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Approximately 70% of sequenced bacterial genomes contain prophage-like structures, yet little effort has
been made to use this information to determine the functions of these elements. The recent genomic sequencing
of the marine bacterium Silicibacter sp. strain TM1040 revealed five prophage-like elements in its genome. The
genomes of these prophages (named prophages 1 to 5) are approximately 74, 30, 39, 36, and 15 kb long,
respectively. To understand the function of these prophages, cultures of TM1040 were treated with mitomycin
C to induce the production of viral particles. A significant increase in viral counts and a decrease in bacterial
counts when treated with mitomycin C suggested that prophages were induced from TM1040. Transmission
electron microscopy revealed one dominant type of siphovirus, while pulsed-field gel electrophoresis demon-
strated two major DNA bands, equivalent to 35 and 75 kb, in the lysate. PCR amplification with primer sets
specific to each prophage detected the presence of prophages 1, 3, and 4 in the viral lysate, suggesting that these
prophages are inducible, but not necessarily to the same level, while prophages 2 and 5 are likely defective or
non-mitomycin C-inducible phages. The combination of traditional phage assays and modern microbial
genomics provides a quick and efficient way to investigate the functions and inducibility of prophages,

particularly for a host harboring multiple prophages with similar sizes and morphological features.

Each drop of seawater contains nearly 1 million virus-like
particles (VLPs) (3, 33). It has been suggested that marine
viruses can influence the biomass, population structure, and
genetic diversity of the microbial community (31, 35, 38, 40).
However, in addition to VLPs, there are also many hidden
viruses that are not present as free particles; rather, these
“invisible” viruses integrate their DNAs into host chromo-
somes, becoming part of the bacterial life cycle. The integrated
viral DNA, referred to as a prophage, can be induced to be-
come a free phage particle under certain circumstances (17). It
is believed that well over 50% of bacteria isolated from various
environments contain prophages or are lysogenized (1). In the
past 50 years, extensive work has been done to understand
lysogeny in medically or industrially important bacteria (7). In
contrast, only limited studies have focused on the induction of
prophages from marine bacteria (19, 20, 22, 27). This is sur-
prising, as more than 40% of culturable marine bacteria con-
tain inducible prophages (22). The traditional and most com-
mon approach to studying prophages or temperate phages is to
induce lysogenic bacteria with mitomycin C treatment or UV
exposure (2, 18, 34). In most cases, bacteria isolated from
environmental sources are induced without prior knowledge of
the presence or absence of a prophage(s). Therefore, it is
difficult to know the frequency of environmental bacteria har-
boring prophages simply through examination of the results
from blind inductions.

The rapid increase in the number of microbial genome se-
quences in the databases has recently made it possible to rap-
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idly and effectively investigate the distributions of prophages in
one or more bacterial genomes. A review of the literature by
Canchaya et al. (7) reported that more than 70% of bacterial
genomes investigated contain prophage sequences of >10 kb,
and bacteria may contain multiple prophages that constitute a
substantial part of their genome (8, 30). Some prophages may
contain morons or lysogenic conversion genes that could
change the phenotype or enhance the ecological fitness of
lysogens (5, 10). Bacterial viruses represent one of three major
mobile genetic elements that contribute significantly to hori-
zontal gene transfer in bacterial genomes (4, 13). It is note-
worthy that prophages identified solely by genomic examina-
tion may be inducible or defective prophages, remnants of
intact prophage genomes, or even isolated viral genes (7). In
addition, existing prophages may not be inducible due to the
lack of the correct inducing agent. In all cases, biological ex-
periments designed to test the nature of the prophages are
necessary and are the only means to confirm the activity of a
specific prophage.

