. S2); as for univariate multiple linear regression analyses, 

temperature and biopolymeric C were considered separately.

3. Results

3.1. Environmental characteristics

Bottom-water salinity was 34.7 in Area B and 34.6 in Area C; bottom- 
water temperatures were lower in Area B (− 1.8◦C) than in Area C 
(− 0.50◦C to 0.04◦C). Surface chlorophyll a concentration estimated 
from satellite images in Area B (1.6 ± 0.8 mg m− 3) was consistently 
higher than that in Area C (0.4 ± 0.2 mg m− 3) during the sampling 
periods and during the austral summer of the previous (2016) and 
following (2018) year (Fig. 1a). Such differences were reflected by 
sedimentary CPE concentrations, which in Area B (4.3 ± 0.3 μg g− 1) 
were about one order of magnitude higher than those in area C (0.3 ±

Table 1 
Summary of the selected multiple linear regression models identifying the main environmental and biological predictors of prokaryotic, viral, and functional variables 
in Antarctic deep-sea sediments. For each model, the table reports the modelling approach, response variable, predictors, direction of the relationship (positive, +, and 
negative, − ), statistical significance, explained variance (R2), and Akaike’s Information Criterion (AIC). The modelling approach indicates whether the model was 
fitted using all samples together (pooled approach) or separately for Area B and Area C (not pooled approach). Complete model outputs, including candidate predictors, 
regression coefficients, standard errors, and exact p-values, are provided in Table S4.

Approach Response variable Predictors Relationship Significance R2 AIC

Pooled Prokaryotic abundance Biopolymeric C + p < 0.001 0.48 904.7
Pooled Heterotrophic carbon production PRT/CHO + p < 0.05 0.756 275.8

Viral Production + p < 0.001
Pooled Aminopeptidase activity Biopolymeric C − p < 0.01 0.34 238.4
Pooled Aminopeptidase activity Bottom Water Temperature + p < 0.01 0.374 237.2
Pooled Aminopeptidase activity Proteins − p < 0.01 0.291 240.1
Pooled β-glucosidase activity Viral Production + p < 0.001 0.542 –23.68
Pooled Viral abundance Prokaryotic Abundance + p < 0.01 0.854 966.5

Heterotrophic C Production + p < 0.001
Pooled Viral abundance Biopolymeric C + p < 0.01 0.866 964.5

Heterotrophic C Production + p < 0.001
Pooled Viral production Heterotrophic C Production + p < 0.001 0.7 830.8
Pooled Observed ASVs Biopolymeric C − p < 0.01 0.483 215.2
Not Pooled − Area B Heterotrophic carbon production PRT/CHO + p < 0.05 0.62 137.4

Viral Production + p < 0.05
Not Pooled − Area B Aminopeptidase activity Bottom Water Temperature + p < 0.05 0.574 98.86

Viral Production + p < 0.05
Not Pooled − Area B Aminopeptidase activity Prokaryotic Abundance + p < 0.05 0.373 101.5
Not Pooled − Area B β-glucosidase activity Prokaryotic Abundance − p < 0.001 0.869 − 20.1

Viral Production + p < 0.001
PRT/CHO + p < 0.01

Not Pooled − Area B Viral abundance Prokaryotic Abundance + p < 0.01 0.6 488.7
Bottom Water Temperature − p < 0.05

Not Pooled − Area B Viral abundance Prokaryotic Abundance + p < 0.05 0.715 486.7
Heterotrophic C Production + p < 0.01
Biopolymeric C + p < 0.05

Not Pooled − Area B Viral production Prokaryotic Abundance + p < 0.05 0.742 415.9
Heterotrophic C Production + p < 0.01
PRT/CHO − p < 0.05

Not Pooled − Area B Viral production Prokaryotic Abundance + p < 0.001 0.963 394.7
Heterotrophic C Production + p < 0.001
Biopolymeric C + p < 0.001
PRT/CHO − p < 0.001

Not Pooled − Area B Observed ASVs Biopolymeric C − p < 0.05 0.501 84.76
Not Pooled − Area C Heterotrophic carbon production Biopolymeric C + p < 0.01 0.644 105.9
Not Pooled − Area C Heterotrophic carbon production Prokaryotic Abundance + p < 0.001 0.943 85.89

Bottom Water Temperature + p < 0.01
Not Pooled − Area C Aminopeptidase activity Bottom Water Temperature − p < 0.001 0.917 99.74

Prokaryotic Abundance + p < 0.001
Viral Production + p < 0.01
PRT/CHO + p < 0.05

Not Pooled − Area C Aminopeptidase activity Prokaryotic Abundance + p < 0.05 0.958 89.63
Viral Production − p < 0.01
Proteins + p < 0.001

Not Pooled − Area C β-glucosidase activity Prokaryotic Abundance + p < 0.01 0.675 − 30.62
Viral Production + p < 0.05

Not Pooled − Area C Viral abundance Prokaryotic Abundance + p < 0.01 0.508 461.6
Not Pooled − Area C Viral abundance Biopolymeric C + p < 0.01 0.701 457.6

PRT/CHO + p < 0.05
Not Pooled − Area C Observed ASVs Biopolymeric C − p < 0.05 0.722 106.8

Proteins/Carbohydrates − p < 0.05
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0.01 μg g− 1; p < 0.001; Fig. 1b). In each of the two areas, no significant 
differences were found in CPE sedimentary contents between sub-areas, 
nor between sampling times in each sub-area (Fig. 1c-d).

