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Viruses or viruslike particles of eukaryotic algae are ubiquitous in aquatic

habitats, however, suprisingly little is known about them. The research presented here

focused on one such virus which infects a multicellular filamentous brown alga of the

genus Feldmannia. Although preliminary studies had been performed on the genome

structure of the Feldmannia sp. Virus (FsV), little was known. The purpose of this

study was to analyze the structure of the FsV genome in detail.

During the experiments aimed at mapping the FsV genome, cross-hybridization

was observed among five BamHI-fragments of the digested FsV DNA. Sequence

analysis of one of those fragments revealed the presence of 173 by direct repeats.

There are two FsV genomes of different size-classes (158 and 178 kbp). The 173 by

repeats in the cross-hybridizing BamHI-fragments were confined to a small region of

each virus genome. The number of these repeats in the 178 kbp genome was estimated

to be about 109 and in the 158 kbp genome to be about 41. in the 178 kbp genome,

the repeats are contained within a 22 kbp region and in the 1.58 kbp genome, the

repeats are contained within a 10 kbp region. These viruses are actively replicated in

sporophyte plants.



A family of related 173 by direct repeats was discovered in an encrypted FsV 

genome. The family of repeats estimated to be greater than 50 kbp in length were 

found inserted into a protein kinase gene encoded within the 3.6 kbp viral BamHI

fragment Z. Southern analysis indicates that these repeats in the encrypted FsV 

genome are distinct from the previously characterized repeats in the amplified FsV 

genome. The translated protein kinase shares highest homologies to the SNF1 

subfamily of serine/threonine protein kinases and contains a potential 

autophosphorylation site in a region unique to this protein kinase. 

A DNA polymerase gene was identified in the FsV genome. The predicted 

peptide sequence of the FsV DNA polymerase gene contains all of the conserved motifs 

found in B-family (a-like) DNA polymerases. A TTTTTNT sequence motif shown to 

be a transcription termination signal for Vaccinia virus early genes is found at the 3' 

end of the DNA polymerase gene. Phylogenetic analysis of the FsV DNA polymerase 

gene and other viral DNA polymerase genes indicates that FsV belongs to a group of 

algal viruses recently defined as Phycodnaviridae. 
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Fine Structure of the Virus Genome in a Marine Filamentous Brown Algae,
 
Feldmannia
 

INTRODUCTION 

The eukaryotic algae are a diverse group of organisms living in a wide range of 

terrestrial and benthic aquatic habitats. They have a significant influence on aquatic 

ecology as primary producers in the food chain and pollutants when the growth of certain 

algae becomes uncontrolled. Algae are a source of useful compounds such as 13-carotene, 

alginic acid, carrageenans, and agar. Furthermore, algae provide a potential source of 

new pharmaceutical drugs. 

Despite the importance of eukaryotic algae, there is very little known about the 

viral pathogens of the eukaryotic algae. Viruses or virus-like particles (VLPs) have been 

observed in many different species of eukaryotic algae but most of these reports were 

ultrastructural observations of field-collected materials and were not available for further 

study. Consequently, only a few algal viruses have been studied in any molecular detail. 

Among these algal viruses, my research focused on the viruses which infect a marine 

filamentous brown alga, Feldmannia sp. Fine structure of the Feldmannia sp. virus 

(FsV) genome and the phylogenetic relationships of algal viruses are described. 
.. 

Viruses of the Eukaryotic Algae 

Viruses or VLPs have been reported in at least 44 taxonomic groups of the 

eukaryotic algae and they appear to be ubiquitous in aquatic habitats (for a review see: 

Van Etten et al., 1991). It is difficult to generalize the characteristics of algal viruses 
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based on the reports that are primarily ultrastructural, but some common characteristics 

have been established. 

Most VLPs of eukaryotic algae appear to have a polyhedral capsid structure and 

double-stranded (ds) DNA genome (Hoffman and Stanker, 1976; Dodds et al., 1980; 

Cole et al., 1980; Mayer and Taylor, 1979; Van Etten et al., 1982; Muller et al., 1989; 

Henry and Meints, 1991). There are two exceptions, the viruses found in the green alga, 

Chara corallina (Gibbs et al., 1975) and in a red alga, Audouinella saviana (Pueschel, 

1995) have rod-shaped appearance similar to the viruses found in higher plants. The 

Chara corallina virus has been shown to have a single-stranded RNA genome (Skotnicki 

et al., 1976). Typically, vegetative cells of multicellular algae lacked VLPs and the 

particles were seen only in the reproductive cells (Muller et al., 1989; Henry and Meints, 

1992) or the germlings produced from the infected plants (Pichett-Heaps, 1972; Dodds 

and Cole, 1980). In most algae, virus particles were observed in only a small percentage 

(1 to 5%) of the algal cells. Few algal viruses were shown to lyse the infected cells. 

Although some algal viruses were shown to infect healthy cells, most algal viruses or 

VLPs have not been shown to be infectious. 

The viruses that infect exsymbiotic Chlorella-like green algae are noteworthy in 

that there has been great progress made in studying these viruses. Unlike most_algal 

viruses, viruses that infect exsymbiotic Chlorella-like green algae are highly infectious 

and they infect cells with a complete cell wall. The ability to produce large quantities of 

these viruses in culture and development of a plaque assay system made these viruses 

highly amenable to study (Van Etten et al., 1983). 

Chlorella viruses were discovered in Chlorella-like green algae (zoochlorella) 

symbiotic with Hydra viridis and Paramecium bursaria. One such virus, PBCV-1 is a 
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polyhedron of ca. 190 nm in diameter (Van Etten et al., 1982) and contains a large 

dsDNA genome of 333 kbp (Girton and Van Etten, 1987). The genome of PBCV-1 has 

been fully mapped and it is a linear nonpermuted molecule with inverted terminal 

repetition (Girton and Van Etten, 1987; Strasser et al., 1991). The ends of the PBCV-1 

genome are covalently closed with hairpin structures similar to the Vaccinia virus 

genome (Rohozinski et al., 1989). PBCV-1 has complex genome with many genes that 

are transcribed with temporal regulation (Schuster et al., 1986). PBCV-1 genomes are 

highly methylated and PBCV-1 encodes for its own site-specific DNA methYtransferases 

and restriction endonucleases (Xia et al., 1986; Xia and Van Etten, 1986). 