We demonstrate here a new strategy for investigating the
inducibility of prophages based on knowledge of the genomic
sequence of the marine bacterium Silicibacter sp. strain
TM1040. Strain TM1040, originally isolated from a culture of
the dinoflagellate Pfiesteria piscicida, is a member of the Ro-
seobacter clade of the alpha-proteobacteria that interacts in a
symbiotic relationship with its dinoflagellate host (26). The
Roseobacter group is ubiquitous and comprises 10 to 20% of
coastal and oceanic bacterioplankton (6, 14-16, 28, 37). Re-
cently, the genome of TM1040 was sequenced and annotated
(28; http:/img.jgi.doe.gov). Five putative prophages have been
identified in the TM1040 genome (Table 1), prompting ques-
tions about their activity and potential for being induced to
form phage particles.
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TABLE 1. Five putative prophage genomes found in the genome of Silicibacter sp. strain TM1040 and
specific PCR primer sets for each prophage

Prophage Contig Sst:;r; gg:ggﬁ_ Size (kb) ;’(;'ezf Primer name, sequence (5’ to 3') As;;lglécb(;r)l

1 56 41667-115296 73.6 90 Prol-f1, CGCCAAGGTGAAATCAGAG 173
Prol-rl, TCGGGTATGAGTCGTGTG

2 52 346886-376362 29.5 15 Pro2-f2, CGTTGTCAAACCAGGTCCTC 300
Pro2-r2, CCAGTTCGGCTTCATCTACC

3 56 413936-453119 39.2 47 Pro3-f1, GCATCCGTTGACGAAACAG 346
Pro3-r1, CACCGAGTTGAGGAAAGCC

4 55 219536-255560 36.0 55 Pro4-f1, AGACACAAGCACAGAGGCG 474
Pro4-r1, TCAGGGGCGATGAAGTTAG

5 55 522081-536660 14.6 17 Pro5-f1, AAGGATTGGACCGACTATGC 298

Pro5-r1, CAAACTCAAAGCCAGCAC

“ The estimated numbers of genes are based on open reading frames, as detected by DOE Joint Genome Institute software.

In this study, the TM1040 prophages were induced with
mitomycin C, and induced viral particles were enumerated by
SYBR gold staining. The presence of induced phage was ex-
amined using multiple approaches, including microscopic ob-
servation, genome analysis of free phage, and PCR detection
of a specific prophage gene. The combination of traditional
phage tools and the genomic sequence of the host provides a
valuable strategy for determining the inducibility of prophages
detected in silico.

MATERIALS AND METHODS

Induction of TM1040 with mitomycin C. TM1040 was grown in marine broth
2216 (Difco) at 28°C with a shaking speed of 150 rpm throughout the induction
experiment. Ten milliliters of exponentially growing TM1040 culture (optical
density at 600 nm [ODg], ca. 1.0) was transferred to 200 ml fresh marine broth
and incubated until the ODg, reached 0.4. The culture was then split equally
into two flasks (100 ml in each), with one receiving mitomycin C (final concen-
tration, 0.5 pg/ml) and the other serving as a control. After the treatment with
mitomycin C for 30 min (32), cells in both the control and treatment groups were
washed twice by centrifugation at 7,500 X g for 10 min (Beckman JA-14 centri-
fuge) and resuspended in 100 ml fresh marine broth. Both control and treatment
cells continued to be incubated and monitored by the ODgo. Subsamples (1.5
ml) were taken every 2 h for the first 12 h and then at 15, 27, 39, 55, and 78 h.
Samples were fixed immediately with 1% paraformaldehyde and kept at 4°C in
the dark.

Viral particle counts with SYBR gold. The abundance of viral particles and
bacterial cells at each sampling point was enumerated by epifluorescence mi-
croscopy according to the method described by Chen et al. (9). Briefly, 100 .l of
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FIG. 1. Effect of mitomycin C treatment on growth of Silicibacter
sp. strain TM1040. Cell densities were determined by measuring the
optical densities at 600 nm in a culture treated with 0.5 pg/ml mito-
mycin C for 30 min and in a control culture without treatment.

fixed sample was filtered onto a 0.02-pm-pore-size 25-mm Anodisc membrane
filter (Whatman) under vacuum pressure at ca. 10 mm Hg. The cells were stained
with 2.5X SYBR gold solution for 10 min in the dark. Bacterial cells and viral
particles were counted under blue excitation (485 nm) on a Zeiss Axioplan
epifluorescence microscope. At least 200 bacterial cells or viral particles were
counted per sample in 10 to 20 randomly chosen fields.