Results of the PERMANOVA analyses carried out to ascertain dif
ferences in organic matter contents, biochemical composition, and 
nutritional quality between areas, sub-areas, and sampling times are 
reported in Tables S2 and S3. In both areas, all sub-areas, and sampling 

times, carbohydrates represented the main fraction (39–52%) of the 
BPC. Carbohydrate sedimentary contents in Area B (6.0 ± 0.6 mg g− 1) 
were > 3 times higher than in C (1.7 ± 0.4 mg g− 1; p < 0.001Fig. 2a). In 
both areas, carbohydrate content of the sediments did not show signif
icant differences between sub-areas (Fig. 2b). In the sub-areas B1, B2 
and C2, carbohydrate contents varied inconsistently over time (p <
0.01), whereas in the sub-area C1 they remained almost constant 

Fig. 1. Spatial and temporal variations of surface primary production and sedimentary phytopigments contents in the two investigated areas. The image (a) il
lustrates the amount of chlorophyll a concentration (mg m− 3) from January 2016 to January 2019 of the two sampling areas (https://doi.org/10.48670/moi-00281). 
The plots (b, c, d) show the concentrations of phytopigments comparing the values between the two areas (b), between sub-areas within each area (c), and between 
sampling times within each sub-area (d); reported are average values and standard deviations, with asterisks and brackets indicating significant differences found in 
the pairwise comparisons of PERMANOVA tests (***, p < 0.001; **, p < 0.01; *, p < 0.05).
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Fig. 2. Spatial and temporal variations of biopolymeric carbon, carbohydrate, protein and lipid contents in the sediments of the two investigated areas. The plots 
compare the carbohydrate, protein, lipid and biopolymeric carbon (BPC) contents in the two Areas (a, d, g, j), the two sub-areas within each area (b, e, h, k), and 
during the two sampling times within each sub-area (c, f, i, l). Data are expressed as mg of C per gram of dry sediments and are reported as average values and 
standard deviations, with asterisks and brackets indicating significant differences found in the pairwise comparisons of PERMANOVA tests (***, p < 0.001; **, p <
0.01; *, p < 0.05).
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between sampling times (Fig. 2c).
Protein content of the sediments was 6.5 times higher in Area B (3.1 

± 0.34 mg g− 1) than in C (0.48 ± 0.03 mg g− 1; p < 0.001; Fig. 2d). 
Protein contents showed significantly higher values in the sub-area B1 
than in B2 (p < 0.001), whereas values in the sub-areas C1 and C2 did 
not show significant differences (Fig. 2e). In all sub-areas, protein con
tents did not vary with sampling time (Fig. 2f). The protein-to- 
carbohydrate ratio (PRT/CHO) was always less than 1 (0.6 ± 0.2 in 
Area B vs 0.4 ± 0.2 in Area C).

Lipid content of the sediments was 7.9 times higher in Area B (2.8 ±
0.2 mg g− 1) than in C (0.4 ± 0.03 mg g− 1; p < 0.001; Fig. 2g). In Area B, 
lipid contents always showed significantly higher values in the sub-area 
B1 than in B2 (p < 0.05), whereas values did not differ significantly 
between sub-areas C1 and C2 (Fig. 2h). No differences were observed 
during the sampling period in the two areas (Fig. 2i).

The concentrations of biopolymeric C (BPC) were 5 times higher in 
Area B (6.1 ± 0.4 mg C g− 1) than in Area C (1.2 ± 0.2 mg C g− 1; p <
0.001; Fig. 2j). BPC contents varied between sub-areas in Area B (p <
0.001), but not in Area C (Fig. 2k). From T1 to T2, BPC contents changed 
significantly in sub-areas B1 (p < 0.01), B2 (p < 0.05), and C2 (p <
0.05), while they remained constant in sub-area C1 (Fig. 2l).

3.2. Prokaryotic abundance, biomass, and heterotrophic C production

Prokaryotic abundance was 3 times higher in Area B (1.0 ± 0.01 
x108 cells g− 1) than in C (3.5 ± 0.94 x107 cells g− 1; p < 0.001; Fig. 3a). 
No significant differences were found in prokaryotic abundance be
tween sub-areas within areas B or C (Fig. 3b). Significant differences 
among sampling times were found only in the sub-area B1, where values 
were higher at T2 (p < 0.01; Fig. 3c).

