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ABSTRACT: Lack of information on the fate of particulate-associated microorganisms prompted this
investigation of viruses (including bacteriophage or phage) and phage-infected cells in sinking particles
from sediment traps. Sediment trap material from 30 to 400 m collected from the north Pacific Ocean
during the "VERTEX' cruises in 1980 to 1982 was examined by transmission electron microscopy.
Viruses were present in all of the sinking particles examined except for those from one sample, of highly
degraded algal cells or small fecal pellets, from 400 m. Viruses in the sinking particles often appeared
aggregated. From 0.7 to 3.7 % of the bacteria in sinking particles contained mature phage; from these
data and limited information from pure cultures, we estimate that 2 to 37 % of the particulate-associated
bacteria may be killed by viral lysis. Many eukaryotic cells were also apparently infected with viruses,
but none (= 50 cells observed) of the cyanobacteria or ' Chlorella-like' cells appeared infected. Viral lysis
of bacteria associated with sinking particles and free-living bacteria may be causally linked and may
play a role in dissolved organic carbon production and the dynamics of sinking particles. Viral lysis may

have major implications for understanding cycling of material and energy in the ocean.

INTRODUCTION

A variable but significant portion of the surface-
derived production in the oceans leaves the upper
mixed layer in the form of fecal pellets and marine
snow (Alldredge & Silver 1988). Microorganisms may
play a major role in controlling the flux of these parti-
cles (Cho & Azam 1988) and although all particulate
matter in the ocean appears to contain associated bac-
teria (Riley 1970), little is known about the fate of these
particulate-associated bacteria. Some studies have
been initiated to understand the potential importance
of protozoa in attached bacterial mortality (Pomeroy et
al. 1984, Silver et al. 1984, Caron et al. 1986). However,
virus-induced lysis has yet to be investigated as a cause
of mortality in microbial communities on sinking par-
ticles.

Marine viruses have been observed for several
decades in culture (e.g. Kriss & Rukina 1947, Spencer
1963, Chaina 1965, Johnson 1968, Ahrens 1971,
Hidaka 1971, 1977, Kakimoto & Nagatomi 1972, Baross
et al. 1978, Zachary 1978, Moebus & Nattkemper 1981),
and by microscopy (e.g. Sieburth 1979, Torrella &
Morita 1979, Sieburth et al. 1988). Recent reviews on
marine bacterial mortality have suggested phage as
potentially important agents of mortality (McManus &
Fuhrman 1988, Pace 1988). The first direct counts of
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total virus abundances, by transmission electron micro-
scopy (TEM) were reported by Torrella & Morita (1979),
who observed more than 10* viruses ml~! of seawater.
More recent estimates indicate that virus abundances
range from 10° to 10® ml~! of seawater (Proctor et al.
1988, Bergh et al. 1989, Barsheim et al. 1990, Bratbak et
al. 1990, Proctor & Fuhrman 1990). However, high virus
abundance alone does not indicate its importance in
the food web, because of uncertainty about hosts, sour-
ces, inactivation rates or other factors in viral ecology.
Proctor & Fuhrman (1990) investigated viral mortality
of marine microorganisms by examining sectioned
cyanobacteria and heterotrophic bacteria for the pre-
sence of phage inside the host, and estimated that up to
between 30 and 60 % of total mortality may be attri-
buted to viral lysis. Other reports indicate that marine
viruses may also be important in phytoplankton mortal-
ity (Pienaar 1976, Mayer & Taylor 1979, Sieburth et al.
1988, Suttle et al. 1990). Viral mortality has even been
suggested for the mass extinctions of
lithophorids, Foraminifera and Radiolaria observed
in deep-sea sediment cores from the late Cenozoic
(Emiliani 1982).

Viruses, microorganisms, and sinking particles may
interact in several ways that can have major impacts in
marine systems. Viruses in seawater survive longer
when adsorbed to particulate matter such as sinking
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particles (reviewed in Gerba & Schaiberger 1975,
Kapuscinski & Mitchell 1980). Sinking particles may be
a site where free-living bacteria encounter infectious
viruses, or infectious viruses may be released into the
surrounding water by reversible desorption from the
sinking particles. In addition, many other factors
influencing virus survival and phage/host encounter in
seawater, including virus aggregation (Young & Sharp
1977), and the presence of high concentrations of macro-
molecules such as dissolved proteins (Lycke et al.
1965), are all likely to be enhanced in sinking particles.
Viral mortality also results in the release of high
molecular weight cellular constituents and the release
of these cellular components can act as biological glues
to enhance sinking particle formation (reviewed in
Harris & Mitchell 1973, Alldredge & Silver 1988). All of
these factors may play important roles in the dynamics
of sinking particles and viral mortality of planktonic
microorganisms.

