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Abstract: Viruses are generally considered an important agent of bacterial loss
in diverse marine environments. However, the impact of viruses on bacteria is
unknown in the western equatorial Pacific, where surface waters are warm and
phytoplankton biomass is low (i.e., oligotrophic). Further, little is known about
their importance in the mesopelagial, where bacteria and heterotrophic nanofla-
gellates are known to be metabolically active. To elucidate the ecological char-
acteristics of viruses in the western equatorial Pacific, abundances of bacteria
and viruses were measured, along with frequencies of visibly infected cells
(FVIC) and frequencies of dividing cells (FDC) in epipelagic and mesopelagic
samples at three stations near the equator from August to September 2002.
Measurements of Secchi depth (20 m) and chlorophyll # concentrations (0.07—
0.4 pg chl # liter™") indicated that the study area was oligotrophic during the
investigation. FVIC ranged from 0.4% to 1.8% and 0.5% to 1.8% in the epipe-
lagic and mesopelagic zones, respectively. Virally induced bacterial mortality
was inferred to range from 4.5% to 20.8% in the epipelagic zone, suggesting
that viruses contribute substantially to bacterial mortality in oligotrophic sea-
waters. In addition, these values were similar to those estimated for the mesope-
lagic zone (5.0%-21.2%). Overall, viruses appear to be an important factor in
the loss of bacterial production in both oligotrophic epipelagic and mesopelagic

zones in the study area.

VIRUSES ARE KNOWN to be an important
agent of bacterial mortality in diverse envi-
ronments (Fuhrman 1999, Wommack and
Colwell 2000). However, limited studies are
available on the viral mortality of bacteria in
oligotrophic environments. In oligotrophic
seawaters of the East Sea of Korea and the
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North Pacific Subtropical Gyre, the impact
of viruses on bacteria has been suggested to
be important (Hwang and Cho 20024, Brum
2005), but the viral mortality of bacteria was
reported to be very low in the oligotro-
phic western Mediterranean (Guixa-Boixareu
et al. 1999). In the open ocean, many studies
have focused on viral ecology in the epipe-
lagial. Only a few studies have examined
mesopelagic viruses (Steward et al. 1996,
Weinbauer et al. 2003). In the mesopelagic
zone, it has been recognized that coupling be-
tween sinking particulate organic carbon and
free-living bacteria production is tight (Cho
and Azam 1988, Simon et al. 1992). In addi-
tion, a year-long study in the North Pacific
showed that ~76%-90% of all cells at a
depth of 200-1,000 m contained significant
amounts of rRNA, indicating that most
mesopelagic microorganisms are metaboli-
cally active (Karner et al. 2001). Furthermore,
heterotrophic nanoflagellates, a link between
bacteria and microzooplankton, have been
suggested to be active and survive well in the
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mesopelagial (Cho et al. 2000, Tanaka and
Rassolzadegan 2002). Limited data on the
frequency of visibly infected cells (ranging
from 0.5% to 0.7%) in the mesopelagial of
the North Pacific Ocean, the Mediterranean
Sea, and the Chukchi Sea suggest that viruses
have an important impact on bacterial losses
(Proctor and Fuhrman 1991, Steward et al.
1996, Weinbauer et al. 2003).

The primary goals of this study were to
estimate the importance of virally induced
bacterial mortality in the epipelagial and
mesopelagial of the oligotrophic western
equatorial Pacific, where marine viruses have
not yet been studied.

MATERIALS AND METHODS
Study Area

The study area was located near the Bismarck
Archipelago, Papua New Guinea, in the west-
ern equatorial South Pacific. During the
“Multidisciplinary Investigation of the West-
ern Pacific” cruise, sampling was conducted
aboard the RV Onnuri, operated by the Korea
Ocean Research and Development Institute
from 26 August to 6 September 2002. Three
stations (Stn. 1: 152° 34.9' E, 3° 18.6’ S; Stn.
4:151° 40.0’ E, 3° 42.9' S; Stn. 5: 144° 39.9’
E, 3°27.9’ S) were occupied at 1200 hours lo-
cal time on 26 August, 1800 hours on 1 Sep-
tember, and 0100 hours on 6 September,
respectively. The bottom depths at Stns. 1,
4, and 5 were ~1,600 m, ~2,000 m, and
~1,800 m, respectively. Samples were col-
lected with 10-liter Niskin bottles mounted
on a conductivity-temperature-depth (CTD)
profiler (SBE 911 plus, Sea-Bird Electronics)
rosette from three to six depths in the epipe-
lagial (3-150 m) and three to four depths in
the mesopelagial (300—1,000 m).