Persistent virus infection has been reported in Ectocarpus siliculosis (Muller et al. 

1989) which is a primitive filamentous brown alga closely related to Feldmannia sp. 

Viruses of Ectocarpus siliculosis (ESV) are produced mostly in unilocular and 

plurilocular reproductive cells, although virus production has been observed in a small 

percentage of the vegetative cells (Muller et al. 1989). EsV can infect swimming 

zoospores. The newly-infected zoospores develop to form plants with symptoms of ESV 

infection. ESV has a polyhedral capsid structure, 130-150 nm in diameter and contains a 

large dsDNA genome of 350 kbp. The ESV genomes were shown to be circular by 

electron microscopy (Lanka et al., 1993) and they appear to contain large single-stranded 

regions in their genome (Klein et al., 1994). ESV has been shown to be integrated in the 

algal genome by genetic crosses where infected plants (heterozygous) crossed to 

uninfected plants segregated in Mendelian ratios (Muller, 1991). 

Preliminary studies of other Feldmannia viruses show that these viruses share 

similar characteristics with FsV and EsV. Viruses infecting Feldmannia irregularis and 

Feldmannia simplex are produced in reproductive structures of the algae and are released 

into the surrounding sea water (Muller and Frenzer, 1993; Freiss-Klebl et al., 1994). 



4 

These released viruses can infect gametes and spores of the healthy plants and establish 

infection as in ESV (Muller and Frenzer, 1993). Feldmannia simplex virus has a 

polyhedral capsid ca. 120-150 nm in diameter and a large circular dsDNA genome of 220 

kbp (Freiss-Klebl et al., 1994). 

General Characteristics of Feldmannia sp. Virus (FsV) 

FsV was first discovered in a filamentous brown alga, Feldmannia sp. isolated 

from the sea coast of New Zealand (Henry and Meints, 1992). The brown alga of the 

genus Feldmannia has the simplest morphology among the brown algae which display a 

wide range of complex morphology. The vegetative cells of Feldmannia sp. of both 

sporophyte (diploid lifestage) and gametophyte (haploid lifestage) form uniseriate 

filamentous body structures. Occasionally these vegetative cells form protrusions that 

develop into reproductive structures. The sporophytes of Feldmannia sp. form unilocular 

reproductive structures called sporangia and the gametophytes form plurilocular 

reproductive structures called gametangia. 

When the Feldmannia isolate from New Zealand was examined, the sporangia of 

this isolate appeared abnormal. The sporangia of this isolate did not produce zoospores. 

Electron microscopy revealed that the sporangia of this isolate were filled with polyhedral 

virus particles approximately 150 nm in diameter. It is estimated that 1-5 x 106 virus 

particles are produced per individual sporangial cell. The virus particles have not been 

detected in vegetative cells or the gametangia of the gametophytes. However, when 

fragments of these vegetative cells are isolated into cultures, they too formed virus-

producing sporangia. Therefore, it has been proposed that these viruses are persistently 

infected in Feldmannia sp. (Henry and Meints, 1992). 
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The Feldmannia sp. Virus (FsV) contains a large dsDNA genome. There are two 

size classes of the FsV genome, 158 kbp and 178 kbp. Both size classes of the FsV 

genomes have been fully mapped with the restriction endonucleases, BamHI, PstI and 

Notl. The FsV genome has circular restriction map and the two size classes of the FsV 

genome appear to be highly similar to each other (Ivey et al., 1996). Studies of a HindIII-

SstI 4.5 kbp genome fragment demonstrated the presence of three transcriptionally-active 

open reading frames, one of which contains an ATP-binding site and a "RING" zinc 

finger motif (Krueger et al., 1996). The major capsid protein gene has been'characterized 

(Xibing et al., manuscript in prep.). This gene is highly expressed as an RNA in 

sporophytes and the transcript of this gene is one of the most abundant transcripts of FsV. 

Major progress has been made in studying the persistence of the FsV genome 

when the integration sites of the FsV genomes in the host algal genome were cloned 

recently (Ivey et al., manuscript in prep.). The virus integration site exists in the viral 

BamHI-fragment, A. Even though the large and small virus genomes open at the same 

position, the large and small virus genomes were found to be integrated in two different 

locations in the host algal genome. 

Statement of Purpose 

The study of viral pathogens in eukaryotic algae has only begun. Most of the 

viruses observed in multicellular algae have not been studied because it is difficult to 

maintain laboratory culture strains due to their large size and complex morphology. 

Moreover, viruses found in eukaryotic algae are present in only a small percentage of the 

cells and it is therefore difficult to obtain enough virus particles for molecular analysis. 
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This is not the case for FsV-infected Feldmannia. Feldmannia is small algae with simple 

morphology and can be easily cultured to produce viruses in large quantities. 

In order to understand more about FsV, I chose to study the structure and 

organization of the virus genome. I analyzed the components of the virus genome that 

appeared to be redundant, based on the Southern hybridization analysis. Characterization 

of these regions revealed the presence of 173 by tandem repeats. The 173 by repeats 

occupied large regions in both the 158 kbp and 178 kbp genomes. The second chapter 

describes the location and organization of the 173 by direct repeats in the FsV genome. 

Chapter three describes a second, related family of the 173 by repeats identified in an 

encrypted FsV genome latent in the algal genome. Sequence analysis of the repeat-

insertion sites revealed that these repeats inserted in a protein kinase ORF. The 

hypothetical structures of the encrypted FsV genome and the encryptation process of the 

virus genome are discussed. The fourth chapter describes the evolutionary relationship 

between FsV and other dsDNA viruses inferred from a phylogenetic analysis of the DNA 

polymerase genes in FsV and other dsDNA viruses. Based on this phylogenetic analysis, 

FsV belongs to the family of algal viruses recently defined as Phycodnaviridae. 