Here we present evidence from TEM of viruses,
phage-infected and virus-infected cells in sinking par-
ticles collected from sediment trap material. We discuss
the significance of viral mortality of microorganisms
and the implicafions of viral lysis on dissolved organic
carbon (DOC) production and on formation/dissolution
of sinking particles,

MATERIALS AND METHODS

Sinking particles, including various types of fecal
pellets in addition to amorphous aggregates (marine
snow-like material), were collected in drifting, particle
interceptor Multitraps (Knauer et al. 1979) deployed for
13 to 22 d in the northeastern Pacific Ocean (Martin et
al. 1987) at VERTEX (Vertical Transport and Exchange
of Materials in the Upper Waters of the Ocean) stations
(Table 1). Traps were filled with a preservative solution
of 2% glutaraldehyde in borate-buffered seawater (pH

7.4) with 18 % sucrose added as a high density solution
to retain sediment trap material during trap recovery
(Gowing & Silver 1985). Various preservatives were
tested and this concentration of preservative effectively
stopped all bacterial autolytic and metabolic processes
in the traps (Gowing & Silver 1983). Plankton tows on
the same cruises harvested zooplankton and zooplank-
ton pellets, the contents of which were compared to the
sediment trap material.

Trap and tow materials were prepared for TEM as
described by Silver & Alldredge (1981). Ultrathin (60 to
90 nm) sections were post-stained with 2% aqueous
uranyl acetate/lead citrate and viewed on a Philips 300
transmission electron microscope at 80 kV, Bacteria in
clusters within particulate matter were enumerated
with morphological types noted. Phage were identified
as strongly-staining intracellular polygonal structures
which appeared to be composed of distinct protein
coats surrounding cores of nucleic acid. Bacteria with 3
or more intracellular phage were scored as infected.
The presence of viruses and virus-infected eukaryotes
was noted. Viruses outside cells were not enumerated
because sections were not randomly sampled but
biased towards bacterial clusters. One hundred or more
bacterial cells were enumerated from each depth, and
particle types (with at least 7 replicate counts) were
scored to estimate variability in the percentage of
infected bacteria.

RESULTS

Both tailed and nontailed viruses, some with elabo-
rate antennae and ranging in diameter from 50 to
400 nm, were observed in all the VERTEX sinking
particle samples examined (Fig.1) except in the
material from 400 m, which comprised material previ-
ously called ‘olive-green cells’ (Fournier 1970), now
judged to be either highly degraded algal cells (Silver

Table 1. Location, depth, date and sampling method of VERTEX TEM samples

* Plankton tow of upper 100 m

Station Surface water Location Depth (m) Date Sampling method
temp. (°C)

VERTEX I 13-15 35.7° N, 123.8° W 50 26 Aug—8 Sep 1980 Trap
VERTEX II 26-28 17.8° N, 108.0° W 30 27 Oct—17 Nov 1981 Trap
120 27 Oct-17 Nov 1981 Trap
VERTEX [II 28-30 15.7° N, 107.5° W 60 9-30 Nov 1982 Trap
80 9-30 Nov 1982 Trap
120 9-30 Nov 1982 Trap
140 9-30 Nov 1982 Trap
400 9-30 Nov 1982 Trap
100* 9-30 Nov 1982 Tow
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& Bruland 1981) or small fecal pellets (Gowing & Silver
1985). Viruses often appeared in clusters or aggregated
with the remains of host cells (Fig. 1).