The selected multiple linear regression models are summarized in 
Table 1, whereas complete model outputs, including regression co
efficients and standard errors, are reported in Table S4.

The best model, using the pooled approach, indicated a positive 
relationship between prokaryotic abundance, as response, and bio
polymeric C, as predictor, that explained 48% of the observed variation 
(R2 = 0.48, p < 0.001, AIC = 904.7; Table 1).

Prokaryotic biomass was double in Area B (3.6 ± 0.3 μgC g− 1) than 
in C (1.4 ± 0.4 μgC g− 1; p < 0.001; Fig. 3d). Prokaryotic biomass in Area 
C was significantly higher in sub-area C1 than in C2 (p < 0.05), and a 
significant temporal variation was found only in the sub-area B2 (p <
0.05; Fig. 3e-f).

Prokaryotic heterotrophic C production showed values 10 times 
higher in Area B (255.3 ± 98.3 ngC g-1h− 1) than in C (23.4 ± 29.5 ngC g- 

1h− 1; p < 0.001; Fig. 3g). No significant differences were found between 
sub-areas (Fig. 3h) in both areas, and significant changes in the sampling 
period were found only in the sub-area B1 (p < 0.01; Fig. 3i).

The regression analyses, following the pooled approach, for the 
prokaryotic heterotrophic C production highlighted positive relation
ships with viral production coupled with the quality of organic sub
strates (expressed as protein to carbohydrate concentration ratio), 
explaining 76% of the variance (R2 = 0.756; viral production, p < 0.001; 
PRT/CHO, p < 0.05; AIC = 275.8; Table 1). Considering the two Areas 
separately (not pooled approach), the best model suggested that the 
heterotrophic C production was correlated with viral production and 
organic matter quality in Area B, explaining together 62% of the vari
ance (R2 = 0.620; viral production, p < 0.05; PRT/CHO, p < 0.05; AIC =
137.4; Table 1). In the oligotrophic Area C, the best model showed a 
positive correlation with prokaryotic abundance and bottom-water 
temperature, explaining together 94% of the variance (R2 = 0.943; 
prokaryotic abundance, p < 0.001; bottom-water temperature, p < 0.01; 
AIC = 85.89; Table 1).

Heterotrophic C production per cell showed values 3 times higher in 
Area B than in C (Fig. 3j; p < 0.001; Table 1), with no significant dif
ferences between sub-areas (Fig. 3k; Table 1). Heterotrophic C produc
tion per cell changed over time only in sub-area B1 (p < 0.01; Table 1), 

with a significant decrease at T2 (Fig. 3l).
The turnover of prokaryotic biomass was 8 times faster in Area B 

than in C and did not differ between sub-areas in B, nor in C (Fig. S3a-c; 
p < 0.01; Table 1). Significant temporal variations were observed only in 
sub-areas B1 (p < 0.01) and C1 (Fig. S3c; p < 0.01; Table 1).

3.3. Extracellular enzymatic activities and organic matter turnover

At all the spatial and temporal scales investigated, aminopeptidase 
activity was always higher than β-glucosidase activity. Aminopeptidase 
activities (Fig. 4a-c) and aminopeptidase activities per cell (Fig. 4d-f) 
were lower in Area B than in C (p < 0.001; Table 1), and no significant 
differences were observed between sub-areas nor between sampling 
times in each sub-area.

The best multiple linear regression models, using the pooled 
approach, showed a positive correlation of aminopeptidase activity with 
bottom-water temperature, explaining alone 37% of the variance (R2 =

0.374, p < 0.01, AIC = 237.2; Table 1). Conversely, taking into account 
organic matter concentration, we observed a negative relationship with 
biopolymeric C (explaining 34% of the variance in the model consid
ering BPC; R2 = 0.340, p < 0.01, AIC = 238.4; Table 1) and with proteins 
(29% of the variance in the model considering protein concentration; R2 

= 0.291, p < 0.01, AIC = 240.1; Table 1). The not pooled approach also 
revealed a positive relationship between aminopeptidase activities and 
bottom-water temperature together with viral production in Area B, 
which explained 57% of the variance (R2 = 0.574; bottom-water tem
perature, p < 0.05; viral production, p < 0.05; AIC = 98.86; Table 1), 
while in Area C, aminopeptidase activities showed a positive relation
ship with PRT/CHO ratio, viral production, prokaryotic abundance, and 
a negative relationship with bottom-water temperature (R2 = 0.917; 
prokaryotic abundance, p < 0.01; viral production, p < 0.01; PRT/CHO, 
p < 0.05; bottom-water temperature, p < 0.001; AIC = 99.74; Table 1). 
When protein concentration was considered in the model, aminopepti
dase activity showed a positive correlation with prokaryotic abundance 
in Area B, explaining 37% of the variance (R2 = 0.373, p < 0.05, AIC =
101.5; Table 1), while in Area C, aminopeptidase activity was correlated 
with prokaryotic abundance, viral production, and protein concentra
tion, together accounting for 95% of the variance (R2 = 0.958; pro
karyotic abundance, p < 0.05; protein concentration, p < 0.001; viral 
production, p < 0.01; AIC = 89.63; Table 1).