The results of this research will substantially add to our knowledge of the FsV 

genome structure of both an actively-amplified genome and an encrypted genome. The 

characterization of the DNA polymerase gene will be of value in the study of virus DNA 

replication and transcription. The information gained from the phylogenetic analysis of 

the FsV DNA polymerase gene should provide testable hypothesis as to the evolutionary 

relationship between FsV and other viruses. 
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Abstract 

We describe a family of repetitive sequences found in viruses infecting the brown 

alga Feldmannia sp. Previously we have demonstrated that the dsDNA genomes of 

viruses infecting one Feldmannia sp. isolate exist as two size classes of 158 and 178 kbp. 

Repetitive sequences within these genomes were first demonstrated based on the 

anomalous hybridization among five BamHI-fragments from digested virus DNA. 

Sequence analysis of one of those fragments, B2.4, revealed the presence of 173 by direct 

repeats. 

The restriction maps of the cross-hybridizing BamHI-fragments in the two FsV 

genome size classes show that these repeats are not widely dispersed, rather they are 

confined to a small region of each virus genome. We estimate the number of these 

repeats in the 178 kbp genome to be about 109 and in the 158 kbp genome to be about 41. 

In the 178 kbp genome, the repeats are contained within a 22 kbp region, about 12% of 

that virus genome, and in the 158 kbp genome the repeats are contained within a 10 kbp 

region, about 6% of the genome. The difference in repeat number can account for 62% of 

the size difference between the two size classes of the FsV genome. 
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Introduction 

Brown algae (Phaeophyceae) are widely distributed intertidal inhabitants of sea 

coasts around the world. We have previously reported a persistent virus infection in an 

unidentified species of filamentous brown alga of the genus Feldmannia (Henry and 

Meints, 1992). This virus, FsV (for Feldmannia sp. Virus) produces viral particles only 

in the meiotic sporangia (reproductive cells) of the sporophyte. Virus production 

completely eliminates the formation of zoospores. Transmission electron microscopy 

reveals that the virus-producing sporangia are filled with polyhedral particles ca. 150 nm 

in diameter; approximately 1-5 x 106 virus particles are produced per individual 

sporangial cell. The virus particles appear to be released by rupture of the sporangium 

wall. 

FsV contains a large double-stranded DNA genome that has a circular restriction 

map (unpublished obs.). Large quantities of both alga and virus can be obtained in 

culture, because vegetative cells contain no virus particles and grow vigorously, while 

abundant formation of virus-producing sporangia can be obtained by regulation of the 

culture conditions. Pulsed-field electrophoresis analysis of either purified viruses or 

infected clonal algal filaments showed two FsV genome-size classes of 158 and 178 kbp, 

which often do not occur in equal molarities. 

In the course of mapping the FsV genomes we identified anomalous hybridization 

patterns between various restriction fragments of the isolated virus DNA that could be 

accounted for only by the presence of redundant sequences. The presence of these 

sequences within these genomes was first identified based on the cross-hybridization 

among five BamHI-fragments of FsV DNA , B22.0, B9.3, B3.9, B2.4, and B2.3 

(fragment designations are based on fragment sizes in kbp). In this report we show that 
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the cross-hybridizing BamHI-fragments of the FsV genome contain direct repeats of 173 

bp. We have fine-mapped the repeat-bearing region of both virus genome size classes 

and have estimated the number of repeats in the FsV genomes. Except for the existence 

of different repeat element copy numbers and minimal restriction site polymorphism, 

these two size classes of the FsV genome appear to be highly similar. 

Materials and Methods 

Culturing conditions and DNA purification 

Maintenance of sporophyte and gametophyte cultures of Feldmannia sp., isolation 

of virus and virus DNA purification methods were carried out as previously described 

(Henry and Meints, 1992). Virions carrying the two genome sizes cannot be separated 

from each other by either CsC1 or sucrose gradient methods. Neither have we been able 

to purify the two size classes of DNA from each other on CsCI gradients. All 

descriptions of virus DNA henceforth will be of the two viral genomes in mixtures of 

varying molar equivalents. 

Southern blot analysis of the FsV DNA 

FsV genomic DNA was digested with BamHI, PstI and MspI and electrophoresed 

through 0.8% agarose gels in TPE buffer (0.09 M Tris-phosphate, 0.002 M EDTA). Gels 

were stained with ethidium bromide and photographed by UV transillumination. For 

Southern blots, the electrophoresed DNAs were depurinated in 0.25 N HC1, denatured in 

1.5 M NaCl, 0.5 N NaOH, transferred onto a nylon membrane (Hybond -NTM, Amersham) 

and baked for 2 hours at 80°C. 
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B2.3 (a 2.3 kbp BamHI fragment cloned in pUC19) was found during mapping 

studies to hybridize strongly to B2.4, and because of its ready availability in cloned form 

it was used as the prototype probe for repeat elements and as the template for PCR 

preparation of the repeat element. The probes were prepared by radio-labeling 50-100 ng 

of gel-purified insert of the clone with 501.1Ci of [3213] a-dATP (3000 Ci/mM) using a 

random primer extension kit (United States Biochemicals, Cleveland, OH). Southern 

blots of FsV DNA were prehybridized for 1 h in hybridization buffer (50% formamide, 

7% SDS, 0.25 M NaC1, 0.12 M Na-phosphate buffer, pH 8.2) then hybridized in 15 ml of 

the same buffer containing 1.5-3 x 107 dpm of labeled probe at 42°C for 6 h. Hybridized 

membranes were washed twice for 20 minutes in 0.1x SSC and 0.1% SDS and 

autoradiographed at -80°C with intensifying screens. 

