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INTRODUCTION

Despite increasing recognition that viruses are
ubiquitous and play important roles in the regulation
of biogeochemical cycling and microbial community
dynamics in marine environments (Suttle 2007, Da -
no varo et al. 2011, Breitbart 2012), our knowledge of
viral distributions, variation in viral production, and
the extent of viral-induced mortality of prokaryotes
in deep oceanic environments is severely limited
(Arístegui et al. 2009, Nagata et al. 2010, De Corte et
al. 2012). This paucity of data hampers understand-
ing of the biogeochemical cy cle controls in the
ocean’s interior. There, large quantities of carbon
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ABSTRACT: We examined the full-depth distribu-
tions of viruses at 38 stations along a cruise track of
~17 000 km in the Southern Ocean and the central
Pacific. In the layer between 200 and 2000 m, viral
abundance decreased sharply with depth, and
prokaryote abundance accounted for a large frac-
tion (60%) of the variability in viral abundance. In
contrast, in the deeper layer (>2000 m), the depth-
dependent decrease in viral abundance was less
evident, and the relationship between viral and
prokaryote abundances was weak. Viral abun-
dances were high in the Antarctic bottom water
and tended to decrease along the paths of the Cir-
cumpolar Deep Water and the Pacific Deep Water.
Outstanding peaks of virus-to-prokaryote abun-
dance ratios (mean ± SE: 46 ± 1.2) were found in
the bottom waters (depth >3500 m) of the subtropi-
cal regions, where sinking particle fluxes are
known to be generally low. These results are inter-
preted as an indication that large-scale viral distri-
bution patterns are generally, if not solely, influ-
enced by transport mediated by the meridional
overturning circulation, underscoring the necessity
of future studies to clarify prevailing mode and
mechanisms for viral production and decay in deep
oceans, which appear to be largely distinct from
those in upper oceans.
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prokaryote abundance ratio · Meridional overturn-
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Left: Sampling stations (satellite image from NASA). Right:
Dot plots of viruses (green) and prokaryotes (orange) on flow
cytogram.
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and nutrients are remine ralized and sequestered,
which affects the variability of atmospheric pCO2

and hence the climate of our planet (Sarmiento &
Gruber 2006, Kwon et al. 2009).

A few studies have examined viral abundance dis-
tributions throughout whole water columns of the
ocean in regions of depth greater than 1000 m
(reviewed by Arístegui et al. 2009, Nagata et al. 2010,
see also De Corte et al. 2010, 2012). One astonishing
feature has emerged from the compilation of available
data: viruses can be much more abundant in deep
waters than would be expected from the prokaryotic
abundance there. Viral abundances in bathypelagic
waters are reported to range from 0.6 × 108 to 60 ×
108 viruses l−1. These values are, in general, about 1/2
to 1/50 of those in the upper oceans (reviewed by
Nagata et al. 2010, see also De Corte et al. 2012).
Depending on the ocean region, the depth-dependent
decrease in viral abundance is much less pronounced
than that in pro karyote abundance, leading to higher
virus-to-prokaryote abundance ratios (VPRs) in deep
waters (50 to 110 in the bathypelagic layer of the
North Atlantic; Parada et al. 2007, De Corte et al.
2010, 2012) than those commonly reported in previous
studies (~10, Wommack & Colwell 2000). High VPRs
in deep oceans are intriguing, given that the ex -
tremely low growth rates of pro karyotes in deep
waters (10−4 to 10−2 d−1 in the bathypelagic; Arís tegui
et al. 2009, Yokokawa et al. 2013) should severely limit
lytic viral production.

Because viral populations are affected by both
viral production and decay, the high viral abun-
dance and VPR could be explained by a relatively
low decay rate of viruses in deep waters (De Corte
et al. 2010). Parada et al. (2007) reported viral turn-
over time in deep Atlantic waters to be around 11 to
39 d, which was ~10-fold longer than that for vi -
ruses in surface waters (Parada et al. 2007, De Corte
et al. 2012). An alternative, if not mutually exclu-
sive, hypothesis is that the high VPR at depth is a
consequence of viral delivery to deep waters from
upper layers. Some authors have suggested that the
high VPR and apparent lack of a relation between
viral and prokaryotic abundance in deep Atlantic
waters might be caused by the allochthonous input
of viruses attached to sinking particles from surface
waters (Parada et al. 2007, De Corte et al. 2012).
Viral transport due to vertical mixing and lateral
advection might also affect viral abundance distri-
bution patterns in deep oceanic waters (Nagata et
al. 2010). However, the mechanisms underlying vi -
ral abundance distribution patterns in deep oceanic
waters are not entirely clear.