Protein turnover times estimated in Area B were > 20 times slower 
than in Area C (Fig. 4g; p < 0.001; Table 1) and displayed significant 
differences only between sub-areas B1 and B2 (p < 0.01; Table 1). Sig
nificant temporal changes were observed only in sub-area B1, where the 
protein turnover time decreased from T1 to T2 (Fig. 4h, i; p < 0.01; 
Table 1).

β-glucosidase activities (Fig. 5a-c) were higher in Area B than in C (p 
< 0.01; Table 1), and no significant differences were observed between 
sub-areas in both areas. β-glucosidase activity per cell was higher in Area 
C than in Area B (p < 0.05; Table 1), and no significant differences were 
observed between sub-areas nor between sampling times in each sub- 
area (Fig. 5d-f). Potential carbohydrate turnover times were 2-fold 
slower in Area B than in C (Fig. 5g; p < 0.001; Table 1), and no differ
ences were observed between sub-areas (Fig. 5h). In sub-area B1 and B2, 
carbohydrate turnover time changed significantly from T1 to T2 (p <
0.01; Table 1), whereas in Area C, no significant temporal variations in 
carbohydrate turnover time were observed (Fig. 5i).

The best multiple linear regression models, using the pooled 
approach, showed a positive correlation of β-glucosidase activities with 
viral production, explaining alone 54% of the variance (R2 = 0.542, p <
0.001, AIC = − 23.68; Table 1). The not pooled approach revealed 
positive relationships of the β-glucosidase with viral production and a 
negative relationship with prokaryotic abundance in Area B, explaining 
87% of the variance (R2 = 0.869; viral production, p < 0.01; PRT/CHO, 
p < 0.01; prokaryotic abundance, p < 0.001; AIC = − 20.10; Table 1); in 
Area C, β-glucosidase activities showed positive relationships with viral 
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Fig. 3. Spatial and temporal variations of prokaryotic abundance, biomass, and heterotrophic C production and heterotrophic C production per cell in the sediments 
of the two investigated areas. The plots show the prokaryotic abundance (expressed as the number of prokaryotic cells per gram of dry sediments, cells g− 1), biomass 
(expressed as μg of C per gram of dry sediments, μgC g− 1), the heterotrophic C production (expressed as ng of C produced per gram of dry sediments per hour, ng C g- 

1h− 1), and the heterotrophic C production per cell (expressed as fg of C produced per cell per hour, fg C cell-1 h-1) in the two Areas (a, d, g, j), in the two sub-areas 
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production and prokaryotic abundance explaining together 68% of the variance (R2 = 0.675; viral production, p < 0.05; prokaryotic 

within each area (b, e, h, k), and during the two sampling times within each sub-area (c, f, i, l). Reported are average values and standard deviations, with asterisks 
and brackets indicating significant differences found in the pairwise comparisons of PERMANOVA tests (***, p < 0.001; **, p < 0.01; *, p < 0.05).

Fig. 4. Spatial and temporal variations of aminopeptidase activity, aminopeptidase activity per cell, and protein turnover time in the sediments of the two inves
tigated areas. The plots show the aminopeptidase (expressed as nanomoles of nmol of C hydrolized per gram of dry sediment per hour, nmol g-1h− 1), aminopeptidase 
activity per cell (expressed as fmol of C hydrolyzed per cell per hour, fmol cell-1h− 1) and the protein turnover time (expressed as days, d) in the two Areas (a, d, g), in 
the two sub-areas within each area (b, e, h), and during the two sampling times within each sub-area (c, f, i). Reported are average values and standard deviations, 
with asterisks and brackets indicating significant differences found in the pairwise comparisons of PERMANOVA tests (***, p < 0.001; **, p < 0.01; *, p < 0.05).
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abundance, p < 0.01; AIC = − 30.62; Table 1). 3.4. Viral abundance and production

Viral abundance and viral production were higher in Area B than in C 
(p < 0.001; Table 1), whereas in both areas, viral abundances and 