Mapping FsV genome clones containing repeats 

A cosmid library of FsV genomic DNA was prepared using the Supercos 1 TM cosmid 

library kit (Strategene, La Jolla, CA). The cosmid library was screened with a [32P]

labeled 450 by BamHI-EcoRI subclone of the B2.4 clone (see map, Fig. 3) using the 

colony lift procedure of Sambrook et al. (1989). The DNAs of two positive cosmids, cl

24 and c2-23A, were digested with BamHI, PstI and SstI and electrophoresed through 

0.8% agarose gels in TPE buffer. Gels were stained, photographed and Southern blotted 

as above. The sizes of the fragments of c1-24 and c2-23A produced by restriction 

endonuclease digestion were determined using the Sizer program in the IntelliGenetics 

program suite. The cosmid map was verified by probing Southern blots. 

Mapping data demonstrated the presence of a 400 by BamHI fragment linking B9.3 

and B3.9 (See map, Fig. 2). To verify this observation, oligonucleotide primers were 

synthesized for PCR amplification of the region spanning the B9.3-B3.9 gap. The 
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template DNAs (0.1 ng of FsV genomic DNA, c1-24 and c2-23A) were mixed 

individually with 20 pM of appropriate oligonucleotide primers in 1 x Taq polymerase 

buffer with 0.2 mM dNTPs, 1.5 mM MgC12. The reaction mixture was heated at 94°C for 

4 min to denature the template, then 2.5 units of Taq polymerase (Gibco/BRL, 

Gaithersburg, MD) was added. The reaction was carried out at 94°C, 1 min; 47°C, 1 min; 

72°C, 1 min for 30 cycles. After the reaction, 15 IA of the PCR-amplified sample was 

electrophoresed on a 2% SynergelTM (Diversified Biotech, Inc., Boston, MA), 0.5% 

agarose gel in TPE buffer for verification of the PCR product. PCR product's of the 

expected size containing the appropriate restriction endonuclease recognition sites were 

used as probes for Southern blot analysis of cosmids c1-24 and c2-23A DNA digested 

with BamHI, PstI, and SstI. 

Cloning and sequencing 

The repeat-containing BamHI-fragments of FsV DNA, B22.0, B9.3, B3.9, B2.4, 

and B2.3, were ligated to pUC19 using T4 DNA ligase (New England Biolabs, Beverly, 

MA) and transformed into the E. coli hosts JM101 or DH5a. Portions of these BamHI

fragments cloned in pUC19 were subcloned into pUC118 and pUC119 for sequencing 

purposes. 

The template DNAs (double-stranded plasmid DNA) for sequencing were purified 

using a plasmid DNA purification kit (QIAGEN Inc., Chatsworth, CA) or a WizardTM 

DNA purification kit (Promega , Madison, WI). Sequencing was performed by an 

applied Biosystems Model 370A DNA sequencer with an M13 forward primer and an 

oligonucleotide primer synthesized to the region previously sequenced. In the repeat 

region, where it was impossible to design unique site-specific oligonucleotide sequencing 

primers, we made nested deletions using exonuclease III and Mung bean nuclease 



13 

(Henikoff, 1984). DNA sequences were compiled and analyzed using the GCG program 

suite (Devereux et al, 1984). Sequence similarity searches through GenBank and EMBL 

databases were performed using programs based on the BLAST algorithm (Altschul et al, 

1990). 

Determination of the repeat element copy number 

The repeat copy number within the repeat-containing BamHI-fragments was 

estimated by comparing the hybridization signal strength of these fragments to that of 

known amounts of the single repeat elements. The signal strength of a concentration 

series of the single repeat element was quantified and used to generate a standard curve of 

relative signal strength vs. the amount of single repeat elements. The copy number of 

repeats in the various BamHI-fragments was then derived from the standard curve. 

The single-repeat element was isolated by PCR amplification of the most exterior 5' 

repeat element (containing a known asymmetrical EcoRI site) in the B2.3 clone and 

cloning this single-repeat unit into pUC118. The 5' primer was located within the unique 

sequence upstream of the repeat element, and the 3' primer was located at the 3' end of the 

first repeat sequence. Ten picomoles of each primer was mixed with 10 picograms of 

B2.3 clone in lx Taq polymerase buffer with 0.2 mM dNTPs, 1.5 mM MgCl2, and 2.5 

units of Taq polymerase. The reaction was carried out at 94°C, 1 min; 55°C, 1 min; 72°C, 

1 min for 30 cycles. The PCR products were verified by electrophoresis and cloned into 

pUC118. 

The stable deletion-cloned DNAs of B22.0 and B9.3, the full length cloned DNAs 

of B3.9, B2.4, B2.3, and the single repeat element clones were purified on CsCI

gradients. Because B22.0 and B9.3 clones contain sequence that make them highly 
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unstable in E. coli, deletion clones AB22.0 and AB9.3, which contain deletions in the 

region of instability, were prepared and used in all of the subsequent repeat copy-number 

experiments. Southern blot analysis of the full length B22.0 and B9.3 clones showed that 

the 173 by repeats did not hybridize to the region absent in the deletion clones. All DNA 

concentrations were measured on a Hoefer TKO 100 (Hoefer Scientific Instruments, San 

Francisco, CA) DNA fluorometer. 

The plasmids bearing single repeats (SR clones) were titrated at concentrations of 0, 

0.4, 0.8, 1.6, 3.2, 4.8, 6.4, and 12.8 ng and slot-blotted using the Minifold II Slot-blot 

system (Schleicher & Schuell, Keene, NH). On the same blot, 3.6 x 10-17 moles of the 

unknowns ApB22.0, ApB9.3, pB3.9, pB2.4, and pB2.3, equivalent in molar concentration 

to 0.08 ng of SR clone, were slot-blotted. Each sample was blotted in nine replicates 

(three replicates per membrane). For the negative control, 25 ng of pUC118 was blotted. 

The slot blots were baked for 2 h at 80°C. 