The most noteworthy feature of the distribution of
phage-infected bacteria in the sinking particle samples
examined is the widely variable percentage of infected
bacteria. From 0.7 to 3.7 % of the heterotrophic bacteria
in the sinking particles contained mature phage (Table
2). Phage-infected bacteria were present in sinking
particles that included fecal pellets from a broad vari-
ety of zooplankton as well as in sinking particles from
unidentifiable sources (Fig. 2). Fresh salp pellets from
plankton tows contained more phage-infected bacteria
than zooplankton pellets from sediment traps (Table 2).
Bacteria of all morphological types contained phage
particles (Fig.2) except the cells, with intracellular
lamellae, thought to be methyltrophs (Gowing & Silver
1985). The methylotrophs often appeared lysed without
the apparent presence of viruses. This may have been
due to a preparation artifact, although there were intact
cells adjacent to lysed cells (Fig. 2).

Phytoplankton less than 2 um in diameter are rela-
tively abundant in sinking particles (10% to 10° aggre-
gate™!; Alldredge & Silver 1988). Approximately 20 to
50 of each cell type were enumerated but none of the
recognizable cyanobacteria and 'Chlorella-like’ phyto-
plankton present in sinking particles (Gowing & Silver
1985) appeared to be infected with viruses. Although
the larger eukaryotic cells were not enumerated
because of low overall abundances, numerous larger
phytoplankton, including diatoms with intact frustules,
contained virus particles (Fig. 3).

DISCUSSION

Only the final stage of phage maturation prior to host
cell lysis is visible by transmission electron microscopy.
In order to estimate the actual percentage of infected
bacteria present at all stages of phage infection from
TEM data, a correction must be made for that portion of
the latent period when the phage are not visible. Previ-
ous TEM studies of morphological changes in phage-
infected bacteria provide the only data currently avail-
able for this purpose. However, such studies are rare
and the data are not ideally suited, usually due to an
insufficient number of points sampled. Here we briefly
summarize these findings and use them to make our
estimates. In Escherichia coli infected with T2 phage,
small numbers of mature phage begin to appear after
47 % of the latent period (between infection and lysis)
has elapsed (Kellenberger et al. 1959). Valentine &
Chapman (1966) showed in a phage-infected marine
bacterium (Cytophaga marinoflava) that mature phage
begin to appear after 57 % of the latent period had

elapsed. However, the authors noted that only 40 to
50 % of the cells contained small numbers of mature
phage at this time point while 85 to 90 % of the cells
each contained many phage when 86 % of the latent
period had elapsed. Finally, in E. coli infected with T5
phage, mature phage are not visible when 67 % of the
latent period has elapsed but are visible virtually at the
point of cell lysis (Kellenberger 1961).

From these data, we estimated correction factors as
the ratio of the full latent period to the time over which
mature phage are readily visible in the cells. For a low
estimate of the correction factor, we chose the earlier
timepoint of Valentine & Chapman (1966), which yields
a value of 2.33 (1/[1-0.57]). Clearly this is low because
less than 50 % of the infected cells showed any intracel-
lular phage at this fime and those that did had only a
few. The correction factor assumes 100% of the
infected cells have visible phage at the indicated time
point. For our high estimate, we chose a factor of 10.0
(1/[1—0.9]), which is slightly higher than the value
implied by the later time point of Valentine & Chapman
(1966); we used the slightly higher value (90 % of the
latent period instead of 86 %) because: (1) not all the
cells showed intracellular phage at this time point and
(2) comparison of Valentine & Chapman's data to Kel-
lenberger's (1961) data on Escherichia coli infected
with T5 phage suggest that some phage may assemble
quite late. We believe the higher numbers are more
appropriate when there are relatively large numbers of
mature phage within the phage-infected marine bac-
teria, as previously observed in the plankton (Proctor &
Fuhrman 1990). Furthermore, it is possible the higher
values may be more appropriate for marine bacteria
because natural bacteria are much smaller than
cultured ones, so that in natural bacteria a larger per-
centage of the biomass needs to be in the form of
mature phage for the phage to be visible by TEM.
Application of both the low and high correction factors
to our TEM data (Table 2) indicates that from 2 to 37 %
of particulate-associated bacteria are likely to be at
some stage of phage infection. Better estimates of the
correction factors await more detailed TEM studies of
marine phage/host systems; such work is currently in
progress in our laboratory.