Examination of viral distributions across different
large-scale oceanic regions may provide clues to the
factors that affect viral abundances and the VPR in
the ocean interior. We collected data on full-depth
distributions of viruses along a cruise track of
~17 000 km in the Southern Ocean and the central
Pacific. The sampled stations represented diverse
biogeochemical provinces (polar, subpolar, subtropi-
cal, and equatorial) with different prokaryote abun-
dances and production (Yokokawa et al. 2013) and
covered a full physical dimension of the meridional
overturning circulation in the central Pacific and
Southern Oceans.

MATERIALS AND METHODS

Study sites

We sampled 38 stations in the central Pacific and
the Pacific sector of the Southern Ocean along 4
transects covering a latitudinal range of 67° S to
53.6° N, during 2 cruises aboard the RV ‘Hakuho-
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Fig. 1. Sampling stations deployed during the KH04-5
(SX03−SX29) and KH05-2 (ST01−ST14) cruises. Station
codes are presented for selected stations only, for clarity.
Regional numbers are added to separate the Antarctic
region (1), the subantarctic/subtropical convergence zone
(2), the South Pacific subtropical region (3), the equatorial
region (4), the North Pacific subtropical region (5), and the 

subarctic/North Pacific transition zone (6)
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maru’ (cruise KH04-5, Stns SX03−SX29, December
2004 to March 2005; and cruise KH05-2, Stns
ST01−ST14, August to September 2005; Fig. 1). The
sampling sites were located in various biogeochemi-
cal pro vinces (Longhurst 2006), including the Ant -
arctic (Region 1), the subantarctic and subtropical
convergence zone (Region 2), the South Pacific
  subtropical zone (Region 3), the equator (Region 4),
the North Pacific subtropical zone (Region 5), and
the sub arctic and North Pacific transition zone (Re -
gion 6). The major water masses in deep waters
included the Circumpolar Deep Water (CDW; poten-
tial density σθ > 27.79) and the Pacific Deep Water
(PDW; σθ ~27.51 to 27.79; Schmitz 1996; see Fig. 2A).
CDW contains the modified North Atlantic Deep
Water, which is replenished by newly formed deep
water from the Antarctic shelf-slope region. A por-
tion of the CDW flows northward along the Western
Boundary Currents and forms the bottom water in
the Pacific Ocean. During the transit, the CDW
gains buoyancy through mixing with the overlaying
waters and then returns south as PDW, until it is
entrained with the surface water in the Antarctic
zone. The mid-water PDW in the North Pacific is the
oldest water mass, as indicated by ocean 14C data
(Matsumoto 2007).

Determination of oceanographic parameters 
and viral abundance

At each station, water samples were collected at
7 to 8 different depths (50 to 200 m depth interval) in
the water column between 200 and 1000 m, and at
every 250 to 500 m depth interval in the deeper water
to the bottom layer (50 or 100 m above the sea floor),
using clean 12 l Niskin-X bottles (General Oceanics)
attached to a carousel water sampler equipped with a
conductivity- temperature-depth profiler (Sea-Bird
Elec tronics, Model 9 plus); these were used to deter-
mine viral abundance, prokaryote abundance, and
production and other oceanographic parameters
(salinity, apparent oxygen utilization [AOU], chloro-
phyll a concentrations, con centrations of nitrate,
nitrite, phosphate, and silicate). Data on prokaryote
variables, except for samples from Stns SX03 to
SX09 in Regions 1 and 2, have been reported by
Yokokawa et al. (2013). The data for prokaryote
 variables and oceanographic parameters used in
this study are available online via the Full Depth Dis-
tribution of Microbial Abundance and Production
Database (FddMAP, http:// cesd. aori. u-tokyo. ac. jp/
cesddb/ index_ en. html).

Details on the method used to analyze viral abun-
dance have been des cribed elsewhere (Yang et al.
2010). Briefly, seawater samples were stored in 5 ml
cryovials (Nalgene) fixed with 0.02 µm filtered glu-
taraldehyde (final concentration 1%) and flash fro -
zen in liquid nitrogen during KH05-2. Be cause of
logistic constraints, liquid nitrogen was not available
on board during KH04-5, and the samples were
directly frozen in a deep freezer (−80°C) (see ‘Discus-
sion’). Samples were then stored in a deep freezer
(−80°C) until analysis. In the onshore laboratory, the
samples were thawed, diluted (20 to 100×) with TE
buffer (10 mmol l−1 Tris-HCl, 1 mmol l−1 ethylenedi-
amine tetraacetic acid, pH 8.0; Wako), stained with
SYBR Green I (final concentration 5 × 10−5, at 80°C
for 10 min), and injected into a flow cytometer
 (FACSCalibur, Becton Dickinson) with standard
beads (1 µm yellow-green beads, Molecular Probes).
Triplicate blanks were run every 8 to 10 samples. The
blank values were <5% of the total count. The
 variation in flow rate was 2 to 3%. The obtained data
were analyzed using the CellQuest software (Becton
Dickinson).