Fig. 5. Spatial and temporal variations of β-glucosidase activity, β-glucosidase activity per cell, and carbohydrate turnover time in the sediments of the two 
investigated areas. The plots show β-glucosidase activity (expressed as nanomoles of nmol of C hydrolized per gram of dry sediment per hour, nmol g-1h− 1), cell- 
specific β-glucosidase activity (expressed as fmol of C hydrolysed per cell per hour, fmol C cell⁻1h⁻1), and carbohydrate turnover time (expressed as days, d). For 
each variable, values are shown for the two areas (a, d, g), for the sub-areas within each area (b, e, h), and for the two sampling times within each sub-area (c, f, i). 
Reported are average values and standard deviations, with asterisks and brackets indicating significant differences found in the pairwise comparisons of PERMA
NOVA tests (***, p < 0.001; **, p < 0.01; *, p < 0.05).
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production did not differ between sub-areas nor between sampling pe
riods within each sub-area (Fig. 6). The model selection using the pooled 
approach suggested positive correlations between viral abundance and 
heterotrophic C production (and biopolymeric carbon concentration) 
explaining together 87% of the variance (model considering bio
polymeric C concentration as predictor variable; R2 = 0.866; hetero
trophic carbon production, p < 0.001; biopolymeric carbon, p < 0.01; 
AIC = 964.5; Table 1); when considering the bottom-water temperature 
in the model, positive relationships between viral abundance, hetero
trophic C production, and prokaryotic abundance was observed 
contributing together to 85% of the variance (R2 = 0.854; heterotrophic 
carbon production, p < 0.001; prokaryotic abundance, p < 0.01; AIC =
966.5; Table 1).

The not pooled approach in the model considering biopolymeric C 
concentration as predictor variable, revealed a positive relationship 
between viral and prokaryotic abundance, heterotrophic C production 
and PRT/CHO ratio in Area B (explaining together 72% of the variance; 
R2 = 0.715; prokaryotic abundance, p ≤ 0.05; heterotrophic carbon 
production, p < 0.01; biopolymeric carbon, p < 0.05; AIC = 486.7; 
Table 1), while the model considering bottom-water temperature 
showed a positive relationship between viral and prokaryotic abundance 
and a negative relationship with bottom-water temperature (60% of 
variance explained by all the covariates included; R2 = 0.600; 

prokaryotic abundance, p < 0.01; bottom-water temperature, p < 0.05; 
AIC = 488.7; Table 1). In Area C, the model considering biopolymeric C 
concentrations as predictor variable showed positive relationships with 
PRT/CHO ratio and biopolymeric carbon, explaining together 70% of 
the variance (R2 = 0.701; biopolymeric carbon, p < 0.01; PRT/CHO, p 
< 0.05; AIC = 457.6; Table 1), while, when considering bottom-water 
temperature in the analyses, the regression revealed a relationship 
with prokaryotic abundance that explained 51% of the variance (R2 =

0.508; prokaryotic abundance, p < 0.01; AIC = 461.6; Table 1).
Considering viral production as a response variable, the model se

lection using the pooled approach indicated a positive correlation with 
heterotrophic C production, explaining 70% of the variance (R2 = 0.700, 
p < 0.001, AIC = 830.8; Table 1). When analysing the two areas sepa
rately, the not pooled approach revealed positive relationships with 
heterotrophic C production and prokaryotic abundance and a negative 
relationship with PRT/CHO ratio in Area B across two models (one 
considering bottom-water temperature and one considering BPC as 
predictors; R2 = 0.742; heterotrophic carbon production, p < 0.01; 
prokaryotic abundance, p < 0.05; PRT/CHO, p < 0.05; AIC = 415.9; 
Table 1). In addition, the model considering biopolymeric C concen
tration revealed a positive relationship between viral production and 
biopolymeric carbon, explaining, together with the other covariates, 
96% of the variance (R2 = 0.963; all predictors, p < 0.001; AIC = 394.7; 

Fig. 6. Spatial and temporal variations of viral abundance and production in the sediments of the two investigated areas. The plots show the viral abundance 
(expressed as viral-like particles per gram of dry sediment, VLP g− 1) and the viral production (expressed as viral-like particles produced per gram of dry sediment per 
hour, VLP g-1h− 1) in the two Areas (a, d), in the two sub-areas within each area (b,e), and during the two sampling times within each sub-area (c,f). Reported are 
average values and standard deviations, with asterisks and brackets indicating significant differences found in the pairwise comparisons of PERMANOVA tests (***, p 
< 0.001; **, p < 0.01; *, p < 0.05).
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Table 1). In Area C, no statistically significant patterns were found, and 
the best model was the null model (Table 1).

3.5. Prokaryotic diversity based on 16S rRNA gene high-throughput 
sequencing

A total of 2.779.993 sequences were obtained from the microbial- 
DNA sequencing (MiSeq Illumina platform). From 15,214 to 70,795 
reads per sample were obtained and used by the DADA2 procedure, 
which infers biologically meaningful ASVs, which were assigned to a 
total of 56 phyla, 124 classes, 259 orders, and 348 families. The α-di
versity analysis showed that the ASV richness was significantly higher in 
Area C than in B (847 ± 268 ASVs in C vs 512 ± 57 ASVs in B; Fig. 7a; p 
< 0.01).

