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Viruses are abundant in all known ecosystems. In the present study, we tested the possibility that viruses
from one biome can successfully propagate in another. Viral concentrates were prepared from different
near-shore marine sites, lake water, marine sediments, and soil. The concentrates were added to microcosms
containing dissolved organic matter as a food source (after filtration to allow 100-kDa particles to pass
through) and a 3% (vol/vol) microbial inoculum from a marine water sample (after filtration through a
0.45-�m-pore-size filter). Virus-like particle abundances were then monitored using direct counting. Viral
populations from lake water, marine sediments, and soil were able to replicate when they were incubated with
the marine microbes, showing that viruses can move between different ecosystems and propagate. These results
imply that viruses can laterally transfer DNA between microbes in different biomes.

In all known ecosystems, viruses are very abundant. There
are approximately 107 virus-like particles (VLPs) per ml of
surface seawater (2; reviewed in references 17 and 52), up to
108 VLPs per g of marine sediment (11, 12), �108 VLPs per g
of soil (50), and 105 to 109 VLPs per ml of freshwater (9, 27,
46). VLPs are also common in extreme environments, includ-
ing hot springs (105 to 109 VLPs per ml [7]), hypersaline lakes
(106 to 109 VLPs per ml [15, 25, 32]), and solar salterns (up to
1010 per ml [20, 35, 36]). Because bacteria are the most com-
mon potential prey for viruses, most of the environmental
VLPs are assumed to be phages. Direct evidence for this sup-
position has been obtained by transmission electron micros-
copy (1–3, 14, 21, 38, 45, 48) and metagenomic analyses (4, 6).

Phages play an important role in global carbon cycling by
lysing marine heterotrophic and autotrophic prokaryotic hosts
(reviewed in references 17 and 52). Phages are also responsible
for enhancing lateral gene transfer among prokaryotes (10, 26,
34). Approximately 1014 transductant events occur per year in
Tampa Bay Estuary, Florida (26), and Paul et al. (33) esti-
mated that 1028 bp of DNA are transduced by phages every
year in the world’s oceans.

In coastal surface seawater, most phages are produced
though lytic infections (49). This means that phages must find
new hosts in a timely fashion because the half-life of a free viral
particle is only about 36 h (reviewed in reference 52). Wilcox
and Fuhrman (49) showed that marine bacteria can escape
their phage predators if the frequency of infection is reduced
by dilution into phage-free seawater. In the present study, the
experimental approach of Wilcox and Fuhrman was used to
test the hypothesis that nonmarine phages can prey upon ma-
rine microbes. We show that viruses from soil, sediment, and
freshwater can infect and propagate on marine microbial com-
munities. These results imply that viruses can contribute to
global lateral gene transfer by moving DNA between biomes.

MATERIALS AND METHODS

Collection of environmental samples. Twenty-liter water samples were col-
lected in carboys in shallow, near-shore locations. Surface sediment and soil
samples (�4 kg) were collected using Tri-pour beakers and placed in Ziploc
bags. All samples were stored at 4°C until they could be processed. The water
samples were collected from the San Diego, Calif., area, including Pacific Beach
(29 April 2003), Ocean Beach (OB; 17 June and 23 September 2003), Silver
Strand Beach (27 July 2003), Mission Bay (MB; 23 March, 29 April, 27 July, and
29 September 2003), La Jolla Cove (LJ Cove; 29 April and 5 August 2003), and
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FIG. 1. Filtrates (A) and basic experimental protocol (B) used in
this paper. In the mixing experiments (e.g., Fig. 3), the basic experi-
mental procedure was modified by adding 1 ml of a 100� viral con-
centrate to 100 ml of the DOM fraction in place of the VLP fraction.
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Lake Murray (LM; 27 July and 23 September 2003). Sediment samples were
taken from MB (27 July 2003) and OB (23 September 2003). The soil sample was
collected from LM Park (23 September 2003). All samples used for making the
viral concentrates were processed within 7 days. Samples collected for the mi-
crobial (MICR) (filter pore size, 0.45 �m) inocula and dissolved organic matter
(DOM) (filter pore size allowing particles of 100 kDa to pass through) fractions
were processed on the day of collection (Fig. 1).