Statistical analysis

Linear regression was conducted using SigmaStat
3.1 (Hulinks) to analyze the relationships between
viral abundance and other variables. A distance-
based linear model (DistLM) using distance-based
redundancy analysis (dbRDA) in Primer v6 (PRI MER-
E) was used to select the best set of environ mental
(potential temperature, salinity, σθ, AOU, nutrients
[concentrations of nitrate, phosphate, and silicate]),
geographic (latitude and depth), and pro karyotic
variables (abundance, production, and cell-specific
production) to account for the variability in viral
abundance. Viral abundance and prokaryotic vari-
ables were log transformed for the analysis. The
model was based on a stepwise procedure and the
Bayesian information criterion (Anderson et al. 2008).

RESULTS

Viral abundance distribution patterns in 
the upper water layer (200 to 2000 m)

Vertically, the viral abundance decreased sharply
in the upper layer (200 to 2000 m). Linear regressions
of log (viral abundance) versus log (depth) were gen-
erally significant (p < 0.05), with exponents in the
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range of −1.21 to −0.37 (Table 1). Regressions were
non-significant (p > 0.05) or weak (slope > −0.5) at
6 stations in the Antarctic or subantarctic regions
(SX03, 06 to 10). The VPR was on average 19 ± 0.6
(SE; n = 355). The DistLM analysis selected prokary-
otic abundance and σθ as the factors best explaining
the variability in viral abundance (R2 = 0.648).
Among the predictor variables, prokaryotic abun-
dance alone explained much (60%) of the variability
in viral abundance (Table 2).

Viral abundance distribution patterns
in the deeper water layer (>2000 m)

In contrast to the vertical patterns in
the upper layer, the decrease in viral
abundance with depth was either non-
significant (p > 0.05) or less evident
(slope > −0.5) at most (37 out of 38) of the
stations (Table 3) in the deeper layer
>2000 m. At 9 stations, viral abundance
displayed an increasing trend with
depth (Fig. 2B, Table 3). The average
VPR for the whole data collected in the
layer deeper than 2000 m was 34 ± 0.8
(SE, n = 206). Peaks of VPR (up to 70)
were found in the near bottom waters
(depth >3500 m) in the subtropical
regions of the South and North Pacific,
where the average VPR was 46 ± 1.2 (n =
36; Regions 3 and 5; Fig. 2C).

Viral abundance displayed an out-
standing, large-scale, latitudinal pat-
tern. Viral abundance was highest in the
bottom water of the Antarctic (Re gion 1),
where it reached 13 × 108 particles l−1

(174° E, 65° S, 3000 m to the bottom; Fig.
2B). Then it gradually de creased during
the northward transit of the CDW, fol-
lowed by the return southward with the
PDW in the mid-water column. Viral
abundance was low in the PDW, with
the lowest value found at depths of 2000
to 3000 m in the subtropical North
Pacific (Region 5). The subarctic North
Pacific was an exception (Region 6),
with a relatively high viral abundance in
the near bottom layer (Fig. 2B).

We found significant (R2 = 0.15 to 0.24,
p < 0.001) relationships between viral
abundance and the physical and chemi-
cal variables (σθ, potential temperature,
salinity, AOU, nitrate, phosphate, and
silicate) that generally display a strong

gradient along the paths of the CDW and PDW,
reflecting the age of water masses (Sar miento & Gru-
ber 2006; Table 4). The highest R2 value was found
for the relationship between viral abundance and σθ.
The high viral abundance in the subarctic (Region 6)
deviated from the general decreasing trend along the
paths of the CDW and PDW. Therefore, we per-
formed a regression analysis ex cluding the data from
Region 6. With this re-analysis, the regression was
largely improved for all predictor variables, with σθ
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Fig. 2. (A) Water potential temperature (°C, color scale) and σθ (kg m−3, con-
tour lines) showing also the direction of the Circumpolar Deep Water
(CDW) and Pacific Deep Water (PDW) circulation. Isopycnal lines separate
the different water masses according to Schmitz (1996). (B) Distributions of
viral abundance (108 particles l−1). (C) Virus-to-prokaryote abundance
ratios along the cruise tracks. The x-axis is scaled by the distance from
Stn SX03 along the cruise tracks, although ticks and labels are added to
indicate latitudinal positions. To create the contour, data collected at
Stns ST01−ST05 were not used, to avoid overlapping of data collected dur-
ing the KH04-5 and KH05-2 cruises for the same latitude (see Fig. 1). The
bars and numbers on the top x-axis correspond to the regional numbers
presented in Fig. 1. The dots in the graphs indicate water sampling layers.
The gray area shows the sea floor topography; created using Ocean Data 