Comparing the sub-areas within each area, significantly higher 
values of ASV richness in B2 vs B1 and in C2 vs C1 were found (Fig. 7b; p 
< 0.05). Conversely, comparing times T1 and T2 within each sub-area, 
no significant differences in ASV richness were observed (Fig. 7c). The 
analysis of ASVs distribution across samples showed that, in terms of 
ASVs number, 25% of all ASVs were exclusive of Area B (i.e., found in 
Area B and not in C), 66% were exclusive of Area C, and only 9% were 
shared between B and C samples (Fig. S4a). The ASVs exclusive of Area B 
included 1% of core ASVs (i.e., ASVs found in all B samples), 10% of 
ASVs shared among two or more (but not all) B samples, and 14% of 
ASVs, exclusive to single B samples (i.e., occurring in only one of the B 
samples) (Fig. S4a). The ASVs exclusive to Area C included 1.2% of core 
ASVs (i.e., ASVs found in all C samples), 23% of ASVs shared among two 
or more (but not all) C samples, and 42% of ASVs exclusive to single C 
samples (Fig. S4a).

The ASVs shared between B and C samples included only 0.2% ASVs, 
always found in all analysed samples (Fig. S4a), and 9% ASVs shared 
between B and C (but not all) samples. The large number of exclusive 
ASVs within area B or C was represented by a relatively low percentage 
of 16S rDNA reads (overall, 6% for B and 11% for C). Notably, in Area B, 
the ASVs shared between B and C samples contributed to the largest 
portion of the total 16S rDNA reads (48%), while, in Area C, the 
exclusive ASVs represented the major portion of the reads (44%) 
(Fig. S4b).

The analysis of the patterns of ASV diversity across samples showed 

that the prokaryotic assemblages of Area B clustered separately from 
those of Area C (PERMANOVA; p < 0.001; Sorensen’s index: 0.87 ±
0.03; Fig. 8a). Samples from Area B clustered neither by sub-area nor by 
sampling time, while samples from the Area C grouped by sub-area (C1 
or C2, PERMANOVA; p < 0.001; Sorensen’s index: 0.61 ± 0.10), and 
only samples from C2 clustered by sampling time T1 or T2 (PERMA
NOVA; p < 0.001; Sorensen’s index: 0.65 ± 0.04; Fig. 8a).

The taxonomic analyses both at the ASV and family level, showed 
clear segregation between the prokaryotic assemblages of Area B and C, 
regardless of the spatial or temporal scale (Fig. 8a, b). Proteobacteria 
dominated in both Areas and were mainly represented by the classes 
Gammaproteobacteria and Alphaproteobacteria. Gammaproteobacteria 
were dominated by the Woeseiaceae family (Fig. 8c, Fig. S5). Plancto
mycetes represented the second most abundant phylum in both Areas, 
followed by Bacteroidota, dominated by Pirellulaceae. Archaea were 
dominated by taxa belonging to the family Nitrosopumilaceae (Fig. S5). 
The abundances of prokaryotic families were different between the two 
areas, with taxa such as the Rubritaleaceae, Rhodobacteraceae, Dada
bacteriales, NB1-j and Kilonellaceae being more relevant in Area B 
(ANCOM-BC, p < 0.05), whereas taxa such as Cyclobacteraceae, 
Microtrichaceae, pltb-vmat-80 and Thermoanaerobaculaceae were 
more abundant in Area C (ANCOM-BC, p < 0.05 and q < 0.05; Fig. 8c, 
Fig. S6).

The results of the multivariate multiple regression analyses (DistLM 
forward) carried out in the two Areas (pooled approach) on prokaryotic 
diversity at family level revealed that the biopolymeric C concentration 
explained alone ca. 55% of the variance (DISTLM p < 0.001; Table S5) 
while taking into account the bottom-water temperature we observe 
that it accounted for 62.5% of the variance (DISTLM p < 0.001; 
Table S5). No significant results were observed for the not pooled 
approach.

The univariate multiple linear regression selected (with the pooled 
approach) highlighted a negative relationship between the observed 
ASVs and biopolymeric C concentration which explained 48% of the 
variance (Table 1). Exploring this relationship with the not pooled ap
proaches, biopolymeric C was negatively correlated with the observed 
ASVs in Area B (50% of the variance), while considering Area C, in 
addition to biopolymeric C concentration, the variance was also 
explained by organic matter quality (as PRT/CHO ratio; 72% together).

Fig. 7. Spatial and temporal variations of prokaryotic ASV richness in the sediments of the two investigated areas. The plots show ASV richness, expressed as number 
of observed ASVs, in the two areas (a), in the two sub-areas within each area (b), and during the two sampling times within each sub-area (c). Reported are average 
values and standard deviations, with asterisks and brackets indicating significant differences found in the pairwise comparisons of statistical tests (***, p < 0.001; **, 
p < 0.01; *, p < 0.05).
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4. Discussion

Organic matter availability and trophic status of the two areas

Understanding the factors influencing microbial-driven ecological 
processes in Antarctica is crucial for gaining insights into the response of 
these vulnerable ecosystems to environmental shifts and climate change 
(Fonseca et al., 2022). Here, we investigated the interactions between 
different microbial components (bacterial and archaeal diversity), their 
functions (heterotrophic carbon production, enzymatic activities), and 
virus-host interactions in two deep-sea Antarctic areas characterized by 
different levels of primary productivity (and sedimentary organic matter 
availability) and bottom-water temperature (Δ ca. 1.3◦C).