Bacterial abundances from diver-collected organic
aggregates (Alldredge & Silver 1988) were applied to
our TEM data to estimate the abundances of phage-
infected bacteria in sinking particles. Typical bacterial
abundances in sinking particles from near-surface
waters (0 to 25 m) average 5.7 ¥ 10° aggregate ' and in
deeper waters (30 to 1650 m) average 8.3 x 10° aggre-
gate™! (from Table 5 of Alldredge & Silver 1988). Sink-
ing particles from near-surface waters average 2.9
aggregates 1! of seawater while sinking particles from
deeper waters average 0.6 aggregates 1! of seawater
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Table 2. Distribution of phage-infected heterotrophic bacteria in sinking particles determined by transmission electron micro-

scopy. Data expressed as mean percentage (and range) of phage-infected cells observed in sinking particles with the number of

replicate subsets and total number of cells enumerated from each depth and particle type presented. Origin of sinking particle
indicated where known

Date Depth (m) Particle type® No. of subsamples  No, of cells % Infected
26 Aug—8 Sep 1980 50 Zooplankton pellet 15 205 2.7 (0-9.1)
27 Oct-17 Nov 1981 30 Aggregate-like material 9 107 3.1 (0-11.1)
27 Oct-17 Nov 1981 120 Aggregate-like material 8 107 1.3 (0-10)
9-30 Nov 1982 60 Aggregate-like material 8 110 2.9 (0-9.1)
9-30 Nov 1982 80 Aggregate-like material 13 162 2.2 (0-9.1)
9-30 Nov 1982 80 Zooplankton pellet 8 111 1.9 (0-9.1)
9-30 Nov 1982 120 Zooplankton pellet 9 108 1.9 (0-9.1)
9-30 Nov 1982 140 Crab pellet 7 103 1.4 (0-10)
9-30 Nov 1982 400 Pellet/algal cell” 13 112 0.7 (0-9.1)
9-30 Nov 1982 100° Salp gut 8 106 1.6 (0-7.1)
9-30 Nov 1982 100° Salp pellet 8 127 3.7 (0-10.5)
“ Sediment trap material with readily identifiable sources such as zooplankton pellet are noted (M. Gowing pers. comm.), trap
material without identifiable origin is termed aggregate-like material
" Identified as highly degraded algal cells or small fecal pellets (see text)
“ Plankton tow of upper 100 m of water column

(from Table 1 of Alldredge & Silver 1988). Therefore,
based upon (1) average bacterial abundances from
sinking particles (data from Table 5 of Alldredge &
Silver 1988) and (2) the correction factors of 2.33 to 10.0
from culture data, then a range of 7 to 31 % (value from
30 m depth data in Table 2) or 1.2 to 5.1 x 10° particu-
late-associated bacteria 17! of near-surface seawater
and a range of 5 to 20% (average of all values below
30 m in Table 2) or 2.5 X 10° to 1.0 x 10° particulate-
associated bacterial™! from deeper waters appear to be
infected with phage.

The broad range of phage-infected bacteria in the
particulate samples examined is likely a reflection of the
diverse sources of bacterial communities that encounter
and inhabit sinking particles. For example, discarded
feeding structures of gelatinous zooplankton act as
‘harvesters’ of other particles and free-living bacteria
because of the feeding mode of the zooplankton produc-
ing them (Alldredge & Silver 1988), while fresh fecal
pellets would contain enteric and digestion-resistant
bacteria (Pomeroy & Diebel 1980). The numbers and
types ol microorganisms inhabiting sinking particles
change with the age of the particles, such that these

microbial communities undergo successional changes
(Pomeroy & Diebel 1980). The diverse history of sinking
particles in the ocean is reflected in the fact that bac-
terial abundances in sinking particles range over 5
orders of magnitude (Alldredge & Silver 1988). Addi-
tionally, sediment trap material collected from even the
same depth and site can represent sinking particles of
varying age and origin, so that may also be reflected in
the wide range of infected bacteria observed. The
oceanographic conditions for the VERTEX1 station
(Table 1) were characteristic of the late upwelling sea-
son with surface water temperatures of 13 to 15 °C and
high chlorophyll a concentrations of 20 mg m* (Karl &
Knauer 1984). The VERTEX II and III stations were
within the same general location, off the coast of Mexico
(Table 1), and were characterized by relatively warm
surface temperatures (26 to 28°C), moderate
chlorophyll a concentrations and a well-developed,
broad (120 to 850 m) oxygen minimum layer (Karl &
Knauer 1984, Knauer et al. 1984), Both of these locations
appear to have been particularly dynamic sites of sink-
ing particle formation and flux which may be reflected
in the varied percentage of infected cells present.