View (http://odv.awi.de/)
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accounting for 37% of the variability in viral abun-
dance (Table 4, Fig. 3). The results of the DistLM
analysis indicated that the best set of variables to ac -
count for the viral abundance variability was a com-
bination of σθ and pro karyote abundance (Table 2).
The σθ and prokaryote abundance accounted for 15
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Cruise Latitude Longitude Station Max depth (m) N200 b ± SE n R2 p

KH04-5 44.9°S 149.9°E SX03 3591 − − − − −
50.3°S 150.0°E SX04 3166 36.3 −0.65 ± 0.05 11 0.91 <0.001
55.0°S 150.0°E SX05 3704 80.0 −1.05 ± 0.20 11 0.78 <0.001
60.0°S 150.0°E SX06 3270 − − − − −
61.7°S 160.0°E SX07 2395 17.9 −0.37 ± 0.01 5 0.88 0.017
63.4°S 170.1°E SX08 1813 23.1 −0.45 ± 0.04 9 0.96 <0.001
65.1°S 174.2°E SX09 3316 23.0 −0.37 ± 0.13 8 0.59 0.026
67.2°S 172.7°W SX10 3741 15.9 −0.37 ± 0.05 9 0.89 <0.001
64.5°S 170.0°W SX11 2369 17.2 −0.58 ± 0.15 7 0.71 0.017
59.4°S 170.0°W SX12 4941 33.1 −0.73 ± 0.12 10 0.81 <0.001
55.0°S 170.0°W SX13 4844 28.6 −0.51 ± 0.18 9 0.54 0.023
50.0°S 170.0°W SX14 5347 27.5 −0.57 ± 0.04 10 0.96 <0.001
45.0°S 170.0°W SX15 5165 34.1 −0.73 ± 0.08 9 0.92 <0.001
40.0°S 170.0°W SX17 4635 37.4 −0.82 ± 0.05 10 0.97 <0.001
35.0°S 170.0°W SX19 5170 39.9 −0.77 ± 0.22 10 0.61 0.008
30.0°S 170.0°W SX20 5338 27.5 −0.78 ± 0.09 10 0.90 <0.001
25.0°S 170.0°W SX21 5608 36.1 −0.99 ± 0.09 10 0.93 <0.001
20.0°S 170.0°W SX22 5252 28.6 −0.86 ± 0.07 10 0.94 <0.001
15.0°S 170.0°W SX24 4750 26.5 −0.93 ± 0.04 10 0.99 <0.001
10.0°S 170.0°W SX25 4999 38.9 −1.10 ± 0.08 10 0.96 <0.001
4.9°S 170.0°W SX26 5329 31.8 −0.89 ± 0.08 10 0.94 <0.001
0.1°N 170.0°W SX27 5423 31.5 −0.77 ± 0.05 10 0.96 <0.001
5.1°N 170.0°W SX28 5616 27.0 −0.80 ± 0.06 10 0.96 <0.001
10.2°N 170.0°W SX29 4329 27.1 −0.87 ± 0.13 8 0.87 <0.001

KH05−2 10.0°S 160.3°W ST01 5078 31.9 −1.08 ± 0.12 10 0.91 <0.001
5.0°S 160.0°W ST02 5313 25.0 −0.79 ± 0.18 10 0.70 0.003

0° 160.0°W ST03 5053 27.8 −0.70 ± 0.04 10 0.98 <0.001
7.2°N 160.0°W ST04 4160 36.8 −0.84 ± 0.05 10 0.98 <0.001
10.1°N 160.0°W ST05 5165 31.1 −0.83 ± 0.05 10 0.97 <0.001
15.0°N 160.0°W ST06 5477 34.0 −0.99 ± 0.09 10 0.94 <0.001
20.0°N 160.0°W ST07 4513 40.4 −0.99 ± 0.06 10 0.97 <0.001
26.3°N 160.0°W ST08 5156 21.7 −1.07 ± 0.17 10 0.83 <0.001
30.0°N 160.0°W ST09 5744 35.5 −1.21 ± 0.17 10 0.87 <0.001
35.0°N 160.0°W ST10 5731 40.6 −0.91 ± 0.11 10 0.90 <0.001
40.0°N 160.0°W ST11 5475 44.1 −0.78 ± 0.23 10 0.60 0.009
45.0°N 160.0°W ST12 5279 23.7 −0.59 ± 0.12 10 0.76 <0.001
50.0°N 160.0°W ST13 4952 38.9 −0.75 ± 0.04 10 0.97 <0.001
53.6°N 160.0°W ST14 6423 30.2 −0.66 ± 0.06 10 0.94 <0.001

