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Abstract

Phages, the most abundant biological entities on the planet, play important roles in biogeochemical cycling, horizontal gene

transfer, and defining microbial community composition. However, very little is known about phage diversity or biogeography, and

there has not yet been a systematic effort to compare the phages found in different ecosystems. Here, we report that T7-like

Podophage DNA polymerase sequences occur in every major biome investigated, including marine, freshwater, sediment, terrestrial,

extreme, and metazoan-associated. The majority of these sequences belong to a unique clade that is only distantly related to cultured

isolates. Some identical T7-like phage-encoded DNA polymerase genes from this clade were >99% conserved at the nucleotide level

in multiple different environments, suggesting that these phages are moving between biomes in recent evolutionary time and that the

global genomic pool for T7-like phages may be smaller than previously hypothesized.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tailed, dsDNA phages are ubiquitous and abundant

in culture collections and in the environment [1,2]. Po-

doviridae are one of the main groups of dsDNA phages

that have been identified in the environment by electron

microscopy [3], genomic analysis of uncultured marine

viral communities [4], and pulse-field gel electrophoresis

[5,6]. Podoviridae are classified by the International

Committee on the Taxonomy of Viruses (ICTV) as
short-tailed phages, with genomes of �40 kb in length

[7]. The Phage Proteomic Tree, a recently developed

genome-based taxonomy for phages, splits the ICTV

Podoviridae into two groups: T7-like and PZA-like

Podophages [8]. 1 All known T7-like Podophages have
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genomes of �40 kb and are short-tailed viruses with

lytic life cycles. The T7-like Podophages also have
conserved loci (e.g., DNA polymerase, primase, etc.)

that can be used in a manner analogous to the 16S

rDNA in prokaryotes [8]. These loci are not shared with

the PZA-like Podophages. In this study, the DNA

polymerase gene was used to study the global distribu-

tion and diversity of T7-like Podophages.
2. Materials and methods

2.1. Large-scale isolation of viral community DNA

Total viral communities were purified from 200 liters
of water taken from Lake Hodges (San Diego, CA; 5/

01), Mission Bay (San Diego, CA; 10/99 and 6/01),

Torrey Pines Estuary (Del Mar, CA; 6/01), Scripps Pier

(La Jolla, CA; 5/01 and 6/01), and the Salton Sea (Im-

perial Valley, CA; 6/01), as well as from �2 liters of

sediment from Mission Bay (San Diego, CA; 6/01) and
. Published by Elsevier B.V. All rights reserved.
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human fecal matter (7/02) using a combination of dif-

ferential filtration and density-dependent gradient cen-

trifugation. The water samples were initially filtered

through a 0.16-lm Centramate tangential flow filter

(TFF; Pall Filtron) to remove bacteria, eukaryotes, and
large particles. Most of the water and approximately

90% of the viruses, as determined by epifluorescent mi-

croscopy [9], passed through the filter and were collected

in a separate tank. Subsequently, the viruses in the fil-

trate were concentrated using a 100-kDa TFF filter until

the final sample volume was <100 ml. After the TFF,

8.5 ml of the viral concentrate (at a density of 1.15 g/ml)

was loaded onto a cesium chloride (CsCl) step gradient.
The steps were 1 ml each of 1.7, 1.5, and 1.35 g/ml. The

gradient was ultracentrifuged at 55,000g for 2 h, and the

1.35–1.5 g/ml fraction was collected. This fraction con-

tains the majority of the viral DNA as previously de-

termined by pulse field gel electrophoresis [6]. After

CsCl purification, the viruses were lysed using a form-

amide extraction and the DNA was recovered by an

isopropanol precipitation and a CTAB extraction [10].
For the fecal and sediment samples, sterile PBS or 100

kDa filtered seawater, respectively, was added to the

sample. The samples were mixed vigorously, centrifuged

at 8000g for 10 min to remove large particles, and the

free viruses in the supernatant were concentrated in the

same manner as the water samples.

2.2. Small-scale viral community DNA isolation

Fifty milliliter water samples were collected from

various locations and filtered through a 0.2-lm Acrodisc

to remove bacteria, eukaryotes, and large particles.

