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Major viral impact on the functioning of
benthic deep-sea ecosystems
Roberto Danovaro1, Antonio Dell’Anno1, Cinzia Corinaldesi1, Mirko Magagnini1, Rachel Noble2,
Christian Tamburini3 & Markus Weinbauer4

Viruses are the most abundant biological organisms of the world’s oceans. Viral infections are a substantial source of
mortality in a range of organisms—including autotrophic and heterotrophic plankton—but their impact on the deep ocean
and benthic biosphere is completely unknown. Here we report that viral production in deep-sea benthic ecosystems
worldwide is extremely high, and that viral infections are responsible for the abatement of 80% of prokaryotic heterotrophic
production. Virus-induced prokaryotic mortality increases with increasing water depth, and beneath a depth of 1,000 m
nearly all of the prokaryotic heterotrophic production is transformed into organic detritus. The viral shunt, releasing on a
global scale ,0.37–0.63 gigatonnes of carbon per year, is an essential source of labile organic detritus in the deep-sea
ecosystems. This process sustains a high prokaryotic biomass and provides an important contribution to prokaryotic
metabolism, allowing the system to cope with the severe organic resource limitation of deep-sea ecosystems. Our results
indicate that viruses have an important role in global biogeochemical cycles, in deep-sea metabolism and the overall
functioning of the largest ecosystem of our biosphere.

Viruses are by far the most abundant ‘life forms’ in the world’s oceans
(approximately 4 3 1030 viruses)1, exceeding prokaryotic abundance
by at least one order of magnitude1,2. Increasing evidence indicates
that viral infection may be responsible for the high mortality of
autotrophic and heterotrophic organisms in surface oceans3–5, with
cascading effects on carbon cycling and nutrient regeneration6,7. Viral
lysis of infected microbes transforms their cell contents and biomass
into organic detritus (both dissolved and particulate), which can then
be used again by non-infected prokaryotes (that is, viral shunt)1,6,8.
This process supports prokaryotic heterotrophic production, but it
also decreases the efficiency of the carbon transfer to higher trophic
levels6 and influences the carbon budget of the oceans, thereby modi-
fying the amount of carbon transferred by sinking particles from the
surface waters towards the ocean floor5. Therefore, the integration of
the viral component into trophodynamic and biogeochemical mod-
els is of primary importance for an improved understanding of the
function of the world’s oceans5.

Deep-sea ecosystems cover about 65% of the Earth’s surface and
play an important part in biomass production and biogeochemical
cycles on a global scale9. These processes are largely mediated by
benthic prokaryotes, which use organic detritus for biomass produc-
tion and respiration10. Deep-sea ecosystems are dark and extreme
environments that lack photosynthetic primary production, depend
on the carbon export from the surface oceans and are characterized
by severe organic nutrient limitation9. The biomass of all faunal
components decreases exponentially with increasing water depth11,
but this does not apply to benthic prokaryotic biomass11, which also
has a relatively high metabolic rate12. Prokaryotic biomass, in the top
10-cm of deep-sea sediments, is approximately 160 Pg, which is equi-
valent to 30%–45% of the total microbial carbon on Earth13. The
huge, nitrogen- and phosphorus-rich, prokaryotic biomass repre-
sents a potentially enormous and high quality food source for benthic

consumers in deep-sea ecosystems14, but in situ experiments suggest
that prokaryotic biomass does not contribute significantly to the
food requirements of higher trophic levels15. The high prokaryotic
biomass in food-limited deep-sea ecosystems and the non-use of this
component represent two unsolved paradoxes of the deep oceans.

Viruses in benthic deep-sea ecosystems

We report here that viral abundance in surface sediments (top
1-cm) worldwide is high at all depths, from the shelf-break down
to the abyssal sediments (range, 0.10–3.53 3 109 g21; mean,
0.96 3 109 g21 (Supplementary Table 1), which are equivalent to
0.83–28.2 3 1012 viruses m22 with a mean of 7.65 6 0.32 3 1012

viruses m22; Fig. 1a), with values similar to those reported for
coastal sediments16,17. A high viral abundance in deep-sea sediments
could be due to the supply of virioplankton adsorbed onto sinking
particles18 and/or to the high in situ viral production rates16,17. We
found that the downward flux of viruses associated with settling
particles to the deep sea was extremely low (Supplementary Table
2), whereas direct measurements, on the basis of different independ-
ent approaches, indicate that viral production rates in deep-sea
sediments are consistently high, and that viruses are produced in
situ (Fig. 1b and Supplementary Figs 2 and 3).