Fig. 1. Electron micrographs of viruses associated with sinking particles. (a) Large array of over 100 viruses, many of which possess
anlennae and exhibit heads devoid of nucleic acids as indicated by the strongly-straining protein coat without internal material
(arrow); in unidentifiable material at 120 m (VERTEX II). (b) Larger, eukaryotic viruses (arrow), diameters averaging 200 nm,
clustered near a diatom; in salp fecal pellet from upper 100 m plankton tow (VERTEX III). (c) Seven tailed viruses attached by the
tails and forming a 'rosette’, protein coat and striations on tail particularly evident in one virus (arrow), angle of section
demonstrates that some of the phage are at the plane of the section (strongly-staining) while other phage are below the section
plane (weakly-staining); in zooplankton fecal pellet at 120 m (VERTEX 11I). (d) Cluster of 40 virus particles; many of the viruses
are tailed (arrow); in zooplankton fecal pellet at 80 m (VERTEX III). (e) Cluster of 40 (visible) viruses within one end of recently
lysed cell; in zooplankton fecal pellet at 50 m (VERTEX I). (f) Cell with cell membrane still intact and containing 38 (visible)
viruses, protein coat evident in some of the viruses (arrow); in unidentifiable material at 60 m (VERTEX II). Scale bars = 0.1 pm
except (a) and (b) where scale bars = 1.0 um
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Fig. 2. Electron micrographs of bacteriophage-infected bacteria in sinking particles. (a) Large, rod-shaped bacterium (diameter
approximately 1.08 um) with ca 30 mature phage forming at one end of the cell (arrow); in salp fecal pellet from upper 100 m
plankton tow (VERTEX III). (b) Bacterium with a few phage particles appearing in the cell (arrow); tailed virus adjacent to the
infected cell (asterisk). Methylotrophs (m) did not appear phage-infected but were often observed in a partially lysed state in
sinking particles; in zooplankton fecal pellet at 80 m (VERTEX III). (c) Two rod-shaped bacteria with phage filling the cells
{arrow), both cells surrounded by a mucilaginous envelope; in zooplankton fecal pellet at 120 m (VERTEX III). (d) A phage-
infected bacterium adjacent to 2 uninfected cells, protein coat particularly evident in some of the phage (arrow). A free virus
adjacent to infected cell {asterisk); in unidentifiable material at 30 m (VERTEX II). Scale bars = 0.5 pm except (a) where scale
bar = 1.0 um

Other studies of particulate-associated bacteria have
noted declines in bacterial numbers. Ducklow et al.
(1985) observed decreases, over 100 d, of both attached
and free-living bacterial abundances in continental
slope sediment trap material from the Middle Atlantic
Bight and suggested that the decline in cell numbers
may have been due to predation or autolysis. We do not

know whether bacterivores accounted for the decline
in bacterial numbers in these studies; even knowing
the bacterivore abundances would not let us know the
extent of bacterivore grazing on particles. It is likely
that both protozoan predation and viral lysis occurred
simultaneously on particles since the time scales for
both forms of mortality are similar. TEM examination of



Proctor & Fuhrman: Viruses in organic particle flux 139

Fig. 3. Electron micrographs of virus-infected eukaryotic cells in sinking particles. (a) Eukaryotic cell full of viruses but with cell
membrane still intact (arrow); none of the ‘Chlorella-like' cells, adjacent to infected cell, appeared infected with viruses; in
unidentifiable material at 30 m (VERTEX II). (b) Eukaryotic cell (diameter ca 5 ym) containing many virus particles but with some
of the cell membrane and organelles still present; in crab fecal pellet at 140 m (VERTEX III). (¢) Diatom (diameter ca 6 jum)
completely filled with viruses (arrow) but with nucleus, cell wall and frustule clearly intact; in zooplankton fecal pellet at 50 m
(VERTEX I). (d) Remains of eukaryotic cell in further state of degradation but with virus particles (arrow) still associated with
cytoplasmic material; free virus adjacent to infected cell (asterisk); in unidentifiable material at 80 m (VERTEX III). Scale bars =
1.0 um except (b) where scale bar = 0.5 ym

bacterial cells in sinking particles is one way to investi-
gate if mortality is due to viral lysis because the mortal-
ity agent in viral lysis is directly observable as phage
within the host.