Polyethylene glycol (PEG 8000) was added to a final

concentration of 10% and the samples were incubated

for >12 h at 4 �C [10]. The samples were then centri-

fuged at 13,000g for 30 min to pellet the viral particles.
DNA was recovered from the pellet using a CTAB

extraction [10].

2.3. Total community DNA extraction from soil, sedi-

ment, and coral samples

Soil samples were collected using 50-ml tubes or sy-

ringe corers. Sediment and coral samples were collected
on SCUBA. All samples were stored at either 4 or )20
�C until processing. Corals were processed as previously

described [11]. DNA was extracted from 0.5 to 1.0 g

sediment and soil samples using the UltraClean Soil

DNA Kit (Mo Bio, California) according to the man-

ufacturer’s instructions.

2.4. Precautions taken to prevent contamination

One of the major concerns when working with any

environmental sample is contamination. Sterile, virgin,
aerosol-resistant plasticware was used at all times.

Sample DNA preparations and PCR assembly areas

were physically separated from the thermocyclers and

electrophoresis units. As described in Section 3, the

widespread distribution of specific T7-like Podophage
DNA polymerase sequences was confirmed by several

independent investigators.
2.5. PCR amplification and cloning

All sequenced members of the T7-like Podophages

encode a DNA polymerase, primase, and endonuclease

(http://salmonella.utmem.edu/phage/tree/signature.html).

The DNA polymerase sequences of Escherichia coli

/T7, Yersinia enterocolitica /Ye03-12, and Roseobacter

SIO67 /SIO1 were aligned, and degenerate primers
were designed to the conserved regions. Two of these

primers, T7DPol230F (50 ARG ARM RIA AYG GIT

30) and T7DPol510R (50 GTR TGD ATR TCI CC 30),
were optimized to detect as few as 103 copies of E. coli

/T7 by PCR. The PCR mixture (50 ll total volume)

contained target DNA, 1� REDTaq Buffer (Sigma,

Missouri), 1 U REDTaq (Sigma, Missouri), 200 lM
dNTPs, 1 lM each primer, and 1 ll of 50 mMMgCl2. In
some cases, an additional 1 U of REDTaq and 2 ll of
BSA (100 lg/ml) were added to facilitate amplifica-

tion of environmental samples. The thermocycler con-

ditions were: 5 min at 94 �C, 30 cycles of [1 min at 94 �C,
1 min at 50–0.5 �C/cycle, and 2 min at 72 �C], and 10

min at 72 �C. After PCR, the products were cloned

into pCR4-TOPO according to the manufacturer’s

instructions (Invitrogen, California). Transformants
were selected on Luria–Bertani/ampicillin plates with

X-gal (5-bromo-4-chloro-3-indolyl-beta-DD-galactopy-

ranoside). White colonies were randomly selected and

screened by PCR with the M13F and M13R primers

to identify clones with inserts between 500 and 1000 bp.

Products of the correct size were isolated using a PCR

Clean-up Kit (Mo Bio, California) and sequenced 3�
using the M13F, M13R, and T7DPol510R primers.
Consensus sequences were constructed using Sequen-

cher 4.0 (Gene Codes, Michigan). The consensus

sequences were compared against the GenBank

database using TBLASTX [12,13] and those with simi-

larity to known DNA polymerase sequences were re-

tained for further analysis. GenBank Accession Nos. for

the DNA polymerase sequences are AY599945–

AY600060. Sequences showing >99% similarity on the
nucleotide level were considered to represent the same

sequence. Unique sequences were aligned and a Neigh-

bor-Joining Tree was created using CLUSTALX [14,15].

The tree was bootstrapped 1000 times. No discern-

able effect on the tree structure was noticed when mul-

tiple substitutions were considered in the alignments

[14,15].

http://salmonella.utmem.edu/phage/tree/signature.html


M. Breitbart et al. / FEMS Microbiology Letters 236 (2004) 249–256 251
2.6. Amplification of specific DNA polymerase sequences

Primers were designed to amplify two specific DNA

polymerase sequences (HECTOR and PARIS – see

Section 3) from the Polymerases from Uncultured
Podophages (PUP) clade (Fig. 1). The HECTORPol29F