Further experiments conducted in both in situ pressure and
decompressed samples indicated that .99% of the prokaryotic infec-
tions are lytic, both in deep-sea sediments and at the benthic bound-
ary layer (Supplementary Fig. 4). Deep-benthic viruses are therefore
functionally active and are capable of killing the infected prokaryotes.
We also estimated the burst size of prokaryotes (defined as the num-
ber of viruses that cause the lysis of the host cell) in deep-sea sedi-
ments using different independent approaches, which ranged from
11 to 106 (mean of time course experiments, 45; median, 38;
Supplementary Table 3 and Supplementary Fig. 5).

1Department of Marine Science, Faculty of Science, Polytechnic University of Marche, Via Brecce Bianche, 60131 Ancona, Italy. 2Institute of Marine Sciences, The University of North
Carolina at Chapel Hill, 3431 Arendell Street, Morehead City, North Carolina 28557, USA. 3Université de la Méditerranée, Centre d’Océanologie de Marseille, UMR 6117–CNRS,
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Changes in hydrostatic pressure can alter the physiological status
of the prokaryotes19–21, thus potentially influencing viral production
measurements. Analyses of viral and prokaryotic production in deep-
sea sediment samples at in situ, decompressed (at 0.1 MPa) and re-
pressurized conditions (see Supplementary Methods for details)
demonstrated that production rates are not significantly influenced

by deep-sea sample recovery (Supplementary Figs 6 and 7), allowing
the conclusion that the high viral production rates are not due to
artefacts.

Combining values of viral production and viral abundance in
deep-sea sediments, we conclude that deep-sea viriobenthos is a
highly dynamic and active component of deep-sea ecosystems, with
a viral turnover (range, 0.15–8.2 d21, mean, 1.7 6 0.1 d21) com-
parable to, or higher than, that reported for highly productive aquatic
ecosystems16.

Virus-induced prokaryotic mortality

Viral abundance and production did not change significantly with
water depth, even when latitude, longitude and sampling time were
included as covariates in the statistical analyses (Supplementary
Table 4). However, viral and prokaryotic abundance (Fig. 1a, c)
covaried across a wide range of depths and environmental conditions
(Fig. 2a). Also, viral production and prokaryotic heterotrophic pro-
duction (Fig. 1b, d) were significantly and positively related (Fig. 2b).
These positive relationships suggest a dependence of viral replication
on the host abundance and metabolism, and indicate that the
observed variability across depths is not due to a methodological
artefact. Thus, our data confirm the emerging view that deep-sea
benthic ecosystems are more dynamic than previously thought14

and suggest that the extreme conditions of the deep oceans are not
hostile for viral development.

We estimated the impact of viruses on benthic prokaryotic pro-
duction, calculating the number of prokaryotes killed as the ratio
between viral production and prokaryotic burst size. Using the mean
burst size of the time course experiments (burst size of 45) we calcu-
lated that viruses are responsible for the abatement of 80% of the total