Bacterial and Viral Abundance

Samples for measurement of bacterial abun-
dance and viral abundance were fixed with
0.02 pm-filtered, borate-buffered formalin
(final concentration of 2%). The fixative-
amended samples were stored at 4°C for 28
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to 39 days untl they could be processed in
the land-based laboratory. One to 2 ml of
samples were filtered through 0.02 pm pore
size Anodisc filters (Whatman), and then
the filters were placed on a drop of 100 pl
of diluted SYBR Green 1 (final dilution,
2.5 x 10°~fold [Noble and Fuhrman 1998])
for 15 min in the dark. Bacteria and viruses
were counted in duplicate samples using a
blue filter set on an epifluorescence micro-
scope (Olympus model BX60) at x1,250.
Bacteria were easily distinguished from vi-
ruses on the basis of their relative size and
brightness.

Frequencies of Visibly Infected Cells and
Dividing Cells

Samples for transmission electron microscopy
observation were preserved with electron
microscopy—grade glutaraldehyde (final con-
centration of 2%) and stored in sterile 50 ml
polypropylene centrifuge tubes at 4°C. Two
mesopelagic samples (from 500 to 1,000 m
depth) at each station were fixed as described
earlier and stored in 500 ml polycarbonate
bottles presoaked with 10% HCI and rinsed
with deionized water. Formvar-coated, 200-
mesh electron-microscope grids were made
evenly hydrophilic by floating them on a
drop of 1% poly-L-Lysine for 1 min (Suttle
1993). The grids were placed on a flat plat-
form at the bottom of the ultracentrifuge
tubes in which subsamples (9 ml) were centri-
fuged (Beckman XI.-90) at 30,000 x g using a
swinging bucket rotor (SW41) for 30 min at
20°C. To acquire an adequate amount of bac-
teria for enumeration from the preserved
deeper seawater samples, 9 ml of the samples
were centrifuged, and the supernatant was
carefully discarded. Then, the same preserved
samples were refilled and centrifuged again.
This procedure was repeated two (100-300
m depth samples) to four (500-1,000 m depth
samples) times (i.e., 18-36 ml of each sample
was centrifuged on a grid). For two samples
(20 and 500 m) at each station, duplicate grids
were prepared to measure standard deviations
of frequency of visibly infected cells (coeffi-
cient of variation: 2%—-15% and 14%-31% for
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20 and 500 m samples, respectively). Grids
were stained for 20 sec with 0.5% uranyl
acetate followed by three sequential rinses
with 0.02 pum-filtered (Milli-Q) water. Virus-
infected cells were enumerated on a transmis-
sion electron microscope (JEM-1010, JEOL)
at an accelerating voltage of 80 keV (Wein-
bauer et al. 1993). For each sample, ~300-
500 cells were examined by transmission
electron microscopy at 30,000 to 50,000x
magnification and scored as infected if they
contained five or more intracellular viruslike
particles. Burst size was estimated as the aver-
age number of viruslike particles observed in
all visibly infected cells. Thus, the burst size
in our study may be a minimum estimate
(Weinbauer 2004, Parada et al. 2006).

The frequency of dividing cells was simul-
taneously measured by transmission electron
microscope observation (Tuomi et al. 1995).
Cells with a clear invagination were consid-
ered dividing cells, and ~10-20 dividing cells
per sample were counted.