Filtration fractions. The different filtrates used in these experiments are out-
lined in Fig. 1A. A vacuum pump was used to filter samples through a GF/F filter
(Whatman; nominal pore size, 0.45 �m) to obtain the MICR fraction (0.45-�m
filtrate), which was used as the inoculum. The 0.45-�m filtrates contained bac-
teria, viruses, and DOM but not protists. Each sample was passed through the
0.45-�m-pore-size filter twice to ensure that all protists were removed (49). In
tangential-flow filtrations (TFFs; Amersham Biosciences), we used filters with
pore sizes that allowed the passage of particles with diameters of 0.2 �m and
masses of 100 kDa to obtain VLP and DOM fractions, respectively. The 0.2-�m
TFF removes bacteria but allows viruses and DOM to pass through. The 100-
kDa TFF removes viruses, and its filtrate contains only DOM. For the soil and
sediment samples, �3 kg of the sample was resuspended in 10 liters of seawater
that had been filtered to allow 100-kDa particles to pass through and then was
passed through a Nitex filter (pore size, �100 �m) to remove larger particles.
The samples were then processed in the same manner as seawater to obtain a
viral fraction.

Experimental setup. For the initial experiments, 3 ml of the MICR fraction
was added to 100 ml of either the VLP fraction or the DOM fraction (Fig. 1B).
The reproducibility of this method was tested by collecting five samples from the

same (OB) site (for variation within the site, see Fig. 2B) and taking five
subsamples from one of the samples (for variation within a sample, see Fig. 2A).

To determine if viral communities from one site can be propagated on the
microbial community from another, viral concentrates were used instead of the
VLP fraction. To do this, the viral community was first concentrated 100-fold by
100-kDa TFF. One milliliter of the viral concentrate was then added to 100 ml
of the DOM fraction from a marine site.

In all experiments, the VLP degradation over time was monitored by setting
up a control where no MICR inoculum was added. All experimental mixtures
were incubated in autoclaved Pyrex glass containers with a screw cap at room
temperature.

Subsample collection and preservation. One- or 5-ml subsamples were col-
lected every 12 h (in some cases, subsamples were collected every 24 h due to
time constrains). All subsamples were immediately fixed with equal volumes
(4%, vol/vol) of paraformaldehyde (Electron Microscopy Sciences) in seawater
(final concentration, 2%, vol/vol) and stored at 4°C until they were processed for
epifluorescence microscopy.

Staining and counting. One milliliter each of the fixed subsamples was diluted
with ultrapure water (Sigma), filtered with 0.02-�m-pore-size Anodiscs (What-
man), and stained with 1� SYBR Gold (Molecular Probes) for 10 min in the
dark (modified from the protocol described in reference 30). The stained filters
were then mounted on slides by using 50% glycerol in 1� phosphate-buffered
saline with 1% ascorbic acid. Images of the stained samples were then captured
using a charge-coupled-device camera with a Leica epifluorescence microscope.
Images of microbes and VLPs were counted with Adobe Photoshop.

FIG. 2. Marine viral community propagation requires an initial viral concentration of �3%, vol/vol, of the natural viral community concen-
tration. Samples from the same carboy (A) and from different carboys but the same site (B) were tested to determine variation by this method.
VLP numbers were determined by using direct counting (SYBR Gold epifluorescence microscopy).
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RESULTS AND DISCUSSION

Lytic production by marine viruses. Wilcox and Fuhrman
(49) showed that marine viruses could not propagate when the
concentration of viruses was reduced to �3% of the natural
population size. This occurs, presumably, because the viruses
cannot find hosts before they degrade. From this data, it was
argued that most viral production in near-shore marine waters
is due to lytic production because viral production from lyso-
gens should be concentration independent. As a starting point
for our studies, we repeated the Wilcox and Fuhrman protocol
to determine reproducibility in (i) five replicates from the same
sample and (ii) five samples from the same site. Replicates
from the same sample behaved in very similar manners. When
the initial viral concentration was approximately equal to that
of the natural concentration, the number of VLPs oscillated
through degradation-replication cycles. In these replicates, the
switch from viral decay to viral production occurred in 12 to
24 h (Fig. 2A). More variability was observed in separate sam-
ples from the same site (Fig. 2B). In these samples the viral

communities went through repeated degradation-replication
cycles, but the timing of the oscillations varied. In both exper-
iments, the microcosms that initially contained natural concen-
trations of viruses maintained a VLP abundance of �2 � 106

per ml for the course of the experiment (Fig. 2, MICR � VLP
� DOM). In contrast, when the initial viral concentration was
�3% of the original concentration, VLPs were never able to
propagate (Fig. 2, MICR � DOM). In these samples the VLP
concentrations always remained below 2 � 106 VLPs per ml
and usually stayed at �105 VLPs per ml. Our results were
similar to those of Wilcox and Fuhrman (49) and show that
marine viruses need a minimal concentration (�3% of the
natural concentration) in order to find hosts and propagate.
Therefore, lytic production is the main form of replication for
marine viruses.