All variables used to describe the trophic conditions of the two areas 
(organic matter quality, quantity, and phytopigment contents) showed 
values 5–15 times higher in the colder Area B than in warmer Area C. 
Such differences were consistent both in time and space and reflected 
the temporal and spatial gradients of carbon export from the photic zone 
to the deep sea (Cerchierini et al., 2004; Langone et al., 2000). Both 
satellite data and direct measurements of the phytopigments deposited 
on the surface of deep-sea sediments, which are a good proxy of the 
export of primary organic matter from the photic zone (Pusceddu et al., 
2009), confirm the significant differences in phytoplankton C export 
between the two areas, with larger and higher quality inputs in Area B. 
All these results suggest that the deep-sea Area B was characterized by 
mesotrophic conditions, whereas the nearly equally deep seafloor of 
Area C can be classified as oligotrophic (Pusceddu et al., 2009). 

Potential drivers of benthic prokaryotes and viral dynamics in Antarctic 
sediments

Benthic prokaryotes are strongly influenced by the availability of 
organic resources, which provide both substrate for metabolism and 
carbon sources for biomass production (Corinaldesi, 2015; Suttle, 2007). 
The comparison between the two investigated areas confirmed this 
relationship: in the mesotrophic Area B, the higher concentration of 
sedimentary organic matter was accompanied by higher prokaryotic 
abundance, biomass, and heterotrophic C production, with values 
generally two- to ten-fold higher than in Area C. Rather than reflecting a 
uniform increase in all microbial processes, these differences indicate 
that mesotrophic conditions of Area B were mainly associated with 
larger prokaryotic standing stock and higher carbon production. 
Conversely, the more oligotrophic Area C was characterized by higher 
aminopeptidase activity and faster protein turnover despite lower pro
tein concentrations. This pattern leaves open the question of whether 
aminopeptidase activity was favoured by warmer bottom-water condi
tions in the more oligotrophic sediments or, conversely, constrained by 
the high protein concentrations observed in Area B (Fabiano and 
Danovaro, 1998).

The contrast observed in prokaryotic biomass, carbon production, 
and protein turnover also provides a framework for interpreting the 
observed viral patterns, particularly in relation to the availability of 
prokaryotic hosts. Viral abundance and production were higher in Area 
B, where prokaryotic abundance and heterotrophic carbon production 
reached the highest values. This spatial pattern is consistent with a close 
association between viral dynamics and the prokaryotic compartment, 
as prokaryotes represent the main hosts for benthic viruses (Danovaro 

et al., 2008; Suttle, 2007). In sediments with higher organic matter 
availability, larger prokaryotic standing stocks and higher heterotrophic 
production may provide more favourable conditions for viral replica
tion, as viral production is closely linked to the availability and meta
bolism of prokaryotic hosts (Corinaldesi, 2015; Danovaro et al., 2016a).

At the same time, viral infections can contribute to microbial turn
over through host-cell lysis, releasing cellular material into the sur
rounding sediments and potentially contributing to the recycling of 
organic compounds within the sedimentary microbial loop (Corinaldesi, 
2015; Corinaldesi et al., 2012). This process may be particularly relevant 
in more oligotrophic sediments, where virus-induced release of labile 
organic matter could contribute to sustaining extracellular enzymatic 
processes despite lower bulk organic matter concentrations. Accord
ingly, the positive relationships between viral production, heterotrophic 
carbon production, and aminopeptidase activities observed in this study 
are consistent with an association between viral dynamics and benthic 
microbial processes involved in organic matter cycling on the Antarctic 
seafloor. 

Prokaryotic biodiversity in the two areas

Our results indicate that sedimentary OM and bottom-water tem
perature were key environmental factors structuring prokaryotic com
munities in the two areas. These results confirm previous studies on the 
role of food supply and temperature on microbial assemblages (Fonseca 
et al., 2022; Learman et al., 2016). Indeed, although both Areas were 
dominated by Proteobacteria, they shared only 9.2% of prokaryotic taxa 
(i.e., ASVs). This low overlap in terms of ASVs indicates that the two 
areas hosted largely distinct benthic prokaryotic assemblages, with 
many ASVs occurring only in one of the two areas rather than being 
shared between them. The consistency of this pattern across sampling 
times and spatial scales further suggests that the observed turnover in 
ASV composition did not reflect transient temporal variability or local- 
scale heterogeneity alone, but rather a stable differentiation between 
the benthic prokaryotic assemblages of the two areas.