Estimation of Bacterial Production

Use of radioisotopes to measure bacterial
production (e.g., *H-thymidine, *C-leucine)
was strictly prohibited during the cruise.
Thus, to obtain estimates of bacterial produc-
tion for the mixed-layer samples from 3 to 75
m depth, frequency of dividing cells (FDC)
was converted to frequency of dividing-
divided cells (FDDC, %) using the following
equation: FDC = 0.82 x FDDC (Torréton
and Dufour 1996). Growth rate was estimated
using the following relationship between
FDDC (%) and growth rate (g, day™'): =
0.022 x (FDDC)*%, for water temperature
at ~30°C, obtained from Tuamotu Atoll la-
goons (mesotrophic) and the surrounding
ocean (oligotrophic), French Polynesia (Tor-
réton and Dufour 1996). Bacterial production
was then calculated on the basis of growth
rate and bacterial abundance. In this study,
seawater temperatures in the mixed layer
ranged from 27.3 to 29.1°C. Below the mixed
layer, bacterial production was not estimated
using the equation given earlier due to lower
seawater temperatures (<26°C).
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Virally Induced Bacterial Mortality

The frequency of infected cells was estimated
from the frequency of visibly infected cells
using the average conversion factor of 7.11
that has been established for natural com-
munities (Hwang and Cho 20022, Weinbauer
et al. 2002). Virally induced bacterial mortal-
ity was estimated from the frequency of in-
fected cells using a model that assumed (1) a
steady state for the bacterial population, in
which bacterial growth is balanced by bacte-
rial mortality (Proctor et al. 1993), (2) in-
fected and uninfected cells are grazed at the
same rate, and (3) the latent period is equal
to the generation time of the bacteria (Binder
1999). The conversion factors and assump-
tons made in the model should be directly
measured or confirmed to accurately assess
virally induced bacterial mortality in natural
communities (Weinbauer 2004). Thus, the
term “inferred virally induced bacterial mor-
tality” was used to indicate the use of general
conversion factors for estimating virally in-
duced bacterial mortality in this study.

Other Analyses

Depth profiles of water temperature and sa-
linity were measured with a CTD profiler.
Transparency of the water was measured
with a Secchi disk. Analysis of variance (AN-
OVA) and #-tests were carried out using SPSS
for Windows (Version 16.0, 2007).

RESULTS
Hydrography

The water column at each station was well
stratified and the mixed layer was restricted
within the upper 70 m depth at Stns. 4 and
5, and 90 m at Stn. 1 (Figure 1). In the mixed
layers, temperatures were warm (27.3-
29.1°C) and decreased steeply to 7.5 to 9.9°C
in the upper 400 or 500 m of the water col-
umn. Below those depths, the temperature
decreased gradually to 4.3 to 4.5°C at 1,000
m depth at each station (Figure 1). Salinity
ranged from 35.3 to 35.9 psu in the mixed
layer, peaked (35.9-36.1 psu) between 140
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Ficure 1. Depth profiles of temperature, salinity, sigma-t, bacterial abundance (BA), viral abundance (VA), frequency
of visibly infected cells (FVIC), and frequency of dividing cells (FDC) at the study site. BA and VA were measured in
duplicate. For FVIC and FDC, six samples (20 and 500 m at each of three stations) were measured in duplicate,
otherwise these are single measurements. When bars are not shown, SD is smaller than the size of the symbol.
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TABLE 1

Inferred Virally Induced Bacterial Mortality (VBM), Estimated Bacterial Production (BP), and Burst Size in the
Epipelagic (3-150 m) and Mesopelagic (300-1,000 m) Zones of the Western Equatorial South Pacific Ocean in
August and September 2002

No. of VBM BP Burst Size

Stn. Pelagic Zone Samples (%) (x 108 cells liter™" day™") (Viruses)
1 Epi 6 10.7 + 3.9 0.7 +£0.2¢4 17+ 4
Meso 3 84+5.2 ND 16 +3
4 Epi 5 139+ 22 0.6 +0.14 16 +3
Meso 3 158+ 64 ND 16 +3
5 Epi 3 17.9 + 3.8 0.4 +0.24 17 +1
Meso 4 124 +33 ND 16 +1

Note: Values are mean + SD. ND, no data.

“ Data from the mixed layer: 0—90 m at Stn. 1 and 0-70 m at Stns. 4 and 5.

and 150 m, and decreased to 34.3 psu at 1,000
m depth (Figure 1).