Viral abundance

Prokaryotic abundanceb

c

d

a

0 1,000 2,000 3,000 4,000 5,000 6,000

0 1,000 2,000 3,000 4,000 5,000 6,000

0 1,000 2,000 3,000 4,000 5,000 6,000

0 1,000 2,000 3,000 4,000 5,000 6,000

Viral production

Prokaryotic heterotrophic production

V
iru

se
s 

m
–2

3.0 × 1013

2.5 × 1013

2.0 × 1013

1.5 × 1013

1.0 × 1013

5.0 × 1012

0.0

P
ro

ka
ry

ot
es

 m
–2

3.0 × 1013

2.5 × 1013

2.0 × 1013

1.5 × 1013

1.0 × 1013

5.0 × 1012

0.0

V
iru

se
s 

m
–2

 h
–1

m
g 

C
 m

–2
 h

–1

3.0 × 1012

2.5 × 1012

2.0 × 1012

1.5 × 1012

1.0 × 1012

5.0 × 1011

0.0

1.20

1.00

0.80

0.60

0.40

0.20

0.00

Atlantic Ocean South Pacific Mediterranean Sea Black Sea

Figure 1 | Bathymetric patterns of viruses and prokaryotes in deep-sea
sediments worldwide. Reported are the viral abundance (a; expressed as the
number of viruses per m2), the prokaryotic abundance (b; expressed as the
number of prokaryotes per m2), the viral production (c; expressed as the
number of viruses produced per m2 per h), and the prokaryotic
heterotrophic production (d; expressed as mg C m22 h21). Data originate
from the Atlantic Ocean (temperate systems), the South Pacific Ocean
(tropical warm systems), the western and eastern Mediterranean Sea
(temperate warm systems) and the Black Sea (anoxic system).
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Figure 2 | Relationships between viruses and prokaryotes in deep-sea
sediments worldwide. Reported are the relationship between viral and
prokaryotic abundance (a; regression equation: y~1:19xz3:63|108;
n 5 206, R2 5 0.56, P , 0.001), and the relationship between viral and
prokaryotic production (b; regression equation:
y~1:71|106xz9:89|106; n 5 186, R2 5 0.57, P , 0.001). Data originate
from the Atlantic Ocean (temperate systems), the South Pacific Ocean
(tropical warm systems), the western and eastern Mediterranean Sea
(temperate warm systems) and the Black Sea (anoxic system).
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prokaryotic heterotrophic production in global deep-sea sediments.
Virus-induced prokaryotic mortality increases with water depth
from 16% 6 3% (mean 6 s.e.m., n 5 11) in coastal sediments to
64% 6 3% in mesopelagic sediments (.160–1,000-m depth,
n 5 41) to 89% 6 2% in sediments beneath 1,000-m depth (n 5 67;
Fig. 3). These are conservative estimates, as the use of the mean or
median burst sizes obtained from the three independent approaches
(burst sizes of 37 or 33, respectively; Supplementary Table 3), or the
values of burst sizes frequently used in the literature (20–30)2,7, would
result in the abatement of ,90% or more of the global prokaryotic
carbon production.

These results indicate that viruses are the main agents of mortality
of prokaryotes in deep-sea sediments worldwide, and determine the
shunt of most of the prokaryotic carbon production into organic
detritus. This finding has important implications for the comprehen-
sion of food webs and biogeochemical processes in deep-sea ecosys-
tems. Viruses, killing most of the prokaryotes produced, drastically
reduce the microbial biomass potentially available to higher trophic
levels in deep-sea sediments. These results help to explain the para-
dox of deep-sea ecosystems in which prokaryotic biomass is largely
unused by deep-sea fauna, despite severe food limitation15.

Implications on ecosystem functioning

The amount of organic resources in the deep sea is typically extremely
low (organic carbon concentrations are 10–20 times lower than in
coastal systems), mostly composed of refractory compounds22 and
could represent a limiting factor for prokaryotic metabolism and
turnover23,24. There is evidence to suggest that intracellular material
released by viral lysis can be an important and readily bioavailable
organic source for prokaryotes25,26. The significant relationship
between the release of carbon from prokaryotic lysis and prokaryotic
turnover in deep-sea sediments reported here (Fig. 4) suggests that a
stronger viral shunt is associated with higher prokaryotic growth
rates. This relationship allows us to speculate that the viral shunt,
on the one hand, kills an important fraction of benthic prokaryotes
and reduces the competition for available resources and, on the
other, generates labile, highly bioavailable material and stimulates
the metabolism of uninfected deep-sea prokaryotes. These results
contribute to explaining the paradox of a fast prokaryotic turnover
in food-limited, deep-sea ecosystems.