Table 1. Regression results of changes in viral abundance for the upper water layer (200−2000 m). The model is N = N200

(Z/200)b, where N is viral abundance (108 particles l−1), Z is depth (m), N200 is viral abundance (108 particles l−1) at a depth 
of 200 m, and b is the exponent. Statistical parameters were estimated by the linear regression of log N over log (Z/200). 

‘−’: regression was non-significant (p > 0.05)
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Fig. 3. Relationship between viral abundance (108 particles
l−1) and σθ in the Circumpolar Deep Water (CDW) and the Pa-
cific Deep Water (PDW) of the deeper (>2000 m) layer (data
collected in Region 6 were not used; see ‘Results’), showing
the gradual decrease in viral abundance along the transport
of CDW and PDW. The solid lines show the linear regression
with a 95% confidence interval, and the dashed lines show
the 95% prediction interval. The regression equation was as
follows (± SE): log viral abundance (108 particles l−1) = −51.7 

(± 5.2) + 1.89 (± 0.19) × σθ (R2 = 0.37, p < 0.001, n = 175)
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and 32% of the variability in viral abundance, re -
spectively. For the subset of data ex clu ding Region 6,
AOU (R2 = 0.44) was selected as the strongest predic-
tor variable explaining variability in viral abundance
(Table 2).

DISCUSSION

Our extensive data collected in the Pacific and
Southern Oceans provided a unique opportunity to
infer possible factors affecting viral distributions in
deep waters across basins. Below, we first discuss
how host−virus inter actions and viral transport might
in fluence viral distributions. We then discuss intrigu-

ing features in viral turn over times
and the potential roles of viruses in
biogeochemical cycles in the ocean’s
interior.

Virus−host interactions

In the upper ocean, previous stud-
ies have demonstrated that a signifi-
cant fraction (20 to 40%) of the pro -
karyote biomass is lysed by viruses
(Suttle 2005) and that there are broad
positive correlations be tween viral
abundance and host abundance and
productivity (Yang et al. 2010, Da -
novaro et al. 2011). Such data have
generally been interpreted as an indi-
cation that viral abundance distribu-

tions are influenced by host availability (Yang et al.
2010, Da no varo et al. 2011). In contrast, in deep
oceans, data on host− virus couplings are severely
limited (Arístegui et al. 2009, Nagata et al. 2010). The
available data have provided 2 lines of evidence indi-
cating that lytic viral production could occur at
greater depths. First, Weinbauer et al. (2003) deter-
mined the frequency of virus-infected cells at depths
of 800 to 2000 m in the Mediterranean. Their results
suggested that at least 3 to 6% of pro karyote mortal-
ity was due to lytic viral production. Second, based
on dilution or virus-reduction methods, viral-induced
prokaryote mortality has been reported to be 13.6%
d−1 on average in deep Mediterranean waters (Fonda
Umani et al. 2010), and lytic viral production rates
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Response variable Selection Pseudo-F p R2 Coefficient

Viral abundance (200−2000 m) Prokaryotic abundance 493.77 0.001 0.597 0.580
σθ 48.17 0.001 0.051 −0.151

0.648
Viral abundance (>2000 m; All) Prokaryotic abundance 94.73 0.001 0.321 −0.352

σθ 54.44 0.001 0.146 −1.260
0.467

Viral abundance (>2000 m; Region 6 excluded) AOU 131.08 0.001 0.441 0.007
Prokaryotic abundance 38.10 0.001 0.105 0.178
Silicate 20.40 0.001 0.048 −0.005
Potential temperature 10.34 0.003 0.027 −0.269
Phosphate 7.87 0.008 0.018 −0.511