Vertical Profiles of Bacteria and Virus
Abundance

Depth profiles of bacterial abundance and vi-
ral abundance were similar among Stns. 1, 4,
and 5 (Figure 1). Maximum bacterial abun-
dance (5.7-7.0 x 10® cells liter™') and wviral
abundance (1.0-2.3 x 10° viruses liter™!)
were found in the mixed layer, and bacterial
abundance and viral abundance gradually de-
creased with depth below 100 m. However,
slight increases in bacterial abundance and vi-
ral abundance were observed in the lower
part of the mesopelagic zone at Stn. 5 (Figure
1). At all stations, bacterial abundance (0.4-
1.6 x 10® cells liter™!) and viral abundance
(0.1-0.8 x 10° viruses liter™!) in the meso-
pelagic zone were lower (on average, five- to
ninefold and four- to sevenfold for bacterial
abundance and viral abundance, respectively)
than in the epipelagic zone (Figure 1).

Frequency of Dividing Cells and Bacterial
Production

Frequency of dividing cells in the mixed layer
was lowest at Stm. 5 (2.8% + 0.8%) occupied
at midnight (Figure 1); however, at Stns. 1
and 4 occupied during the day, it ranged
from 3.5% to 6.1% (Figure 1). Bacterial pro-

duction ranged from 0.3 to 0.8 x 10® cells
liter™ day™ in the mixed layer (Table 1).

Frequency of Visibly Infected Cells, Virally
Induced Bacterial Mortality, and Burst Size

In the epipelagic zone, frequency of visibly
infected cells (FVIC) varied from 0.4% to
1.8% (Figure 1), with higher FVIC values at
Stm. 5 (1.6% + 0.3%) than at Stns. 1 and 4
(0.8%-1.3%). The range of FVIC in the
mesopelagic zone (0.5%-1.8%) was similar
to that in the epipelagic zone (Figure 1). A
subsurface peak of FVIC was observed in the
mesopelagic zone at each station (500 m at
Stns. 1 and 5, and 1,000 m at Stn. 4 [Figure
1]). Virally induced bacterial mortality in-
ferred from the FVIC values was 4.5%-
20.8% and 5.0%-21.2% in the epipelagic
and the mesopelagic zones, respectively.
Burst size was on average 17 (range: 14-24)
and 16 (range: 13-19) in the epipelagic and
mesopelagic zones, respectively (Table 1).

DISCUSSION

Certain lines of evidence suggested that the
study area was oligotrophic during the inves-
tigation: the Secchi depth was 20 m at Stn. 1
(seawater with a Secchi depth greater than 16
m is regarded as oligotrophic [Morita 1997]),
and chlorophyll # (chl #) concentrations mea-
sured in the vicinity of the stations during
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this investigation varied from 0.07 to 0.4 pg
chl # liter ™' (Lee 2003).

The frequency of visibly infected cells
values (1.2% =+ 0.3%) obtained from the
epipelagic zone in this oligotrophic study
area were comparable with those in oligotro-
phic epipelagic waters of the East Sea during
the summer (1.2%-2.2% [Hwang and Cho
20024]) and in oligotrophic epipelagic waters
of the northwestern Mediterranean Sea dur-
ing the summer (1.4%-1.5% [Weinbauer
et al. 2003]). In particular, the frequency of
visibly infected cells values (1.3%-1.8%)
found in the oligotrophic epipelagial at Stm.
1 confirmed that virus-infected bacteria
might be measurable (1.2%-2.2%) in oligo-
trophic seawaters, as previously suggested
(Hwang and Cho 200254, Weinbauer et al.
2003).

Recently, the effects of storage on fre-
quency of visibly infected cells in pre-
served seawater samples were evaluated for a
long-term storage period (4°C for 1 month
[Hwang and Cho 2008]). The frequency of
visibly infected cells values after storage ei-
ther decreased or varied slightly with storage
time for coastal and offshore samples. The
inferred virally induced bacterial mortality
based on the frequency of visibly infected
cells values at the end of storage varied from
45.5% to 192.7% of that estimated using the
frequency of visibly infected cells values at
the beginning of storage (Hwang and Cho
2008). Likewise, there may have been some
changes in frequency of visibly infected cells
values during storage in the study reported
here. If a similar degree of storage effects
was assumed (4°C for 28-39 days), the in-
ferred virally induced bacterial mortality
could range from 3.8% to 34.5% rather than
8.4%—17.9% (Table 1). The contribution of
viruses to bacterial losses in the study area
could thus be somewhat affected by long-
term (i.e., 1 month) storage effects.