Viral lysis of free-living bacteria and particulate-
associated bacteria may be causally linked because of
the ecology of viruses in the water column and on
particulate matter. Viruses, as charged colloidal parti-
cles, will reversibly adsorb to particulate matter such as

sinking particles (Bitton & Mitchell 1974). The protein
coat of a virus has often been thought to be an evolu-
tionary strategy to protect the nucleic acid from inactiv-
ation. However, particulate material appears to fur-
ther protect viruses because virus survival rates are
enhanced on particulate matter (reviewed in Gerba &
Schaiberger 1975, Kapuscinski & Mitchell 1980). Addi-
tionally, in the ocean, viruses may become concen-
trated because of the 'harvesting’ activity of gelatinous
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zooplankton and increase the survival rate of those
viruses associated with the discarded gelatinous
material. Although viruses were not enumerated in this
study, they were often found aggregated or clustered,
suggestive of mechanisms which enhance virus aggre-
gation (Young & Sharp 1977) in sinking particles. The
mechanisms which enhance virus survival may not
only influence the frequency of host encounter and
successful host infection but link viral lysis of the free-
living bacteria and particulate-associated bacteria.

Viral lysis results in the direct release of organic
matter which contributes to the ‘'dissolved’ organic
carbon (DOC) pool. DOC is operationally defined as
organic matter that passes a particular filter pore size,
typically a 0.45 pm membrane filter or a glass fiber filter
with an effective pore size of ca 0.7 um. Viruses and the
accompanying macromolecules released from cell lysis
may comprise a component of the high molecular
weight compounds recently observed in the DOC pool
in the open ocean (Sugimura & Suzuki 1988, Koike et
al. 1990). As such, viruses, macromolecules and small
cellular debris (all typically < 0.2 um) would be consid-
ered DOC, although all of these lysis products could be
either colloidal or truly dissolved. More specifically,
there are 2 general modes of phage replication with
either (1) complete disassembly of host chromosome or
(2) the presence of an intact host chromosome (Hayes
1976) and each mode of lysis could result in the release
of not only viruses, but different molecular weight
fractions of host DNA (megadaltons), RNA and protein.

Little is known about what is actually released when
a marine bacterium lyses but a hypothetical example of
the contribution of 2 major classes of macromolecules,
nucleic acids and protein, to the DOC pool will demon-
strate the potential importance of this process. As a first
approximation, for every 10% of a population of free-
living bacteria lysed by phage, assuming a typical
marine bacterium contains 2.5 f{g DNA, 2.9 fg RNA and
14.8 fg protein (mean values from < 0.07 um? cells from
Table 5 of Simon & Azam 1989), then at free-living
bacterial abundances of 5 x 10%1~! (Fuhrman et al.
1989, Proctor & Fuhrman 1990), ca 270 ng nucleic acids
17! of seawater and 575 ng proteins 1! of seawater
would be released, within one bacterial generation (1
to 15 d: Fuhrman et al. 1989, Simon & Azam 1989), from
cell lysis.

Similarly, for every 10 % of a population of particu-
late-associated bacterial population lysed by phage,
assuming biovolumes of 0.93 um® (Alldredge et al.
1986) and 3.3 fg DNA, 4.2 fg RNA and 24.2 fg proteins
per bacterium (mean from values for 0.70 and 1.0 pm?
cells from Table 5 of Simon & Azam 1989) and average
bacterial abundances of 1.1 x 107 17! (average of par-
ticulate-associated bacteria in near surface and deeper
waters; Table 5 of Alldredge & Silver 1988), ca 8.3 ng

nucleic acids 1! of seawater and 26.6 ng proteins 1! of
seawater would be released (within one generation of
particulate-associated bacteria: 2 to 77 d; Ducklow et
al. 1985, Alldredge et al. 1986) from cell lysis.