(50 GCA AGC AAC TTT ACT GTG G 30) and HEC-

TORPol711R (50 CGA GAG ATA CAC CAA CGA A

30), as well as the PARISPol25F (50 ATA CTA CAC

GCT ACT CTG G 30) and PARISPol701R (50 GAG

TGG CAA GAG GAG TTA T 30) primer sets were used

to amplify these specific DNA polymerases from phages

present in a wide variety of environments. The reaction
mixture for the HECTOR primers (50 ll total volume)

contained 1 ll of target DNA, 1� Taq Buffer, 1 U Taq

DNA Polymerase, 200 lM dNTPs, 1 lM each primer,

and 1 ll of 50 mM MgCl2. The reaction mixture for the

PARIS primers was identical except there was no ad-

ditional MgCl2. The thermocycler conditions for am-

plifying HECTOR were: 5 min at 94 �C, 35 cycles of [1

min at 94 �C, 1 min at 61–0.5 �C/cycle, and 1 min at 72
�C], and 10 min at 72 �C. The thermocycler conditions
0.1Roseophage SIO1

Cyanophage P60

Coliphage T3

Coliphage T7

Extreme

Freshwater

Sediment

Marine

PUP

PARIS

HECTOR

Yersiniaphage Ye03-12 

Fig. 1. Neighbor-Joining tree of T7-like DNA polymerases recovered

from environmental samples using degenerate PCR primers. The cir-

cles represent unique polymerase sequences identified in this study. The

polymerase sequences of phage isolates from this group are represented

by the name of the isolate. Any sequences with P 99% identity at the

nucleotide level were considered the same sequence. Using this crite-

rion, a total of 34 unique T7-like DNA polymerase sequences were

recovered. The environment(s) in which each sequence was found is

color-coded according to the legend. Four sequences were found in

more than one environment and are represented by slightly larger

circles. Twenty-eight of the unique sequences belonged to the PUP

clade, which is outlined in gray. The scale bar represents 0.1 changes

per 100 bp. The tree was bootstrapped 1000 times. No discernable

effect on the tree structure was noticed when multiple substitutions

were considered in the alignments.
for amplifying PARIS were: 5 min at 94 �C, 35 cycles of

[1 min at 94 �C, 1 min at 66–0.5 �C/cycle, and 1 min at

72 �C], and 10 min at 72 �C. HECTOR and PARIS

products were sequenced from both directions and

aligned using CLUSTALX in order to ensure that they
represented the correct sequence.

2.7. Quantification of specific polymerase sequences

Real-time PCR and Taqman PCR were used to de-

termine the concentrations of HECTOR and PARIS in

a subset of the environmental samples. Primer and

probe sequences were designed using the Beacon De-
signer (Premier Biosoft International, California) and

Primer3 [16]. Primers for the HECTOR DNA poly-

merase sequence were HECTORPol563F (50 CTT CTC

AGT TTT CTG TT 30) and HECTORPol800R (50 GCA

AGC AAC TTT ACT GT 30). For detection of the

HECTOR sequence, a SYBR Green I real-time PCR

assay was used. Taqman PCR was used for detection of

PARIS. Primers for the PARIS DNA polymerase se-
quence were PARISPol480F (50 AAG TTG TGC TTC

TGG TA 30) and PARISPol786R (50 ATA CTA CAC

GCT ACT CT 30). The Taqman probe for the PARIS

DNA polymerase was 50-FAM- TTA TTG AAG CTG

AGA TGC AA-BHQ1-30. All probes, templates, and

primers were analyzed for secondary structure using the

mFold program [17], and NCBI BLASTN [12,13] was

used to determine specificity. Real-time amplification of
HECTOR consisted of 1 cycle of 4 min at 95 �C and

then 45 cycles of [10 s at 95 �C, 30 s at 60 �C, and 30 s at

72 �C]. Each 20 ll reaction contained final concentra-

tions of 1� Bio-Rad iQ SYBR Green Supermix (50 mM

KCl, 20 mM Tris–HCl, pH 8.4, 0.2 mM dNTPs, 25 U/

ml iTaq DNA polymerase, 3 mM MgCl2, and SYBR

Green I), 3 lg/ll BSA, 200 nM of each primer, and 1 ll
sample DNA. During the optimization of the real-time
PCR assays, it was discovered that some environmental

samples contained inhibitors to this assay. The addition

of BSA to the reaction mixture was able to decrease this

inhibition by over 90%. The assays were performed in a

Bio-Rad iCycler real-time PCR machine. Each sample

was performed at two different concentrations and re-

peated at least three times. Analysis of the melt-curve of

the PCR products indicated that there was only one
species of product and this was also confirmed using an

agarose gel. No primer–dimers were observed at any-

time. The Taqman assays to quantify PARIS were per-

formed as described above except that they contained 50

nM PARIS Taqman probe and 1� iQ Supermix (Bio-

Rad, California) which does not contain SYBR Green I.