A 26mer oligonucleotide probe, AGGTTGGCTCCTTCGAGGATCGGGGA, was 

synthesized from a highly conserved region within the repeat, that was identified in the 

sequence alignment of 9 different repeat elements from B2.4 and B2.3 clones. This probe 

was presumed to have the highest likelihood for similarity to the entire repeat family. All 

copy number hybridizations used this probe. Twenty picomoles of the oligonucleotide 

was end-labeled with 100 uCi of [32P] y-ATP (3000 Ci/mM) using T4 polynucleotide 

kinase (New England Biolabs, Beverly, MA). The copy-number experiment slot blots 

were prehybridized in hybridization buffer (7% SDS, 0.25 M NaC1, 0.12M Na-phosphate, 

pH 8.2) for 1 h, then hybridized in 15 ml of the same buffer containing 3.6 x107 dpm of 

the end-labeled RPT-oligonucleotide at 55°C for 6 h. The hybridized slot blots were 

washed twice for 20 min in 5X SSC and 0.1% SDS, exposed on a Phosphor screen and 
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the signal strength on each slot was quantitated using a Phosphor Imager SITM and 

ImageQuantTM software (Molecular Dynamics, Sunnyvale, CA). 

Unavoidable variations may be introduced into such experiments during DNA 

concentration measurements, volume measurements and slot blotting. To compensate for 

such errors we exploited the fact that each clone also contains the pUC118 vector, which 

exists as a single copy per molecule of the clone. All of the signal strength data from slot 

blots were adjusted based on the signal strength of pUC118 hybridization. The slot blots 

probed with the oligonucleotide were stripped in 0.5% SDS solution and hybridized to 3 

X 107 dpm of the [32P]- labeled pUC118 probe in hybridization buffer containing 50% 

formamide, 7% SDS, 0.25 M NaCl, 0.12 M Na phosphate (pH 8.2) at 42°C. The slot 

blots were washed, exposed, and quantitated as described above. 

The signal strength obtained from the slot blots probed with the oligonucleotide was 

normalized to the signal strength obtained on the same slot blots probed with pUC118 

(pUC-signal). This normalization process involved calculating the correction factor 

necessary to make pUC-signal equal for each slot and multiplying that correction factor 

by the repeat probe signal for each slot. 

After normalizing the values to the pUC118 signal, we averaged eight or_nine 

replicates to obtain the data points on the standard curve and the values for the unknowns 

(Fig. 4). Three data points that deviated more than 150% from the average value were 

rejected. Although there was excellent agreement in the values of the three replicates on 

each membrane, there was significant between-membrane variation, so we used single-

factor ANOVA to remove this membrane-to-membrane variation from the mean square 

error. The adjusted mean square error was used to calculate the standard error of the nine 

replicate values using: Standard Error = IMean square error x number of samples-I. 
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Results 

Cross-hybridizing BamHI-fragments of FsV DNA 

Southern blots of a DNA mixture from the two genome size classes prepared as part 

of the mapping exercise for the FsV virus revealed significant cross-hybridization 

between different regions of the genome. A Southern blot of FsV genomic DNA digested 

with BamHI and PstI (Fig. 1A, lanes B, P) was probed with the radio labeled B2.3 

fragment the smallest of the series. The probe hybridized to five BamHI-fragments, 

B22.0, B9.3, B3.9, B2.4, and B2.3 (self) (Fig. 1B, lane B) and two PstI-fragments, P33.0 

and P20.2 (Fig. 1B, lane P). Within these same BamHI-fragments we found regions in 

which they were not digested by six-base recognition restriction enzymes (HindIII, PstI, 

SstI, EcoRI, KpnI, and XbaI). These restriction site-free regions also did not contain 

MspI (4-base cutter) sites. The remainder of the genome is reduced by MspI digestion to 

fragments below 2 kbp in length, mostly below 700 bp, leaving five distinct large 

fragments on the gel (Fig. 1A, lane M). A Southern blot of an MspI digest of FsV probed 

with the B2.3 fragment (Fig. 1B, lane M) showed that the large MspI-fragments also 

hybridized to the B2.3 fragment. Because MspI does not cut within the repeat units, it 

was used here to estimate the size of areas where potential repeat elements might be 

found. 

Repeat Sequence analysis 

The complete sequence analysis of B2.4 (in one direction only) revealed the fine 

structure of the family, which contains nine full-length repeats and one partial direct 

repeat, all contained within the restriction site-free region (Fig. 3). A partial sequence 

analysis of B2.3 showed the repeats in a similar arrangement as B2.4 (data not shown). 
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Fig. 1. Redundant regions of the FsV genome shown by cross-hybridization of multiple 
DNA fragments. (A) Ethidium bromide-stained gel of FsV DNA digested with BamHI, 
PstI, and MspI (lanes B, P, and M). The molecular weight standards are indicated. (B) 
Southern blot of (A) probed with BamHI fragment B2.3 of FsV DNA. The cross-
hybridizing BamHI fragments are indicated next to the BamHI lane. 
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To confirm that the cross-hybridization between all five BamHI-fragments of FsV 

was due to the repeat elements, we probed a Southern blot of BamHI-digested FsV DNA 

with a single repeat probe. This showed that the single-repeat PCR product hybridized to 

B22.0, B9.3, B3.9, B2.4 and B2.3 and gave a pattern identical to Fig. 1B, lane B (data not 

shown). 

Within each 173 by repeat there are direct repeats of GACATTGTCATCAAGGTT 

GGCTCC, direct and inverted repeats of TTGGAA, and an AT-rich region (Fig. 3). The 

repeats found in clone B2.4 and clone B2.3 are all oriented in the same direction (direct) 

in tandem and the two repeat-containing regions are separated by about 900 by of unique 

sequence. Interestingly, one repeat is truncated at the 5' end and contains only 79 bp. 

This unit was found in both B2.4 and B2.3. This partial repeat includes the AT-rich 

region. GenBank and EMBL searches for sequence similarity with the nucleotide 

sequences of the 173 by repeat were unable to retrieve any sequence with significant 

similarity. 