To compare virus production based on in-
ferred virally induced bacterial mortality with
other studies of oligotrophic seawaters, virus
production in the study reported here was es-
timated by multiplying together burst size,
inferred virally induced bacterial mortality,
and bacterial production estimates (Noble

PACIFIC SCIENCE - April 2010

and Steward 2001). Bacterial production esti-
mates (0.3-0.8 x 10® cells liter™! day™' [Ta-
ble 1]) in our study were comparable with
those reported for the western equatorial Pa-
cific (0.2-2.0 x 10® cells liter™' day™' by the
‘H-thymidine incorporation method [Shiah
et al. 1998]). It is interesting that virus
production estimates (1.1 + 0.7 x 10® viruses
liter™! day™') in our study were also compara-
ble with those for the oligotrophic Mediterra-
nean Sea (0.8-0.9 x 10* viruses liter™! day™'
[Weinbauer et al. 2003]), a study that directly
measured bacterial production using a radio-
isotope incorporation method. Burst size
used to estimate virus production in our study
was measured as the average number of vi-
ruses observed in all visibly infected cells.
However, the number of viruses within an in-
fected cell might continue to increase before
bursting the cell. Parada et al. (2006) found
that the minimum estimates of burst size em-
ployed in the study reported here were 1.4-
fold lower than the maximum estimates of
burst size. Thus, virus production estimates
in our study may be somewhat underesti-
mated. The burst sizes in this study (16 + 2
[Table 1]) are comparable with the range of
10-15 found for oligotrophic seawaters (Wil-
helm et al. 1998, Hwang and Cho 20025
[burst sizes in those studies were estimated
using the same method employed in the study
reported here]). Such low burst sizes are
probably associated with the low metabolic
activities of bacteria in oligotrophic environ-
ments (Parada et al. 2006).

Virus-infected bacteria were also detected
in the mesopelagic zone as frequently as those
in the epipelagic zone of the study area. The
mesopelagic frequency of wvisibly infected
cells values in our study (1.1% + 0.4%) were
comparable with those observed for the
Chukchi Sea (0.4%-1.0%, 200 to 400 m
[Steward et al. 1996]), the East Sea (0.9%-—
1.1%, 300 to 500 m, » = 6 [C.Y.H., unpubl.
data), and the Mediterranean Sea (0.6%—
0.8%, 100 to <800 m [Weinbauer et al.
2003]). Those results, together with this
study, confirm that viruses may play an im-
portant role in the loss of bacterial produc-
tion in mesopelagic environments.

It is interesting that a subsurface fre-
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quency of visibly infected cells peak was
observed in the mesopelagic zone at each
station (Figure 1). The subsurface peak was
distinctly deeper at Stn. 4 (1,000 m) than
at other stations (500 m [Figure 1]). Coin-
cidently, there were hydrothermal vents
(1,650-1,750 m depth) near Stn. 4 (<10 km
[Lee 2003]). However, during the cruise hy-
drothermal vents were not found near Stn. 5,
and hydrothermal activity near Stn. 1 was not
reported (Lee 2003). In our data, there was
no clear indication of influence of hydro-
thermal activities at 1,000 m depth at Stn. 4.
Considering that hydrothermal venting can
influence a far-greater region than the area
immediately around the vent fields through
the formation of a plume (several to tens of
kilometers [Ortmann and Suttle 2005]), the
possibility cannot be excluded that the ele-
vated frequency of visibly infected cells value
(1.8%) found at 1,000 m depth at Stn. 4 could
be affected by hydrothermal activity.