Absolute concentration values were derived using a

plasmid containing one copy of the HECTOR or
PARIS target sequence. Briefly, the HECTOR and

PARIS T7-like DNA polymerase sequences were am-

plified by PCR and cloned into the pGEM-T vector
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(Promega, Wisconsin) and then transformed into XL1-

Blue competent cells. The plasmids were sequenced and

concentrations were determined by spectrophotometry

and confirmed by agarose gel analysis. Serial dilutions

were used to produce final concentrations of 101–104

copies/ll. The iCycler software analysis program was

used to calculate Ct values and determine sample con-

centrations based on the standards.
3. Results and discussion

To determine the diversity and biogeographical dis-
tribution of T7-like Podophages, 17 environmental viral

communities (Table 1) were checked for the presence of

T7-like Podophages using degenerate primers designed

to conserved regions in the DNA polymerases of this

group. The samples included representatives from ma-

rine, freshwater, estuarine, sediment, and hyper-saline

environments. A group of DNA polymerase sequences

similar to the T7-like Podophage DNA polymerases was
recovered from each of these environments (Table 1).

Since these sequences were obtained from purified viral

communities, they are most likely phage-encoded.

The T7-like DNA polymerase sequences obtained

with degenerate primers were grouped together by

considering any sequences with P99% identity at the

nucleotide level as the same sequence. Using this crite-

rion, a total of 34 unique sequences were obtained from
the original 116 sequences (Table 1). Twenty-seven of

the 34 unique T7-like DNA polymerase sequences were

found in only one environmental sample. As many as
Table 1

Environmental viral communities analyzed with degenerate primers to the T

Location Sample type Date

Torrey Pines Estuary, California Estuarine 06/01

Salt Lake Marina, Utah Hypersaline 05/02

Salton Sea, California Hypersaline 06/01

Hemet Well #27, California Freshwater 07/02

Idaho Shallow Well Freshwater 06/02

Lake Hodges, California Freshwater 06/01

Saddlebag Creek, California Freshwater 07/01

Melbourne Beach, Florida Marine 04/02

Melbourne Marina, Florida Marine 04/02

Mission Bay, California Marine 06/01

Ocean Beach, California Marine 06/02

Puerto Rico nearshore surface Marine 02/02

Scripps Pier, California Marine 05/01

Scripps Pier, California Marine 06/01

Scripps Pier, California Marine 04/02

Weimea Bay, Hawaii Marine 02/02

Mission Bay, California Sediment 06/01

Total

A total of 116 sequences were recovered from the 17 environmental sample

unique. If a sequence was observed in more than one sample, then it was only

lm) was used to remove non-viral particles from all of the samples. Where

dependent cesium chloride (CsCl) gradient step to ensure that the sequences
seven different sequences were recovered from a single

sample, indicating that different Podophages can suc-

cessfully co-occur. Surprisingly, seven of the T7-like

DNA polymerase sequences were found in more than

one sample and four of these sequences were recovered
from more than one environment (Fig. 1).

The majority of the sequences recovered by degen-

erate PCR were not closely related to previously cul-

tured members of the T7-like Podophages. Instead, the

environmental sequences were much more closely re-

lated to each other and form a unique clade, which was

named PUP (Fig. 1). Of the 34 unique T7-like DNA

polymerase sequences recovered, 28 belong to the PUP
clade. The sequences belonging to the PUP clade were

>200 bp shorter than E. coli /T7 DNA polymerase over

the amplified region. The PUP sequences therefore ap-

pear to represent an abundant and diverse group of

environmental phages only distantly related to the

closest isolates.