CsCl purification of induced phage. One liter of induced viral lysate was centri-
fuged at 10,000 X g in a Beckman J2-21 centrifuge (Beckman Coulter, Inc., Fuller-
ton, CA). The supernatant was filtered through a 0.45-um-pore-size filter (type HA;
Millipore) to remove host cells and cellular debris. Phage particles in the filtrate
were treated with polyethylene glycol 8000 (final concentration, 100 g liter ') over-
night at 4°C. The phage particles were precipitated by centrifugation at 30,000 X g
in a Beckman JA-21 rotor for 1 h. The pellet was resuspended with 6 ml SM buffer
(10 mM NaCl, 50 mM Tris, 10 mM MgSO,, and 0.1% gelatin) and incubated
overnight at 4°C. The phage suspension was added to CsCl to a final concentration

1e+10
MitomycinC _ - A
Vo T~ e ¥
N
- M
E
& te+s
p
3 I
5
w e+ 4 H‘
3 )}
© I —e— Celis
1e+d ;% O— VLPs
o
1e+5 T T T T T T
o 10 20 30 40 S0 B0 70 a0 80
Hour
1e+10
— o o . B
- - -
le+9 -
T
E
v e+l -
o
s |
=
g 1e+7
3 —8— Cells
—O— VLPs
1e+6
let+S T T T T T T T T

o 10 20 30 40 50 60 O 6O 80

Hour
FIG. 2. Viral particle yield following mitomycin C induction of Si-
licibacter sp. strain TM1040. Microscopic counts of TM1040 cells and
viral-like particles were done with (A) a mitomycin C-treated culture and
(B) a control culture without mitomycin C.
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FIG. 3. TEM images of siphoviruses found in the lysate obtained from Silicibacter sp. strain T

T 3 e

M1040 induced with 0.5 pg/ml mitomycin C. A

P1-like siphovirus dominated the viral lysate (panels A and B), while other similar siphoviruses, such as P2 (panel C) and P3 (panel D), were found

in the lysate at a low frequency.

of 0.5 ¢ ml™! and centrifuged for 24 h at 200,000 X g, using a T-8100 rotor in a
Sorvall Discovery 100S centrifuge. The visible viral band was extracted with a 22-
gauge syringe needle and then dialyzed twice in SM buffer overnight at 4°C. The
CsCl-purified phage lysate was stored at 4°C until further analysis.

Extraction of phage DNA. CsCl-purified phage were first treated with a pro-
teinase K cocktail (100 wg ml™! proteinase KI, 50 mM Tris, 25 mM EDTA, and
1% [final concentration] sodium dodecyl sulfate) at 55°C for 3 h. The phage
DNA was extracted using phenol and chloroform (23), and the DNA pellet was
dissolved in TE buffer (10 mM Tris, 1 mM EDTA) and stored at 4°C.

Transmission electron microscopy (TEM). One drop of CsCl-purified phage
lysate was left on a 200-mesh Formvar/carbon-coated copper grid for 15 min. The
phage adsorbed on the grid were stained with 0.5% aqueous uranyl acetate for
ca. 30 s and examined with a Zeiss CEM902 transmission electron microscope
operated at 80 kV (University of Delaware, Newark). Images were taken using
a Megaview II digital camera (Soft Imaging System Corp., Lakewood, CO).

Plaque assay. Plaque assays were done according to a protocol described
elsewhere (36).

PFGE. Pulsed-field gel electrophoresis (PFGE) analysis, including gel plug
preparation and proteinase K treatment, followed the method described by
Wommack et al. (41). PFGE was performed using a CHEF DR-IIT clamped
homogeneous electric field system (Bio-Rad, Richmond, Calif.) with a 1% aga-
rose gel, a 1- to 25-s pulse ramp, an electrophoresis rate of 6.0 V/cm with an
included angle of 120° at a constant temperature of 14°C, and a run time of 24 h.
Gels were stained with SYBR gold (Molecular Probes, Eugene, OR) and visu-
alized with a Kodak EDAS 290 gel documentation system (Eastman Kodak
Company, New Haven, CT).