The release of labile organic material from killed prokaryotic cells
has important implications for carbon cycling and nutrient regen-
eration on a global scale. We estimate that the viral shunt, on a global
scale, can release from ,0.37 Gt C yr21 (the most conservative estim-
ate on the basis of the highest value of burst size) to 0.63 Gt C yr21 (if
a burst size of 45 is used). Therefore, the viral shunt is an essential
source of labile organic compounds to deep-sea ecosystems. Using
conservative conversion factors14, we estimate that the organic car-
bon supplied by viral shunt contributes to around 35% of the total
benthic prokaryotic metabolism, increases their turnover and pro-
motes the recycling of key elements (including nitrogen and phos-
phorus associated with prokaryotic biomass). Given the global
relevance of biogeochemical processes occurring in deep-benthic
ecosystems10, our results indicate that the deep-sea viral shunt is a
crucial process, so far neglected, which has to be included in global
models of carbon, nitrogen and phosphorus cycling and nutrient
flows.

We conclude that viral infection has an important part in the
functioning of the largest ecosystem of the biosphere by controlling
benthic prokaryotic biomass (top down, predatory control), by
stimulating prokaryotic metabolism (bottom-up mechanism), and
by accelerating biogeochemical processes.

METHODS SUMMARY

We collected a data set of 232 deep-sea sediment samples and measured the

impact of viruses on deep-sea benthic prokaryotes and biogeochemical cycles.

Our data cover latitudes from 79uN to 34u S, and all depths from 165 m to

5,571 m (sampling location and details on the data set is provided in

Supplementary Table 1 and Fig. 1), and include deep-sea sites spanning a wide

range of bottom-water temperatures and trophic conditions. Measurements of

viral and prokaryotic abundance and production were carried out synoptically

on the same samples and by using the same protocols for the entire data set, thus

ensuring methodological consistency.

Viral and prokaryotic abundances in deep-sea sediments were determined by

epifluorescence microscopy using highly sensitive fluorochromes. For the deter-

mination of viral production, two different procedures were applied and com-

pared. The first is based on a dilution technique of samples with virus-free sea

water, and allows the determination of viral production on the basis of the

increase in viral number over time. The second is based on the use of 3H-

thymidine, and allows the determination of viral production through the assess-

ment of the incorporation rates of radiolabelled substrates into viral genomes.

Radiolabelled substrates were also used to determine prokaryotic heterotrophic

carbon production. To substantiate the measurements of viral and prokaryotic

heterotrophic carbon production carried out at 0.1 MPa, further experiments

were carried out under in situ pressure conditions using ad hoc high pressure

sampling devices. The ratio between viral production and prokaryotic burst

size (estimated using three independent approaches) was used to estimate the
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prokaryotic mortality induced by viruses. Finally, the relative importance of

lysogenic infections was investigated by time course experiments of deep-sea

samples previously treated with specific agents inducing the lytic cycle.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Sampling sites and sampling strategy. Sampling was carried out in the Atlantic

Ocean (,30% of the investigated sites), the Pacific Ocean (,25%), the

Mediterranean Sea (,42%) and the Black Sea (,3%). Overall, 38% of the

sampling sites were located between depths of 165 m and 1,000 m, 35% were

between depths of 1,000 m and 3,000 m, and 27% were between depths of

3,000 m and 5,571 m. Details of the materials and methods used in the present

study are reported in the Supplementary Information.

Viral abundance, production and lysogenic fraction. For the determination of

viral abundance, fresh and unpreserved sediments were processed immediately
after retrieval to minimize viral loss due to the use of preservatives (for example,

formaldehyde)28–30. Viral abundances were determined by epifluorescence

microscopy after extraction of benthic viruses from the sediments and sub-

sequent staining with SYBR Green I (ref. 29). Viral abundance was normalized

to gram of sediment dry weight after desiccation (60 uC, 24 h) and converted in

surface units (viruses m22), assuming a constant value of 1.8 g cm23 for the

sediment dry bulk density.