There are currently 154 complete phage genomes and

thousands of DNA polymerase genes in the GenBank
database. Amongst these sequences there is not a single

instance of a T7-like DNA polymerase in a non-T7-like

genome. In environmental samples, we have determined

that T7-like DNA polymerases are only associated with

genomes of �40 kb. This was accomplished by running

10 uncultured viral communities on pulse-field gels [5,6],

cutting the gel into fragments, extracting DNA from

these fragments, and looking for the presence of T7-like
DNA polymerase sequences in each genome size range

using PCR. These sequences were only found in the

�40-kb fraction, suggesting that these sequences came
7-like DNA polymerases

CsCl? # Sequences # Unique sequences

Y 8 1

N 1 1

Y 1 1

N 5 1

N 2 1

Y 3 3

N 5 1

N 14 7

N 16 3

Y 5 4

N 4 2

N 7 2

Y 18 2

Y 3 3

N 14 7

N 1 1

Y 9 6

116 34

s. Sequences with <99% identity at the nucleotide level were considered

counted once in the total number of unique sequences. Filtration (0.2

indicated, the viral community was purified by an additional density-

were phage-encoded.
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from T7-like Podophages and are not moving to phages

with other sized genomes (data not shown). Therefore,

we believe that these DNA polymerase sequences come

from T7-like Podophages.

The T7-like DNA polymerase gene recovered most
frequently using the degenerate primers was found in

purified viral communities from three of the world’s

largest biomes – marine, subsurface terrestrial (repre-

sented by aquifer water), and sediments [18]. This se-

quence was designated HECTOR because it was found

in samples from Hawaii, extreme environments, coral,

terrestrial, ocean, and rumen. Conventional PCR

primers designed to specifically amplify the HECTOR
sequence resulted in the identification of this sequence in

49 out of 66 environmental samples originating from all

over the globe and collected over a time period of 4

years. These primers detected the HECTOR DNA

polymerase sequence in numerous marine (Atlantic,

Pacific, and Antarctic), freshwater (ice, river, well, lake),

estuarine, hot springs, sediment (Atlantic, Pacific), ter-

restrial (within the United States), and metazoan-asso-
ciated (coral mucus, cow rumen, and human feces)

samples.

Products from 18 samples positive for HECTOR

representing each of the major biomes were sequenced:

11 were identical over the entire 533-bp region, two of

the sequences differed by one nucleotide, three differed

by two nucleotides, and two differed by three nucleo-

tides. Therefore, the HECTOR sequences from these
different environments differed by <0.6% at the DNA

level, suggesting a recent origin.

To demonstrate that the HECTOR sequence was not

unique in its widespread distribution, primers specific to

PARIS (Panama, the Atlantic, rhizosphere, and sedi-

ment) were also constructed. PARIS was a T7-like DNA

polymerase sequence that was recovered from only one

marine sample in the original PCR with degenerate
primers. PARIS was found in 27% of the samples

screened using conventional PCR with specific primers.

Although less abundant than HECTOR, PARIS was

also widespread and present in each of the major biomes

based on PCR data. Both HECTOR and PARIS were

more abundant in the marine environment than in other

environments.

Numerous precautions were taken to ensure that the
results were not influenced by contamination. Evidence

of contamination was never observed in 86 separate

negative controls. Five independent investigators in six

separate laboratories (in California, Delaware, and

Florida), using completely new reagents each time,

confirmed the widespread distribution of the HECTOR

and PARIS sequences. Each investigator used their own

DNA samples (i.e., the DNA had never been at San
Diego State University) and used primers shipped di-

rectly from different vendors (Invitrogen, California or

GenBase, California). Systematic contamination (e.g., in
one of the reagents) is not an explanation because many

negative samples were observed. The samples analyzed

in Florida were prepared by a sixth investigator using

filtration and the reagents came from different manu-

facturers. We have also used our T7-like DNA poly-
merase primers in conjunction with vector primers to

PCR amplify T7-like DNA polymerases and their

flanking sequence out of shotgun libraries [4]. This

would not be possible if these results were contamina-

tion from PCR products. Most of the shotgun libraries

and many of the environmental DNA samples were

prepared before the work described in this manuscript

was started, so the PCR products did not even exist.
Finally, we did not identify exactly the same sequences

in all the samples, as would be expected with contami-

nation. We observe 1–3 bp changes in some of the

HECTOR sequences. These changes are different in

different samples and they are repeatable within the

same sample (i.e., we can go back to the same sample

and find the same sequence).