Map of the repeat clones 

Two cosmids were identified from the FsV genomic DNA library that contain the 

BamHI fragments with repeat elements. Cosmid c2-23A (a sub-clone of the 178 kbp FsV 

genome) contains 17 kbp of repeats dispersed within B22.0, B2.4 and B2.3 (Fig. 2). 

Cosmid c1-24 (a sub-clone of the 158 kbp FsV genome) contains 6.5 kbp of repeats 

dispersed within B9.3 and B3.9 (Fig. 2). The fragments B22.0 and B2.3 are linked by a 

400 by BamHI-fragment (B0.4) as are B9.3 and B3.9. This B0.4 fragment appears to be 

identical or very similar in both the small and large genomes of FsV and does not contain 

repeat sequence. PCR amplification of the B0.4 region from c1-24 and c2-23A resulted 
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in the same size PCR product (data not shown). The PCR product from c1-24 hybridized 

to the same fragment of both c1-24 and c2-23A. 

The restriction site-free regions in each cross-hybridizing clone are indicated on the 

map (Fig. 2). If we assume that these restriction site-free regions largely represent 

regions of the 173 by direct repeats, then in B2.4, which contains L6 kbp of the 

restriction site-free region, we would expect 9.2 repeats. Similarly, B22.0, with 16 kbp of 

the restriction site-free region, would have 92 repeats; B9.3, with 4.0 kbp, Would have 23 

repeats; B3.9, with 3.2 kbp, would have 18 repeats; and B2.3, with 1.3 kbp, would have 

7.5 repeats. 

Estimation of repeat numbers in cross-hybridizing clones 

To determine whether the regions free of restriction sites actually contain the 

number of repeats in the range we predicted based on the size of restriction site-free 

regions (Fig. 2), we quantified the repeat copy number directly in each of the cross-

hybridizing clones. From the standard curve (Fig. 4A), we estimate that there are 82 

repeats (compared to 92 predicted from the size of the restriction site free region) in A 

B22.0, 45 repeats (compared to 23 predicted) in AB9.3, 16 repeats (compared to 18 

predicted) in B3.9, 9.7 repeats (compared to 9.5 derived from sequence data) in B2.4, and 

7.0 repeats (compared to 7.5 predicted) in B2.3 (Fig. 4B, Table 1). 

Discussion 

During experiments aimed at mapping the FsV genome using standard fragment-

hybridization methods on Southern blots it became obvious that there was an unexpected 
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Fig. 4. Copy number analysis of the repeats in each repeat-containing viral DNA 
fragments. (A) Plot of the relative signal strength vs the amount of the SR clone (ng) and 
representative slot blots of the SR clones (titrated amounts indicated above the slots) 
probed with radiolabeled RPT oligonucleotide or pUC 118. The titrated amounts of the 
SR clones indicated above the slot blots correspond to the points on the plot (A). (B) The 
estimated number of 173-bp repeats in B22.0, B9.3, B3.9, B2.4, and B2.3. The RSS 
numbers are the relative signal strength measured for the repeat-containing clones. "No. 
rpts" indicates the number of repeats in each clone, estimated based on the RSS number 
and the standard curve (A). No. rpts-E indicates the number of repeats in each clone, 
estimated based on the size of the restriction site-free regions within each clone. The 
representative slot blots of the repeat-containing clones probed with radiolabeled RPT 
oligonucleotide and pUC 118 are shown under the figure. For the purpose of 
demonstrating visually the difference in signal strengths between the repeat clones, slot 
blots containing 3.6 X 10' moles of each clone are shown (rather than 3.6 X 10-' moles as 
used for quantitation of the relative signal strength of the repeat clones). 
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hybridization pattern. Ultimately this pattern led to two findings: (i) two genome size 

classes exist for this virus and (ii) within them considerable sequence redundancy can be 

demonstrated. We have established that the FsV genomes contain a family of 173 by 

repeat elements and that the size difference between the genomes can be accounted for, to 

a major extent, by these repeats. 

One repeat was sequenced bidirectionally and a total of nine others from B2.4 and 

B2.3 have been multiply sequenced in a single direction. These nine repeatg are very 

similar to the prototypical repeat, with 145 by of invariant nucleotide sequence and a 

maximum deviation of 16.2% from the prototypical sequence. In B2.4 (fully sequenced 

unidirectionally) the repeats form a family of elements arranged in tandem; this group of 

repeats is separated from a similar family of 7.5 elements in B2.3 by about 900 by of non-

repetitive sequence. This non-repetitive region may contain an open reading frame 

regulated by the repeat elements as has been reported in large DNA viruses such as 

Marek's Disease Virus (Chen and Velicer, 1991), Epstein Barr Virus (Rogers and Speck, 

1990) and Autographa californica Nuclear Polyhedrosis Virus (Rodems and Friesen, 

1993). 

Fine mapping with BamHI and SstI suggests that B2.3 and B2.4 may have arisen by 

duplication (Fig. 2) as may the repeat units themselves. Strong cross-hybridization 

between related regions of the two virus genomes (Fig. 2) suggests that these regions may 

be highly similar in sequence. In support of this, the sequence analysis of the 550 by 

region at the 3' end of B2.4 (large genome) and B3.9 (small genome) showed that they are 

highly similar except for a few nucleotide substitutions and deletions (data not shown). 

Also, the sequences at the 5' end of B2.3 and B2.4, which contain 140 by of non-

repetitive sequence, are identical and further suggest that these two regions may have 

arisen by a duplication event. 
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The large difference between the estimated and measured repeat number in B9.3 

remains to be explained. The estimate of the B9.3 repeat copy number is clearly 

incorrect. While the other fragments show excellent agreement between the predicted 

copy number and that which we estimated, that value can not be correct in B9.3 since 45 

repeats can not fit into this region. There is only room for 23 repeats, and this is the 

number we have use for calculations of the total repeat number for the small genome size 

class. It is unclear why the estimated value is higher than the size of the region permits. 