0.639

Table 2. Distance-based linear model results of environmental variables that account for the variability in viral abundance.
The analyses were conducted for the samples collected in the upper layer (200−2000 m, n = 336), for those collected in the
deeper layer (>2000 m, n = 202), and for the subset of the deeper layer samples excluding those from Region 6 (n = 168).
Pseudo-F and p-values were obtained by permutations (number of permutations = 999). Coefficient is for a linear combination
of predictor variables in the formation of the distance-based redundancy analysis coordinate (Axis 1). AOU: apparent oxygen 

utilization. Bold: sum of R2

Cruise Station N2000 b ± SE n R2 p

KH04-5 SX12 5.1 0.26 ± 0.07 7 0.73 0.014
SX14 6.9 −0.72 ± 0.17 7 0.79 0.007
SX19 4.4 0.56 ± 0.11 8 0.82 0.002
SX20 4.0 0.44 ± 0.07 8 0.85 0.001
SX22 4.2 0.55 ± 0.16 8 0.67 0.013
SX24 3.1 0.76 ± 0.10 7 0.92 <0.001
SX26 4.7 0.76 ± 0.05 8 0.59 0.025

KH05-2 ST02 4.0 0.41 ± 0.09 8 0.77 0.004
ST06 3.7 0.33 ± 0.07 8 0.77 0.004
ST09 2.1 0.71 ± 0.26 8 0.55 0.035
ST14 6.0 −0.31 ± 0.13 8 0.50 0.05

Table 3. Regression results of changes in viral abundance for the deeper water
layer (>2000 m, see Table 1 for the maximum depth of each station). The
model is N = N2000 (Z/2000)b, where N is viral abundance (108 particles l−1), Z is
depth (m), N2000 is viral abundance (108 particles l−1) at a depth of 2000 m, and
b is the exponent. Statistical parameters were estimated by the linear regres-
sion of log N over log (Z/2000). The regression was non-significant (p > 0.05) 

at stations not shown in this table



Yang et al.: Viruses in the deep ocean

have been reported to vary in the range of 0.04 ×
105−3.5 × 105 particles ml−1 h−1 in deep Atlantic
waters (De Corte et al. 2010, 2012). In the present
study, the DistLM analyses of the data collected in
the upper layer (200 to 2000 m) selected prokaryote
abundance as a significant predictor variable that
explains a large fraction (60%) of the variability in
viral abundance. Because depth was not se lec ted as
a sig ni fi cant predictor variable, the relationship be -
tween pro karyote and viral abundances would not be
simply explained by the vertical gradients of these 2
variables. These results support the notion that viral
ab undance dis tributions are influenced by host (pro -
karyote) availability in the upper layer (200 to  2000 m)
of the deep oceans.

In contrast in the deeper layer (>2000 m), the rela-
tionship between viral abundance and prokaryote
variables was relatively weak (Table 2), and there
were major discrepancies between viral distributions
and the distribution of prokaryote variables observed
during the same transect cruises. Viral distributions
identified in the present study differ from the pro -
karyote abundance and production distributions
reported by Yokokawa et al. (2013) in the following
3 aspects: (1) prokaryote abundance was low in
the subtropical bottom water of the South Pacific,
whereas viral abundance was relatively high; (2)
prokaryote production peaked in the bathypelagic
layer of the subtropical North Pacific, whereas viral
abundance was relatively low in the corresponding
layer; and (3) prokaryote abundance decreased
sharply with depth throughout the water column,
whereas a depth-dependent decrease was not evi-
dent for viruses in deeper layers. These results indi-
cate that host-dependent viral lytic production only
partially explains the patterns of viral abundance dis-
tribution that we found in deeper layers.

The lack of a tight relationship between prokaryote
and virus abundance does not necessarily indicate
the lack of virus−host couplings in deep oceans. In
deep waters, viruses may use multiple strategies to
cope with extremely low host abundance and pro-
ductivity. These strategies may include the preva-
lence of lysogeny and large burst size (Weinbauer et
al. 2003, Parada et al. 2006). However, the data cur-
rently available regarding lysogeny in deep oceanic
environments are conflicting: it has been reported
that lysogenic infection increased with depth in the
Mediterranean (Weinbauer et al. 2003), whereas
other studies have failed to detect such a trend in the
Atlantic Ocean (De Corte et al. 2010, 2012). Further-
more, the available burst size data are not sufficient
to evaluate a general trend with depth (Weinbauer et
al. 2003, Hwang & Cho 2010). Whether or not lyso-
genic production and burst size help to explain the
large-scale distribution of viruses that we found in
this study requires further investigation.