The HECTOR and PARIS sequences were quantified
using real-time PCR (Table 2). The real-time PCR sup-

ported the results from the conventional PCR and

showed that both the HECTOR and PARIS sequences

were widespread. Thirty-four percent of the samples

were positive for HECTOR and 12% of the samples were

positive for PARIS by real-time PCR (Table 2). These

phage sequences never comprised >0.3% (and usually

<0.1%) of the total number of phage particles in the
sample.

There are an estimated 1030 prokaryotes in the bio-

sphere, the vast majority of which are in the subsurface

terrestrial, sediments, and the oceans [18]. Generally,

there are �1–10 phage particles per prokaryotic cell in

environmental samples [19–22]. Therefore, most of the

world’s phages are probably found in these biomes as

well. Signature genes for phage clades, as described on
the Phage Proteomic Tree [8], or by other criteria [23–

25] make it possible to begin examining phage diversity

and distribution between different biomes. The PCR-

based assays described here revealed that there is a large

pool of environmental viruses carrying a DNA poly-

merase gene most closely related to that of the T7-like

Podophages. As with 16S rDNA analyses of prokary-

otes, characterizing a signature gene only allows specu-
lation about the biology of the target. There is the

possibility that this gene has moved laterally during viral

evolution and may be encoded by unrelated phage types,

though this is not supported by the known phage ge-

nomes [8]. Therefore, we surmise that the HECTOR and

PARIS DNA polymerase sequences belong to a group

of short-tailed, dsDNA phages with �40 kb genomes

and lytic lifestyles. The PUP clade is not closely related
to cultured isolates and studies targeted at isolating

phages from this group need to be performed. This ap-

proach of first identifying uncultured diversity and then



Table 2

Environmental viral communities analyzed by real-time PCR to detect HECTOR and by Taqman real-time PCR assay to detect PARIS