We can only speculate that the higher signal must be due to a greater number of partial 

repeats that contain sequence homologous to the oligonucleotide probe. 

We estimate that in the 178 kbp genome size class there would be about 109 copies 

of the repeats dispersed in 22 kbp, which is 12% of the genome, and in the 158 kbp 

genome size class there would be about 41 repeats dispersed in about 10 kbp, which is 

6% of the genome. The difference in the number of repeats can account for 62% of the 

size difference between the two genome classes of FsV. Within each element there are 

short direct repeats and a highly AT-rich region. 

The correlation between the number of repeats estimated based on the hybrization 

strength and the number of repeats calculated based on the size of the restriction site-free 

regions suggests that the restriction site-free regions in the five cross-hybridizing clones 

consist of the 173 by repeats. 

Although this is the first report of repetitive sequences found in brown algal viruses, 

there have been several reports on the repetitive sequences in other large double-stranded 

DNA viruses (Reilly and Silva, 1993; McMillan et al., 1990; Martin et al., 1991; Masse 

et al., 1992). In iridescent virus CzIV, within 170.2 kbp of genome, 39% has been shown 

to contain repetitive sequences (McMillan, 1990). Interestingly, in the human 
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cytomegalovirus genome (230 kbp), the region of the viral genome with the most striking 

concentration of direct and inverted repeats was shown to be an origin of replication 

(oriLyt) (Masse, 1992). 

The sequence of the 173 by repeats found in the FsV genome does not share 

significant nucleotide sequence similarity with other viral repetitive sequences. However, 

this is not surprising since the repetitive sequences found in various viruses vary in their 

primary sequences and organization within the genome and their functions dre as diverse 

as their sequences and organization. Therefore, it is difficult to infer a function of the 

FsV repeats based on what is known about the repetitive sequences in other viruses. 

Considering that several large double-stranded DNA viruses contain regions of repetitive 

sequences, the presence of repetitive sequences may be an indication that FsV shares a 

closer relationship to other large dsDNA viruses than might be expected considering the 

novelty of the virus host. 

Except for the existence of different repeat element copy numbers and minimal 

restriction site polymorphism, the two size classes of the FsV genome appear to be highly 

similar. Since both genomes are maintained in nature and in our cultures and since they 

differ in large part by the different number of repeats, we speculate that these repeats play 

a significant role in the virus life cycle, perhaps associated with integration and/or 

replication. 

The role of the repeat elements in the biology of the virus remains to be determined. 

Since the virus appears to be an integrated unit within the genome of its host requiring an 

excision event prior to viral replication, it would be of value to determine whether or not 

these elements play a role in these events. It is well established that recombinase systems 

of the Int family employ primary sequence repeats as recognition sites for recombination. 



28 

These elements are short sequences that often fall within much larger inverted repeat 

units. The repeat described here does not fit the requirements for such a system, yet may 

be involved in the excision/replication process. There are very short inverted repeats 

within the larger element that might provide for the necessary recognition of enzymes 

responsible for excision . 
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Abstract 

We describe the structure of an encrypted Feldmannia sp. virus (FsV) genome 

latent in the brown alga, Feldmannia sp. The encrypted virus genome contains a large 

repetitive region inserted in a protein kinase gene encoded by the 3.6 kbp viral BamHI

fragment Z (B3.6Z). While related to the 173 by repeats previously characterized in 

the FsV genome (Lee et al., 1995), Southern blot analysis indicates that these repeats 

in the encrypted FsV genome are distinct from those previously characteriZed. The 

size of the repeat insert in this encrypted FsV genome is estimated to be larger than 50 

kbp. Fine structural analysis of the repeat-insertion sites in the protein kinase gene 

indicates that there are 8 and 10 by palindromic sequences and regions of sequence 

homologies. 

The translated protein kinase contains all of the 12 catalytic motifs conserved in 

most serine/threonine protein kinases and a potential autophosphorylation site in a 

region unique to this protein kinase. This protein kinase gene is expressed as RNA in 

the sporophyte culture where virus production is active but not in the gametophyte 

culture where the virus genome is latent. Possible structures of the encrypted virus 

genome are discussed. 
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Introduction 

The Feldmannia sp. Virus (FsV) is a large double-stranded DNA virus showing 

persistent infection in a filamentous brown algae, Feldrnannia sp. (Henry and Meints, 

1992). There are two size classes of the FsV genome, 158 and 178 kbp. Both size 

classes of the FsV genome have circular restriction maps and these two classes of 

genomes are highly similar to each other (Ivey et al. , 1996). FsV is produced only in 

unilocular meiotic sporangia of the sporophyte. Vegetative cells of both sporophyte 

and gametophyte plants and the plurilocular reproductive cells of the gametophyte 

plants are free of virus particles. The production of the virus in sporangia completely 

eliminates formation of zoospores. Instead, sporangia produces polyhedral virus 

particles of ca. 150 nm in diameter. Approximately 1-5 X 106 virus particles are 

produced per individual sporangial cell. 

Virus particles are produced in almost all sporangia, including those sporangia 

formed on the vegetative filaments that have been isolated into new cultures. This 

suggests that even though virus particles have not been detected in vegetative cells, the 

virus must be present in these cells perhaps as an episomal DNA or integrated in the 

algal genome. This hypothesis is supported by observations from Southern blot 

analysis that showed the presence of the FsV-specific DNA-banding patterns in the 

restriction endonuclease-digested genomic DNA of gametophyte plants where virus 

amplification is not observed. 

Major progress was made in studying the persistence of the FsV genome when 

the integration sites of the FsV genomes in the host algal genome were cloned (Ivey et 

al., manuscript in prep.). Integration of the FsV genome occurred in the viral BamHI 

fragment, A (B26.0A). The virus/host junctions of both large and small genomes were 
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cloned. Even though the large and small virus genomes open at the same site in the 

FsV genome (B26.0A), they were found to be integrated in two different locations in 

the host algal genome. 