Vertical and lateral transport of viruses

Similar to our results for the deeper layers of the
Pacific and Southern Oceans, recent studies con-
ducted in the Atlantic have found high viral abun-
dances, high VPRs, and an apparent lack of a tight
correlation between viral and prokaryotic variables
in deep water (Parada et al. 2007, De Corte et al.
2010, 2012). These have led to the hypothesis that the
physical transport of viruses attached to sinking par-
ticles (which may also act as ‘hot spots’ of viral pro-
duction) and subsequent dissociation in deeper lay-
ers (Proctor & Fuhrman 1991, Taylor et al. 2003,
Bochdansky et al. 2010) could account for high viral
abundance and high VPR in deep waters, although
previous studies have not found direct evidence to
support this notion. According to this sinking-particle
transport hypothesis, viral abundance and VPR
would be expected to be high in regions where sink-
ing particulate organic carbon (POC) fluxes are high.
Such an expectation contradicts our observation in
deeper layers: we found that viral abundance and
VPR were relatively high in the subtropical regions
where sinking POC fluxes are reported to be gener-
ally low (Honjo et al. 2008). Thus, our data do not
support the hypothesis that viral distribution patterns
are mainly shaped by sinking particle fluxes over a
large scale, although we do not exclude the possi -
bility that sinking particles play a crucial role in the
vertical delivery of viruses in some local or regional
settings.
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Variables All Region 6 excluded

Potential temperature 0.211 (N) 0.289 (N)
Salinity 0.151 (P) 0.260 (P)
σθ 0.239 (P) 0.368 (P)
AOU 0.223 (N) 0.434 (N)
Nitrate 0.238 (N) 0.386 (N)
Silicate 0.161 (N) 0.378 (N)
Phosphate 0.194 (N) 0.379 (N)

Table 4. Coefficients of determination (R2) for the linear re -
gression of viral abundance (log transformed) on the physi-
cal and chemical variables in the deeper layer (>2000 m,
n = 209−212), or the subset excluding data from Region 6
(n = 175−177). Letters in parentheses indicate the sign of the
regression slope (N: negative, P: positive). p was <0.001 for 

all of the regressions. AOU: apparent oxygen utilization
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Viral distributions in deeper layers might be influ-
enced by convective mixing and lateral advection
(Nagata et al. 2010). To test this, we compared large-
scale patterns in viral abundance distributions with
those of water masses. Our data provided 3 lines of
evidence in support of this notion: (1) in the deeper
layer, viral abundance was highest in the bottom
water of the Antarctic where large quantities of
viruses could be transported from the surface to the
deeper layers through convective mixing (Orsi et al.
1999); (2) viral abundance gradually decreased along
the paths of the CDW and PDW, consistent with the
notion that water flow influenced large-scale viral
distributions; and (3) viral abundances were signifi-
cantly correlated to physical and chemical parame-
ters that reflect the age of water masses, suggesting a
slow depletion in viral abundance during transits
across the basins. The high viral abundance in
Region 6, especially in the near bottom layer, devi-
ated from the general decreasing trend along the
paths of the CDW and PDW. This might be related to
high sinking particle fluxes in the subarctic Pacific
(Honjo et al. 2008) and the sinking particle-mediated
delivery of viruses from the upper to the deeper
 layers, as suggested to occur in the Atlantic basin
(Parada et al. 2007, De Corte et al. 2010, 2012).

A methodological problem should be noted. In this
study, the preservation (freezing) procedures of viral
samples differed between the 2 cruises (KH04-5 and
KH05-2). Because each cruise occupied a northern
and a southern part of the latitudinal transects
(Fig. 1), the differences in preservation procedures
would have influenced latitudinal distribution if
there were systematic and large differences in viral
abundance estimates arising from the different
preservation procedures (e.g. Wen et al. 2004).
Although we lack data on a direct comparison of
deep-water viral abundances determined using dif-
ferent preservation procedures, the following evi-
dence suggests that this effect was minimal. First,
Brussaard (2004) found that the abundances of some
virus isolates determined for samples frozen at −80°C
were, in general, only slightly (<10%) lower than
those determined for samples flash frozen in liquid
nitrogen. Second, the differences in viral abundance
data between the 2 cruises for samples collected at
the same depth layer (depth >1000 m) from stations
located at the same latitudinal position (SX25 versus
ST01, SX26 versus ST02, SX27 versus ST03, and
SX29 versus ST05; Fig. 1) were nonsystematic and
relatively small (the average deviation [absolute
value] ± SE was 12.5 ± 2.1%). It is unlikely that the
latitudinal viral distribution pattern that we found in

deep water was simply an artifact caused by differ-
ences in preservation procedures between the 2
cruises.