Location Date # Hector/106 phage # Paris/106 phage

Estuarine

Torrey Pines Estuary, Calfornia� 06/01 535 635

Extreme

Salt Lake Marina, Utah� 05/02 – –

Little Hot Creek Hot Springs, California� 07/02 637 –

Metazon-associated

Colpophyllia natans, Panama 04/99 – –

Mohtastraea annularis, Panama 06/00 – –

Mohtastraea franski, Panama 06/00 – –

Porites astreoides, Panama 06/00 – –

Porites furcata, Panama 04/99 – –

Mohtastraea franski, Bermuda 08/99 3070 630

Cow Rumen, Idaho 06/02 – –

Human feces 07/02 – –

Fresh water

African Stream 07/02 – –

Antartic Ice 10/01 – –

Colorado River, Colorado 07/02 – –

Deer Creek, Utah 05/02 – –

Hemet Well # 27, California� 07/02 370 –

Hemet Well # 29, California 07/02 – –

Hemet Well # 34, California 07/02 – –

Idaho Deep Well 06/02 – –

Idaho Shallow Well� 06/02 – –

Lake Havasu, Arizona 05/02 – –

Lake Hodges, California� 06/01 473 –

Rio Grande, Arizona 07/02 – –

Saddle Creek, California� 07/01 – –

Utah Lake, Utah 05/02 – –

Marine

Antarctic 1, 500 m 10/01 10 –

Antarctic 15, 1 m 10/01 2 –

Antarctic 8, 1 m 10/01 – –

Bermuda Atlantic Time Series, 100 m 09/99 – –

Bermuda Atlantic Time Series, 15 m 09/99 – 31

Bermuda Atlantic Time Series, 3 m 09/99 – –

Makapuu, Hawaii 02/02 55 –

Melbourne Beach, Florida 04/02 107 88

Mission Bay, California� 10/99 200 –

Mission Bay, California� 06/01 704 –

Newport Beach, California 06/02 712 761

Puerto Rico nearshore surface sample 1� 02/02 – –

Puerto Rico nearshore surface sample 2 02/02 43 –

Puerto Rico, 30 ft deep 02/02 – –

Scripps Pier, California� 05/01 636 –

Scripps Pier, California 04/02 689 –

Shark’s Cove, Hawaii 02/02 – –

Waianae, Hawaii 02/02 – –

Weimea Bay, Hawaii� 02/02 – –

Sediment

Marsh Sediment, Georgia 06/02 – 0.08

Media Luna reef (Puerto Rico), 16 ft deep 04/01 – 1.62

Media Luna reef (Puerto Rico), 42 ft 04/01 – –

Laurel reef (Puerto Rico), 56 ft deep 04/01 – –

Laurel reef (Puerto Rico), 52 ft deep 04/01 – –

Media Luna reef (Puerto Rico), 57 ft deep 04/01 – –

Tarramote reef (Puerto Rico), 45 ft deep 04/01 – –

La Parguera Mangroves, Puerto Rico 04/01 – –

Media Luna reef (Puerto Rico), 18 ft deep 04/01 0.28 –

Mission Beach, California 07/03 0.41 n/a
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Table 2 (continued)

Location Date # Hector/106 phage # Paris/106 phage

Mission Bay, California 07/03 0.18 n/a

Terrestrial

Coastal Sage Scrub, California 05/02 – –

Cultivated Land, Idaho 06/02 – –

Desert Sand, New Mexico 07/02 – –

Rhizosphere, Idaho 06/02 – –

Sky Oaks Chapparal, California 02/02 – –

Flynn Springs, California 07/03 0.3 n/a

Bahia Hotel, California 07/03 0.34 n/a

Vahala Sand Pit, California 07/03 0.085 n/a

Lake Murray, California 07/03 0.25 n/a

Total # of samples screened 64 57

Percent of positive samples 34% 12%

Both sequences were widespread in the environment, and the HECTOR sequence was found in all major biomes. HECTOR was found in 34% of

the environmental samples tested and PARIS was found in 12% of these samples. All quantitative data are based on the number of positives per 106

phage particles. n/a describes samples that were not assayed. Those samples marked with an asterisk represent purified, concentrated viral com-

munities, treated with an additional density-dependent cesium chloride (CsCl) gradient step to ensure that the sequences were phage-encoded.
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following up with targeted culturing efforts has been

very successful with the marine bacterial clade SAR11

[26,27].

The presence of the HECTOR and PARIS sequences

in extremely different global ecosystems demonstrates

that phages must be moving around the biosphere in

recent evolutionary time. There is no reason to believe

that the HECTOR or PARIS sequences are unique in
terms of their widespread distributions. Among the 116

sequences obtained with the degenerate primers, seven

were recovered from two or more different samples and

four of these sequences were recovered from multiple

biomes (Fig. 1). In support of the argument of widely

distributed phage sequences, we have recovered identical

fragments of up to 405 bp of phage-encoded DNA in

uncultured phage libraries from different sites and en-
vironments [unpublished results]. Hendrix and col-

leagues have observed an identical �400 bp DNA

fragment in two phage genomes, one of which was iso-

lated in Hong Kong and the other in Pittsburgh [Hen-

drix, personal communication]. In addition, Short and

Suttle [28] recovered nearly identical algal virus DNA

polymerase sequences from marine samples from British

Columbia and Antarctica. Together, these data suggest
that there are many other widely distributed viral se-

quences on the planet, implying that the total phage

genomic pool is relatively small.

The HECTOR DNA polymerase sequences found

in the different environments were usually identical

and never differed by more than 3 bp over a 533-bp

fragment. Since we do not know whether the phages

themselves or just this specific fragment of phage
DNA sequence is moving between environments (e.g.,

as suggested by the mosaic model [29]), it is impossible

to state at this time whether the bacterial host

populations are as widespread as the phage sequence.

Alternatively, these phages may have a broader host
range than is currently recognized for the T7-like

Podophages. Either way, we do know that this phage

sequence, or these phages, must be invasive. That

is, the phages must be able to enter an ecosystem and

establish themselves despite the fact that these environ-

ments contain native microbial communities with which

they must compete. Recently, it has been shown that

phage populations isolated from freshwater, sediment,
and many marine locations can successfully replicate

when added to seawater from another location, indi-

cating that the ability of phage to move between envi-

ronments may be a general phenomenon [Sano et al., in

review].

The data presented here show that phage-encoded

sequences are moving between biomes in recent evolu-

tionary time. Genetic information could be carried by
phages between environments and passed on to new

hosts via transduction [30–33]. Therefore, movement of

phages between environments may be responsible for

the large amount of lateral gene transfer observed

amongst microbes in different environments.
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