Propagation of marine viruses on microbial communities
from different marine locations. To determine if marine viral
communities could productively infect microbes from different
marine locations, 100� viral concentrates were made from

FIG. 3. Viral communities from different sites were able to propagate on marine microbes. (A) Viral communities from different marine sites
were mixed with microbes from MB and the LJ Cove, and VLP numbers were monitored over time. (B) Nonmarine viral communities were added
to marine microbial communities, and VLP numbers were monitored over time. MICR, microbial community source; VLP, viral community
source. The number of VLPs was determined by epifluorescence microscopy direct counting with SYBR Gold.
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marine water samples gathered from around San Diego, Calif.
One milliliter of each concentrate was then added to 100 ml of
the DOM fraction from LJ Cove or MB. Three milliliters of
the MICR fraction from LJ Cove or MB was then added to the
microcosm. In three out of four MB microcosms, the marine
viral communities from different sites were able to find hosts
and propagate (Fig. 3A). The MB viral community was also
able to propagate on microbial communities from LJ Cove.
Based on these results, we concluded that marine viral com-
munities were able to productively infect marine microbes
from different sites.

Propagation of nonmarine viral communities on marine
microbes. To determine if nonmarine viruses were able to
propagate on marine microbes, viral communities were iso-
lated from marine sediment, lake water, and soil. The viral
concentrates were added to DOM fractions from MB or LJ
Cove and inoculated with 3 ml of the appropriate MICR frac-
tion. As shown in Fig. 3B, VLP abundances oscillated in a
manner indicative of degradation-replication cycles observed
in the other experiments. Therefore, viruses from the nonma-
rine environments were able to propagate on the marine mi-
crobes. The only exception was the freshwater viral community
from LM, which was not able to grow on the LJ Cove microbial
communities. In this case, the starting viral concentration was
�2 � 106 VLPs per ml, which is close to the minimal concen-
tration that was necessary for viral propagation.

Figure 4 shows endpoint comparisons between microcosms
inoculated with viral communities with either 3 ml of a MICR
fraction or 3 ml of seawater that had been filtered to allow
100-kDa particles to pass through (i.e., controls that did not
contain the MICR inoculum). In all cases, except the previ-
ously noted LM sample, the presence of a marine microbial
community was necessary to prevent degradation of the VLPs.
These results show that the nonmarine viruses were able to
find hosts and propagate in the marine environment.

Conclusions. Our results show that viruses, in particular
phages, are able to propagate in different biomes (e.g., soil and
seawater). There are two possible explanations for this phe-
nomenon. First, some phages may have broad host ranges that
allow them to infect many different microbial species (24). If

phages move between environments, a broad host range prob-
ably gives them a better chance for survival. In support of this
hypothesis, we have found that some identical phage sequences
are present in all of the world’s major biomes, which suggests
that phages indeed move between environments (5). Together,
our results suggest that viruses have few geographical bound-
aries and that the overall biodiversity of viruses may not be as
high as previously estimated (cf. references 4, 37, and 39 with
reference 47). A second possible explanation of our results is
that the microbial hosts also move and grow in different envi-
ronments. Currently, there is not enough evidence to distin-
guish between these possibilities.

An important implication of this work is that viruses can
move DNA between environments. Viruses are major mecha-
nisms of lateral gene transfer. One of the main differences in
the genomic sequences of closely related species of microbes is
prophages (8, 16, 18). Viruses carry genes that dramatically
change the character of their host. For example, many of the
exotoxin genes involved in human diseases are borne by phages
(reviewed in reference 13), as are antibiotic resistance genes
(28). Within the capsid, virus-borne genes are protected from
environmental DNA-damaging agents. In fact, viruses are
much more resistant to osmotic, temperature, pressure, and
water treatment than are most microbes (29, 31, 41, 42). Be-
cause viruses are resistant to water and sewage purification
protocols, they may transport exotoxin and antibiotic-resistant
genes associated with humans into the marine environment.
Recently we have shown that viral particles can be moved from
hot springs (�82°C) to ice (�0°C) without disrupting the cap-
sid (7). This means that viruses may move genetic information
out of the deep, hot biosphere (19) into various freshwater
environments.

Besides laterally moving DNA, viruses can influence pro-
karyotic community structure and biodiversity by killing spe-
cific microbial species or strains (40, 43, 44, 51, 53). If there are
no geographical boundaries for viral movement, then microbial
biodiversity may be constantly changing due to immigration of
new viruses. Additionally, as viruses travel between hosts and
biomes, they can exchange genes with themselves and their
hosts (i.e., mosaic evolution [22, 23]). Therefore, the move-
ment of viruses between biomes will change the genetic diver-
sity and biodiversity of both microbes and viruses.
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