Viral turnover time and the potential role of viruses 
in biogeochemical cycles in the ocean’s interior

The observed viral distribution pattern and the
proposed lateral transport mechanism were similar to
those of dissolved organic carbon (DOC) in the
Pacific (Hansell et al. 2009, Hansell 2013), which is
thought to have been formed by the replenishment
and transport of semi-refractory and refractory DOC,
which has a turnover time of 10 to 1000 yr (Carlson
2002, Hansell et al. 2009, Hansell 2013). For viruses
to display a DOC-like distribution pattern, the viral
turnover time must be long, on the order of 10 to
100 yr, which is the transit timescale of deep water
masses from the Southern Ocean to the North Pacific
(Stuiver et al. 1983). This long viral turnover time
apparently contradicts the results of Parada et al.
(2007) that viral turnover times were on the order of
11 to 39 d in North Atlantic deep waters. Although
those estimates were longer than those determined
for surface viral populations, they are too short to
account for a large-scale transport of viruses across
oceanic basins. We propose that some viruses could
be preserved for long periods (on the order of 10 to
100 yr) in the deep ocean. This assertion is partly
supported by the following information. First, investi-
gators have suggested that virion structures and
infectivity can be maintained for periods of decades
to a century for certain viruses in sediments (Suttle
2000, Lawrence et al. 2002). Second, some classes of
proteins such as porins (Tanoue et al. 1995) and ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (Orel-
lana & Hansell 2012) sustain their molecular identi-
ties in the deep ocean on decadal to centennial
timescales. However, the mechanisms underlying
the long-term preservation of biochemically identifi-
able macromolecules (including viruses) in oceanic
environments are poorly understood (Nagata 2008,
Orellana & Hansell 2012). Further studies are needed
to investigate in greater detail the variability and
control of viral turnover times in deep waters.

Note that prokaryotes can also be transported by
deep water circulation, but, unlike viruses, prokary-
ote abundance distributions did not reflect those of
water masses in the Pacific (Yokokawa et al. 2013).
This is probably because prokaryote turnover times
are shorter (1 to 6 yr in bathypelagic layers, Uchimiya
et al. 2013, Yokokawa et al. 2013) than the time scale
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of deep water circulation (decadal to centennial).
This difference in turnover times between prokary-
otes and viruses may explain the generally high VPR
in deep waters, despite the low host abundance and
productivity.

The difference in viral abundance between the
youngest water mass (the Antarctic Bottom Water,
AABW, Orsi et al. 1999) and the oldest water mass
(the mid-water of the PDW in the North Pacific) was
6.3 × 108 particles l−1. This was equivalent to 0.011
µmol C kg−1, assuming that each virus contains 1.67 ×
10−11 µmol C (Suttle 2005). For the same transit from
the AABW to the PDW, the DOC concentration
decreased by approximately 3 µmol C kg−1 (40 µmol
C kg−1 in AABW to 37 µmol C kg−1 in the mid-water
of the PDW; Data Management Support for the Inter-
national Global Ocean Carbon and Repeat Hydro -
graphy Program, CLIVAR Repeat Section P16S_
2005: http://cdiac.ornl.gov/oceans/RepeatSections/
clivar_p16s.html). Thus, net viral removal accounted
for 0.4% of the DOC sink (43 Tg C yr−1; Hansell et al.
2009) in the Pacific. Assuming a viral C:N:P atomic
ratio of ~10:4.5:1 (Hewson et al. 2003) and a stoi-
chiometry of the decomposable dissolved organic
matter (DOM) pool of 199:20:1 (Hopkinson & Vallino
2005), viral removal may contribute 1.7 and 7.5% of
the dissolved organic nitrogen and phosphorus sinks,
respectively. Thus, viruses might be a significant
component of phosphorus in decomposable DOM
that is slowly removed from deep water masses.

CONCLUSIONS

Our data identified novel features in the distribu-
tion of viral abundance in deep oceans. The positive
relationship (R2 = 0.60) between prokaryote and viral
abundances in the upper layers (200 to 2000 m) sup-
ported the notion that viral abundance was influ-
enced by host availability. In contrast, in deeper
water columns (below 2000 m), the distribution of
viral abundance was only weakly related to prokary-
ote abundance. Viral abundance was high in the
Antarctic bottom waters and then gradually de -
creased along the paths of the meridional overturn-
ing circulation. The VPR was high in bottom waters
in subtropical regions where sinking particle fluxes
are generally low. These observations are inter-
preted as an indication that massive viral transport
by deep water circulation affects large-scale distribu-
tion patterns of viral abundance and VPR in deep
oceans, although other mechanisms (i.e. virus−host
interactions and sinking  particle-mediated viral

transport) may also be in volved in shaping viral dis-
tribution patterns de pending on depth and region.
Future studies are required to identify prevailing
mode and mechanisms for viral production and de -
cay in deep oceans, which appear to be largely dis-
tinct from those in upper oceans.
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