PCR amplification of prophage DNA. Five different PCR primer sets corre-
sponding to each of the five prophage genomes were designed based on the
unique genes found in each prophage (Table 1). Two primer sets, one (338f and
907r) based on conserved regions of the bacterial 16S rRNA gene (29) and the
other based on the virD4 gene of Silicibacter sp. strain TM1040, were also
included to detect the presence of host genomic DNA. PCR amplification was

performed in a 25-pl volume containing 1X reaction buffer (Promega, Madison,
WI) with 1.5 mM MgCl,, a 100 uM concentration of each deoxynucleoside
triphosphate, 10 pmol of each primer, 1 U Tag DNA polymerase (Promega), and
5 to 10 ng phage DNA as the template. The PCR program for all reactions
included an initial denaturing step at 94°C for 3 min, followed by 30 cycles of
94°C for 1 min, annealing at 50°C for 30 s, and 72°C for 1 min. In addition, a
multiplex PCR that contained all five prophage primer sets (equally mixed) was
also conducted under the PCR conditions described above.

Identification of prophages in silico. The complete Silicibacter sp. strain
TM1040 genome sequence is available under GenBank accession number
NZ_AAFG00000000. Functional assignments were made to open reading frames
(ORFs) that had BLAST E values of ¢ > or less. The beginning and end of a
specific prophage genome were determined by the following two criteria: homology
of the specific ORF to known phage genes and the likelihood that the ORF was part
of an operon containing other ORFs with homology to known phage genes.

RESULTS

Exponentially growing cultures of Silicibacter sp. strain
TM1040 were briefly exposed to the prophage-inducing chem-
ical mitomycin C. The growth of Silicibacter sp. strain TM 1040
was inhibited in the first 12 h after the addition of mitomycin
C and then increased exponentially to a level close to the
control level (Fig. 1). Dramatic increases in the number of
VLPs (from 10° to 10%/ml) and the virus-to-bacterium ratio
(from 0.004 to 30) were evident within 8 h of mitomycin treat-
ment (Fig. 2A). It was noticed that the volume of TM 1040 cells
increased three- to fourfold during this period (data not
shown). Autoinduction of VLPs in the control appeared to be
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FIG. 4. PFGE analysis of viral genomic DNAs isolated from the in-
duced viral lysate. From left to right, the lanes contain the following: 1,
DNA obtained from the induced phage particles; 2, phage DNA with
DNase treatment; 3, phage DNA with RNase treatment; 4, phage DNA
with S1 nuclease treatment; and 5, size markers (New England Biolabs).

parallel to the density of host cells and remained below 10°
VLPs/ml (Fig. 2B).

TEM examination indicated that the viral lysate was domi-
nated by one type of siphovirus (P1) (Fig. 3A and B). The head
size and tail length of phage P1 were 55 = 1.5 and 211 = 17 nm
(n = 10), respectively. Occasionally, phages with slightly dif-
ferent sizes and shapes (i.e., P2 and P3) were observed (Fig. 3C
and D). It was difficult to identify different types of induced
phages by TEM due to the lack of distinct phage head and tail
morphology. The lysates were also used in a plaque assay with
TM1040 but did not yield visible plaques. Therefore, linking
the phages observed by TEM to the multiple prophages found
by genomic analysis was not possible by these means.