Together, cell lysis of only 10 % of the population of
free-living and particle-associated bacteria could con-
tribute ca 1 ug of 'DOC’ (here considering only nucleic
acids and proteins) 1”! of seawater, in the form of high
molecular weight compounds, within one bacterial
generation, mostly from the free-living cells. We did
not observe any extruded or budding viruses in our
TEM micrographs, although it is quite possible that
nonlytic release of viruses occurs. Such viruses also
contain nucleic acid and protein, and would likely
contribute more to the 'DOC’ release by bacteria. Our
estimate of DOC release is conservative since (1) it
assumes that host assimilation of substrates ceases
immediately upon viral infection, and (2) it only
includes DNA, RNA and protein. Although these nitro-
gen- and phosphorus-rich macromolecules are avail-
able for bacterial nutrition (Paul et al, 1987, Rosso &
Azam 1987, Karl & Bailiff 1989), the relatively long
turnover times of even labile macromolecules in some
ocean locations (e.g. 32d for dissolved DNA in the
open ocean; Paul et al. 1987) suggest that the products
of cell lysis could persist long enough to play a role in
particle formation, as discussed below,

Large macromolecules, such as nucleic acids and
proteins, can be important as polymer bridges between
particles. Viral lysis results in the release of viruses as
well as cell walls and membranes, other large cellular
fragments and intracellular polymers such as proteins
andnucleicacids. Many of the virus aggregates observed
associated with host cell remains in the VERTEX sedi-
ment trap material look remarkably like the remnants of
Escherichia coli cell lysis observed by Cota-Robles
(1964). Most of the cellular components released from
lysis have been suggested asimportant ‘biological glues’
to enhance aggregation and promote sinking particle
formation (Alldredge & Silver 1988). In particular, dissol-
ved DNA appears to be an effective aggregation agent in
various microbial communities (Vallom &McLoughlin
1984) indicating that products of viral lysis may play an
importnt role in sinking particle dynamics. Moreover,
viral lysis may be a factor to consider in particulate
formation because of the size of particles produced. Some
workers (McCave 1986) indicate that submicron partic-
lesin the ocean may be important as condensation nuclei
for the initiation of organic aggregation and, at virus
abundances of up to 10! 17! (Bergh et al. 1989, Bratbak
et al. 1990, Proctor & Fuhrman 1990), viruses may be
one source of these condensation nuclei.

Viral lysis of particle-associated communities has
many implications for sinking organic matter where
viruses can be indirect agents of carbon loss from
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particulate matter. It has been suggested that particle-
associated bacteria play a direct role in particle dissolu-
tion by the hyperproduction of extracellular hydrolases
which solubilize the sinking particles (Cho & Azam
1988). If virus infection is a significant cause of bacterial
mortality, exohydrolase production by particle-associ-
ated bacteria may actually be a defense against infecti-
ous viruses. Sinking particle disaggregation and dissolu-
tion may only be a byproduct of this defense mechanism.

An additional observation of potential importance to
productivity and carbon flux estimates was the pre-
sence of eukaryotic cells in the sediment trap samples,
particularly phytoplankton, that appeared infected
with viruses. Viral lysis has been reported for both
cultures and natural populations of marine phytoplank-
ton such as prasinophytes (Moestrup & Thomsen 1974,
Pearson & Norris 1974, Pienaar 1976, Mayer & Taylor
1979), cryptophytes (Pienaar 1976), haptophytes (Pear-
son & Norris 1974), chrysophytes (Sieburth et al. 1988)
and cyanobacteria (Proctor & Fuhrman 1990). The pre-
sence of virus-infected phytoplankton in the VERTEX
samples along with the cited reports on viruses in other
marine phytoplankton suggests that viral lysis may be a
significant mode of mortality for phytoplankton com-
munities. Moreover, viral lysis of larger (> 10 um)
phytoplankton, as we observed in VERTEX samples,
should receive special attention because they appear to
be particularly important contributors to particle flux
out of surface waters (Michaels & Silver 1988).

In summary, viral lysis increases the complexity of
the marine microbial food web in the ocean by includ-
ing a process for the direct release of nitrogen- and
phosphorus-rich high and low molecular weight
organic matter from free and aggregated microorgan-
isms. In turn, lysis products may be a source of bacterial
nutrition and may play roles in particle formation and
the vertical distribution of nutrients. Thus, viral lysis
may have several important implications for material
and energy cycling in the ocean.
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