Another interesting aspect of the fre-
quency of visibly infected cells data was that
the frequency of visibly infected cells values
(1.7% =+ 0.1%) in the mixed layer at St. 5 oc-
cupied at midnight were significantly higher
(ANOVA, F = 8.4; df =2,6; P = .018) than
those at other stations (0.8%-1.3% [Figure
1]) occupied during the day. The results of
these frequency of visibly infected cells data
are consistent with a previous observation
that the frequency of infected cells showed a
diel variation, with high values during the
night and low values during the day (Winter
et al. 2004). Frequency of dividing cells data
for the mixed layer obtained from our study
were also consistent with a diel study in which
high bacterial activity was found during the
day and low bacterial activity at night (Win-
ter et al. 2004). Thus, diel variations in virus-
infected bacteria and bacterial growth may
exist in the equatorial ocean as well as in tem-
perate seas.

To compare bacterial abundance and viral
abundance data with previous studies of the
equatorial Pacific, both time of day of sam-
pling (for mixed-layer samples) and storage
conditions (including storage time) must be
considered. However, in our study, signifi-
cant differences in bacterial abundance (z-test,
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t = 1.6, df =7, P = .16) and viral abundance
(t-test, t =23, df =7, P =.058) in the
mixed layer between night and day stations
were not observed (within a twofold varia-
tion); similarly, Winter et al. (2004) reported
that bacterial abundance and viral abun-
dance did not show diel variations (varied
within ~twofold). Thus, small (<twofold)
differences in bacterial abundance and viral
abundance between studies would not be
meaningful, and the time of day of sampling
was not considered in the following com-
parisons. Nagata et al. (2000) reported that
depth-averaged bacterial abundances were
4.9 x 10® cells liter™' (0-100 m) and 0.7 x
10® cells liter™! (100-1,000 m) in the west-
ern equatorial Pacific, based on conversion
of their biomass data to cell numbers using
their conversion factor of 15 fg C cell™.
Although information on storage conditions
was not available for Nagata et al. (2000),
our measurements of bacterial abundance
(5.0 + 0.7 x 108 cells liter™! [0-100 m] and
0.7+ 0.2 x 108 cells liter™! [100-1,000 m])
were similar to the values in Nagata et al.
(2000). However, bacterial abundance of the
surface waters (5.0-6.6 x 10 cells liter™!
[Figure 1]) in our study were higher than
those observed in 1-3 m depth of the eastern
equatorial Pacific (0.7-1.5 x 10® cells liter™
[Wilhelm et al. 2003]). In contrast, our mea-
surements of viral abundance at 3 m depth
(0.9-1.7 x 10° viruses liter™!) were lower
than those observed in 1-3 m depth of the
eastern equatorial Pacific (3.8-7.1 x 10° vi-
ruses liter™! [Wilhelm et al. 2003]). These
discrepancies in bacterial abundance and viral
abundance in the western and eastern equato-
rial Pacific might be caused by geographically
different trophic status, because a similar
preservation method (samples were preserved
with fixative and stored at 4°C) and storage
time (~1 month) were employed in both
studies. Finally, it should be noted that viral
abundance would substantially decrease to
32% of the initial viral abundance after 16
days (Wen et al. 2004) or to 31%-70% of
the initial viral abundance after ~1 month
(Hwang and Cho 2008) under similar preser-
vation/storage conditions. Considering that
viral abundance determined by epifluores-
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cence microscopy might be somewhat lower
(11%-34%) than that determined by flow cy-
tometry, due to the limited resolution of epi-
fluorescence microscopy compared with flow
cytometry (Marie et al. 1999), the in situ viral
abundance in our study and in Wilhelm et al.
(2003) could be underestimated by at least
1.6-fold, due to both long-term storage and
the employed methodology (epifluorescence
Microscopy).

Our study of the western equatorial Pacific
confirmed that viruses are likely an important
factor in the loss of bacterial production
(4.5%-20.8%) in oligotrophic seawaters. In-
ferred virally induced bacterial mortality is
similar between epipelagic (4.5%-20.8%)
and mesopelagic (5.0%-21.2%) zones, indi-
cating that the viral loop is likely as active in
the mesopelagic microbial food web as in the
epipelagial. Possibly, in the mesopelagic zone
of the study area, where substantially lower
numbers of bacteria and viruses persist than
in the epipelagic zone, lysogeny could be re-
sponsible for supporting the viral commu-
nity, as in the oligotrophic Mediterranean
Sea (Weinbauer et al. 2003).
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