The presence of different taxa in different areas could support the 
hypothesis of a niche-driven pattern, which has been previously reported 
for Antarctic shallow-water sediments (Fonseca et al., 2022). Here, the 
distinct benthic prokaryotic communities observed in Area B and Area C 
may reflect not only spatial separation but also the contrasting envi
ronmental conditions characterizing each area (Li et al., 2020). These 
conditions could favour taxa adapted to different types of organic sub
strates (Chen et al., 2023; Currie et al., 2021), from the rapid use of more 
labile compounds in the organic matter-rich Area B to the exploitation of 
more diverse or complex carbon sources under the more oligotrophic 
conditions of Area C.

Prokaryotic richness, expressed here as the number of observed 
ASVs, showed a negative relationship with biopolymeric C and observed 
ASVs, which suggests that taxonomic richness was lower under OM-rich 
conditions compared to the more oligotrophic area. In the colder, 
organic matter-rich Area B, the greater availability of organic substrates 
may have favoured a more restricted set of taxa specialized in the rapid 
use of relatively labile organic matter. Under these conditions, fewer 
taxa may have become numerically dominant, supporting higher mi
crobial standing stocks and heterotrophic C production while reducing 
overall taxonomic richness (Currie et al., 2021; Gonzalez et al., 2023).

This pattern is consistent with the higher relevance of 

Fig. 8. Results of taxonomic analysis. a) PCoA plot representing inter-sample distances calculated using the Aitchison’s distance at ASV level. Sample points are 
coloured according to each subarea, while point shapes are defined according to the sampling time. Ellipses delineate clusters for which PERMANOVA-based sta
tistical analyses showed significant (p-values < 0.05) differences. b) PCoA plot representing inter-sample distances calculated at family level after rarefaction at 
15,000 sequences. Sample points are colored according to each sub-area, while point shapes are defined according to the sampling time. c) Heatmap of the top 15 
most abundant prokaryotic families selected from the ANCOM-BC-based differential abundance analysis. These families accounted for approximately 80% of the 
cumulative relative abundance of the differentially abundant families. Heatmap tiles are coloured according to relative abundance (%), from low values in blue to 
high values in red. Rows represent family-level taxa, whereas columns represent samples. Dendrograms group families and samples according to similarities in their 
relative-abundance profiles. Annotation bars indicate Area, Sub-area, and Time.
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Rhodobacteraceae in Area B, a family frequently associated with 
phytoplankton-derived organic matter and the use of labile algal sub
strates, as well as with the occurrence of Rubritaleaceae among the taxa 
most represented in samples characterized by higher organic matter 
concentrations (Buchan et al., 2014; Ruff et al., 2014). At the same time, 
the higher ASV richness observed in the warmer and more oligotrophic 
Area C may reflect the coexistence of taxa able to exploit a broader range 
of organic substrates. Under more oligotrophic conditions, differences in 
substrate affinity and degradation capacities could contribute to main
taining a more diversified assemblage. This is consistent with the higher 
presence in Area C of taxa able to use different carbon sources and 
degrade complex polysaccharides, such as Cyclobacteriaceae (Krüger 
et al., 2019) and Hyphomicrobiaceae (Xu, 2014).

Taken together, these findings indicate that higher OM availability 
may support larger microbial standing stocks, heterotrophic C produc
tion, and faster prokaryotic turnover, whereas more oligotrophic con
ditions may favour the coexistence of a more taxonomically diversified 
assemblage, potentially reflecting a broader range of strategies for using 
the available organic substrates.

5. Conclusion

By comparing two Antarctic deep-sea areas characterized by con
trasting conditions, this study provides an ecological framework to 
examine how benthic prokaryotic assemblages, and viral dynamics 
respond to different environmental settings. Within this framework, our 
results show that differences in organic matter availability and bottom- 
water temperature are closely linked to distinct benthic prokaryotic 
assemblages, metabolic functioning, and virus–host dynamics in Ant
arctic deep-sea sediments. The colder and organic matter-rich Area B 
was mainly associated with larger prokaryotic standing stocks, higher 
heterotrophic carbon production, enhanced β-glucosidase activity, and 
higher viral production, whereas the warmer and more oligotrophic 
Area C showed higher prokaryotic ASV richness and faster potential 
protein degradation. The presence of a small fraction of ASVs shared 
between the two areas further highlights the ecological differentiation 
between Area B and Area C, also in terms of prokaryotic assemblages.

Overall, our results highlight that contrasting benthic environmental 
conditions are closely linked to differences in Antarctic microbial com
ponents and organic matter degradation processes. Although this com
parison cannot be used to predict microbial responses to future climate- 
related environmental changes in Antarctica, it provides evidence that 
shifts in carbon export, trophic conditions, and bottom-water tempera
ture may affect prokaryotic community composition, organic matter 
degradation, and carbon cycling on the Antarctic seafloor.
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