PFGE analysis revealed that two DNA bands (ca. 75 and 35
kb) came from double-stranded DNA phages (Fig. 4). The
75-kb band is weak and likely represents prophage 1. The
35-kb band may contain more than one inducible phage be-
cause the predicted genome sizes of prophages 3 and 4 are
close to this range (Table 1). PCR amplification of mitomycin
C-treated samples yielded three bands corresponding to the
expected sizes of prophages 1, 3, and 4 (Fig. 5, lanes 10, 12, and
13). The relative yield of prophage 3 was much less than that
of prophages 1 and 4 (Fig. 5), i.e., the intensity of the DNA
band corresponding to prophage 3 was weaker. The nucleotide
sequences of these PCR amplicons were identical to those of
prophages 1, 3, and 4, indicating that all three prophages are
present in the induced viral lysate. PCR using eubacterial
primers or TM1040-specific primers produced a product only
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FIG. 5. PCR detection of the five prophages. Silicibacter sp. strain
TM1040 genomic DNA and DNAs obtained from the induced viral
lysate were each used as templates for PCR amplification using five
primer sets specific for the respective prophages (Table 1). Lanes 1 to
5 show the PCR products of prophages 1 to 5, respectively, amplified
from the TM1040 genomic DNA, while lanes 10 to 14 show the results
of PCR for prophages 1 to 5, respectively, amplified from CsCl-puri-
fied viral lysate. Positive PCR control reactions for host DNA con-
tained Silicibacter sp. strain TM1040 genomic DNA as a template and
PCR primer sets designed to amplify virD4 (lane 6) and the 16S rRNA
gene (lane 7), respectively. Control reactions to ensure that viral ly-
sates were free of host genomic DNA contamination contained viral
lysate DNA as templates and either virD4 (lane 15) or 16S rRNA gene
(lane 16) primers. Lanes 8 and 17 show the results of multiplex PCRs
using all five prophage primer sets with host DNA and viral lysate,
respectively. Lane 9 contains DNA size markers (2,178, 1,766, 1,230,
1,033, 653, 517, 453, 394, 298, 234/220, and 154 bp, from top to bottom
of gel).

when DNA from TM1040 was used as a template (Fig. 5, lanes
6 and 7), not when CsCl-purified viral lysate served as a tem-
plate (Fig. 5, lanes 15 and 16), suggesting that the DNAs of
CsCl-purified phages were clean and free of host DNA. Mul-
tiplex PCR with combined prophage primers was able to detect
at least four prophages in the host DNA (Fig. 5, lane 8) and
two prophages (prophages 1 and 4) in the viral lysate (Fig. 5,
lane 17). It is noteworthy that the PCR products from pro-
phages 2 and 5 were both about 300 bp and therefore likely to
have formed a single band in the multiplex PCR.

DISCUSSION

We took advantage of the knowledge of the TM1040 ge-
nome sequence to determine if the prophage elements ob-
served could be induced to produce phage particles. The re-
sults clearly show that a large amount of phage particles was
released from TM1040 in the first 8 h after treatment with
mitomycin C. The yield of VLPs with treatment was about 30-
to 50-fold higher than the control yield. Although three of the
five putative prophages were detected by PCR in the induced
lysate, it is not known whether these prophages are induced at
different levels. PCR also detected the presence of prophage 1
in the control at 8 h (data not shown), suggesting that pro-
phage 1 is spontaneously induced to form viral particles at low
levels without mitomycin C treatment.

It is often difficult to differentiate between multiple spe-
cies of phages with similar genome sizes and morphologies
by visual inspection using TEM. In our case, the morphol-
ogies of the majority of phage particles indicated that they
were siphoviruses (often the case for temperate phages),
with only slight differences in head and tail dimensions.
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FIG. 6. Maps of the five Silicibacter sp. strain TM1040 prophage genomes. The relative sizes and directions of transcription of the individual
ORFs in each prophage genome are indicated by the arrows. The following colors are used to represent the potential functions of ORFs, as defined
by BLASTP homology E values of e ¥ or less: blue, integrase; orange, DNA metabolism; green, regulation; red, terminase; yellow, lytic functions;
and purple, structural components (head, tail, tail fibers, etc.). ORFs with E values of >e > with homology to known phage genes in the database
are indicated by gray arrows. White arrows indicate ORFs encoding hypothetical or conserved proteins without known functions. Vertical bars
within the genome map symbolize small ORFs of unknown function. The genetic neighborhood surrounding each prophage genome contains the
following flanking ORFs. The left side of prophage 1 is flanked by a hypothetical ORF separated from the prophage genome by 1.48 kb. The right
side is flanked by three ORFs associated with purine metabolism (TPR protein gene, putR, and putA). The left side of prophage 2 is flanked by
a hypothetical zinc-binding protein gene, while the right side is flanked by an ORF coding for a hypothetical protein. Prophage 3 is flanked on its
left by an operon carrying genes involved in branched-chain amino acid ABC transport, and its right side lies adjacent to an ORF encoding
4-hydroxybenzoyl-coenzyme A thioesterase. Prophage 4 is flanked by a lon ortholog on its left side and an ortholog of the transcriptional regulatory
protein gene fcsR on its right. A conserved hypothetical protein gene flanks the left side of prophage 5, while an ortholog of the gene for cold
shock-like protein (CspE) flanks its right side. The prophage genomic maps were generated from the genomic sequences by using Vector NTI
(Invitrogen) and Adobe Illustrator software.