Viral production in deep-sea sediment samples was determined by the dilu-

tion technique27,31 (see Supplementary Methods for details). This technique has

been the most widely used so far in benthic environments (thus enabling a

comparison with available data) and has the advantage of minimizing the impact

of protozoan and/or faunal grazing during the incubations16. The reliability of

the protocol was tested by comparing the results of viral production obtained

using different sediment dilutions (1:2, 1:5, 1:10 (v/v) of sediment versus virus-

free sea water; see Supplementary Methods), and by comparing the results of

viral production acquired by the dilution technique with those obtained by the

incorporation of 3H-thymidine by deep-sea viruses32,33. All incubations were

carried out in the dark and at in situ temperature. The effects of pressure were
tested for both techniques (dilution and 3H-thymidine incorporation) by com-

paring viral production from decompressed samples (0.1 MPa) with samples

maintained at in situ pressure (Supplementary Figs 3 and 6). To estimate the

lysogenic fraction among natural assemblages of deep-sea prokaryotes, we used

one of the most widely used induction agents (mitomycin carbon27,34;

Supplementary Methods). Deep-sea sediment samples were inoculated with

mitomycin carbon and incubated at in situ pressure and temperature.

Decompressed samples (0.1 MPa) were used as a control (Supplementary Fig. 4).

Prokaryotic abundance, biomass and production. Prokaryotic abundance in

deep-sea sediments was determined from the same sediment samples used for

the viral counts. Prokaryotic cells were extracted from the sediments according

to standard procedures, stained with SYBR Green I and counted by epifluores-

cence microscopy 27–29. For the determination of the prokaryotic biomass, the cell

biovolume was converted into carbon content assuming 310 fg Cmm23 as a

conversion factor24,35. Prokaryotic abundance and biomass were normalized to

sediment dry weight after desiccation (60 uC, 24 h). Prokaryotic heterotrophic

production in deep-sea sediments was determined by 3H-leucine incorporation

(up to 3 h of incubation in the dark at in situ temperature)24. The effect of
pressure on benthic prokaryotic heterotrophic production was tested using
3H-thymidine incorporation36, synoptically with tests conducted for viral pro-

duction and compared to decompressed and non-decompressed samples

(Supplementary Fig. 7).

Effects of pressure on viral and prokaryotic production. In 2005 and 2007, two

series of independent experiments were conducted to test the effects of pressure

on different microbial variables (that is, viral production, lysogenic fraction and

prokaryotic heterotrophic production). In 2005, 500-ml high-pressure bottles

were used for the sampling of the water–sediment interface (collected at 2,474

and 3,526 m depth). Samples were incubated at in situ pressure and temperature

conditions19,20 with special attention to maintain the same pressure during the

entire experiment (recovery, transfer and incubations). In 2007, sediment sam-

ples were collected at 3,500 m depth by means of a multiple corer, retrieved on

board, immediately transferred in sterilized syringes and re-pressurized in high-

pressure bottles, kept in the dark and under in situ temperature conditions for

subsequent viral and prokaryotic production measurements (see details in

Supplementary Methods). All variables were determined by time course experi-

ments and, at each sampling time, aliquots of the incubated samples were with-

drawn directly from the pressurized experimental system (see Supplementary

Methods). For all experiments, extra samples were collected, using the same

sampling equipments without pressurization for evaluating the effect of incuba-

tion at 0.1 MPa on all of the measured microbial variables.

Virus-induced prokaryotic mortality. The number of prokaryotes killed by

viruses per gram of sediment per hour was calculated as the ratio between viral

production (as the number of benthic viruses produced per gram of sediment per

hour) and burst size (as the number of viruses released by cell lysis because of viral

infection). Prokaryotic burst size was estimated using three independent

approaches: (1) from time course experiments in which the increase of viral

abundance with time was divided by the number of prokaryotic cells killed; (2)

by applying a regression analysis between cell biovolume and burst size derived

from the literature37; and (3) using transmission electron microscopy for counting

the number of phages in deep-sea benthic prokaryotic cells38. Details on the

procedures are reported in Supplementary Information. The virus-induced pro-

karyotic mortality was calculated as the number of cells killed divided by the total

number of prokaryotes produced per hour, and expressed as a percentage27.

Statistical analyses. To test whether the investigated benthic microbial variables

were influenced by water depth, latitude, longitude or sampling period, we

carried out a multivariate multiple regression analysis. All analyses were done

with the routine distance-based multivariate analysis for a linear model

(DISTLM) forward, and the effects of depth, sampling time, longitude and

latitude were included as covariates in the analyses. P values were obtained with

4,999 permutations of residuals under the reduced model39.
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