Therefore, TEM observations are unlikely to provide infor- prophages in marine ecosystems (11, 12, 21, 24, 25, 39).

mation about which five species of prophage are present in
the viral lysate. The combination of traditional phage assays
with molecular genetic tools, however, does provide a new
strategy for studying the role of prophages in microbial
genomes. Many environmental factors (e.g., pollutants, sun-
light, nutrients, etc.) may act to trigger the induction of

Low-level induction or autoinduction of prophages under
natural environmental conditions has not been well studied.
PCR and quantitative PCR with prophage-specific primers
are particularly useful for exploring the impact of environ-
mental factors on the production of induced phages.

Our genomic comparison suggests that the TM1040 pro-
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phages share very limited homology (Fig. 6). They are diverse
in terms of the sizes of their genomes, the numbers and sizes of
their ORFs, and the amino acid sequences of their ORFs.
Among the genes contained within each prophage genome,
only the integrase (int) gene, the terminase gene, and a major
capsid protein gene are found in all three of the inducible
prophages. However, these ORFs share no homology with one
another in either their nucleotide or amino acid sequence.
Close examination of the genome of each prophage suggests
that the inducible phages contain more ORFs than the nonin-
ducible ones (Table 1). Prophage 2 contains three int genes
and several genes involved in DNA metabolism. Prophage 5
contains phage genes responsible for termination and lysis and
several phage structural genes, including one phage capsid
protein gene, but does not contain an int gene. Judging by the
compositions and sizes of their genomes, it is likely that pro-
phages 2 and 5 are remnants of prophages and are not induc-
ible by mitomycin C. Therefore, induction assays will remain
an important component of studies aimed at understanding the
functional genomics of prophages identified by in silico
genomic analyses.

Currently, no uniform criteria have been established for
identifying prophages in bacterial genomic sequences (7). In
general, searching for int genes and phage-like genes in the
vicinity of the int gene is a practical way to detect a prophage.
However, the actual biological activity of putative prophages
still needs to be proved based on phage induction experiments
because the majority of prophages in bacterial genomes may be
defective and apparently in a dynamic process of gradual ge-
netic decay (7). A defective prophage may be mutated or
truncated prophage DNA which is physically linked on a bac-
terial genome.

Microbial genome sequencing projects are producing a
wealth of new information on the potential roles of mobile
genetic elements, such as plasmids, phages, and transposable
elements, in prokaryotes (4, 13). The TM1040 prophage ge-
nomes account for about 5% of the host genome. The role of
these prophages in horizontal gene transfer (HGT) has not yet
been estimated. It will be interesting to know whether the
HGT frequency via viral transduction is higher in a host that
carries multiple prophages than in a host with one prophage.
In aquatic environments, where a large portion of bacterio-
plankton is free-living, HGT by transduction could be more
significant to the survival of the cells than other HGT mecha-
nisms, such as conjugation or transformation, which usually
require cell-to-cell contact. Much can be learned from Si-
licibacter sp. strain TM1040 and its prophages with respect to
the roles that phage induction and viral-mediated HGT play in
microbial diversification in the marine ecosystem.
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