In this paper, we describe a repetitive region found in the encrypted FsV 

genome latent in the algal genome of Feldmannia sp. The insertion of repeats occurred 

in a protein kinase gene located in the 3.6 kbp viral BamHI-fragment Z (B3.6Z). The 

possible structures of the encrypted virus genome and the encryptation prOcess of the 

virus genome are discussed. 

Materials and Methods 

Culturing conditions & DNA purification 

Culturing of the algae and virus DNA purifications were carried out as 

previously described (Henry & Meints, 1992). The preparation of the algal genomic 

DNA from the gametophyte plants were carried out as the following. The algal 

filaments grown in 12 or 18 L cultures were harvested by collecting filaments on 0.95 

mm nylon screen. The collected mat of algal filaments was frozen instantly under the 

liquid nitrogen and ground to powder with pellets of dry ice in an electric coffee 

grinder. The powdered algal filaments were mixed gently in 0.1 M Tris-HC1 (pH 8), 

0.1 M Na-EDTA, 0.25 M NaC1 and incubated at room temperature overnight with 1% 

SDS and 100 pg /ml protease K. 

The proteased sample was centrifuged at 8,500g for 20 min at 4°C to pellet 

cellular debris. The supernatant was transferred to a fresh tube and was extracted with 
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chloroform:isoamyl alcohol, 24:1 by gently mixing an equal volume of 

chloroform:isoamyl alcohol and centrifuging at 8,500g for 20 mM at room temperature. 

The aqueous layer was tranferred to fresh tube. To this, 50% ethanol was added to 

25% final concentration. The sample was mixed gently and incubated for 1 hour on ice 

to precipitate polysaccharides and then centrifuged at 8,500g for 20 mM at 4°C. The 

supernatant was transferred to a fresh tube and mixed with NaC1 to 2 M final 

concentration. If any precipitates formed, they were removed by centrifugation at 

8,500g for 20 mM at 4°C. To the supernatant, 2 vol of 100% ethanol was added to 

precipitate DNA. The DNA was precipitated at -20°C for 1 hour and centrifuged at 

8,500g for 30 mM at 4°C. The pellet was dried and resuspended in 24 ml of TE (10 

mM Tris-HC1 (pH 8), 1 mM EDTA) and mixed with RNAse to 5 1.1g/ml. The RNAse 

digestion was carried out at room temperature for 30 mM. 

For the Cs Cl-gradient, 10 g of CsC1 and 20 IA of 10 µg /ml ethidium bromide 

was added per 9 ml of resuspended DNA. The Cs Cl-gradients were centrifuged at 

90,000g for 72+ hours. The fluorescent band of genomic DNA was removed from the 

gradient and extracted with water-saturated butanol three to four times to remove 

ethidium bromide. The sample was diluted by addition of 3 vol water. To the diluted 

sample, 1/10 vol of 2 M NaOAc (pH 4.8) and 2 vol of 100% ethanol was added and 

incubated on ice for 1 hour. The sample was centrifuged at 15,000g for 20 mM in 

4°C. After removing the supernatant, the pellet was washed with 70% ethanol and 

dried under vacuum. The dried pellet was resuspended in 100 to 200 pl of TE. 

DNA concentrations were measured using a Hoefer TKO 100 (Hoefer Scientific 

Instruments, San Francisco, CA) DNA fluorometer. The samples of uncut DNA and 

restriction endonuclease-digested DNA were analyzed by gel-electrophoresis to assess 

the quality of the DNA. Often the DNA contained too much polysaccarhide even after 
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Cs Cl-gradient for easy digestion with restriction endonucleases. Therefore 80 lig of 

DNA was further purified with QIAGEN DNA purification columns (QIAGEN Inc., 

Chatsworth, CA). 80 lig of DNA was diluted in 3 ml of water and mixed with 2 ml of 

QBT buffer provided in the kit. The Tip-100 column was equilibrated with 3 ml of 

QBT equilibration buffer then 5 ml of DNA prepared above was applied to the column. 

Then, the column was washed with 15 ml of QC wash solution and eluted with 5 ml of 

QF elution buffer. The eluted DNA was precipitated by adding 1/10 vol of 2 M 

NaOAc (pH. 4.8) and 2 vol of 100% Ethanol. The DNA was precipitated in -20°C 

overnight. Then the DNA was pelleted by centrifugation at 15,000g for 15 min at 4° 

C, washed with 70% ethanol and dried under vacuum. The dried DNA pellet was 

resuspended in 100 ill of TE. 

Southern blot analysis 

For preparing Southern blots, 15 lig of gametophyte DNA, 3Ong of FsV DNA 

and 50Ong of FsV DNA were digested with BamHI in 1X BamHI buffer (New England 

Biolabs, Beverly, MA) and electrophoresed through a 0.8% agarose gel in TAE (0.04 

M Tris-acetate, 0.001 M EDTA). Gels were stained with ethidium bromide and 

photographed by UV transillumination. For Southern transfers, the electrophoresed 

DNAs were depurinated in 0.25 N HC1 for 1 hour, denatured in 1.5 M NaC1, 0.5 N 

NaOH for 1 hour, transferred onto a nylon membrane (Hybond-N, Amersham) in 1.5 

M NaCl, 0.25 N NaOH, and baked for 2 hours at 80°C. 

The probes for hybridizations to genomic DNA blots were prepared by radio-

labeling gel-purified inserts of the clones with 100 1.1Ci of [a-32P] dCTP (6000 Ci/mM) 

(DuPont NEN, Boston, MA) using Ready-To-Go DNA Labeling Beads (Pharmacia, 

Piscataway, NJ). Southern blots were prehybridized for 1 hour in the hybridization 
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buffer (50% formamide, 7% SDS, 0.25 M NaCI, and 0.12 M Na-phosphate buffer (pH 

8.2)) and hybridized at 42°C in 15 ml of the same buffer containing 5-10 x 107 dpm of 

labeled probe for 8 to 16 hours. For hybridization at high stringency, the hybridization 

temperature was raised to 55°C and the blots were washed at 70°C. The hybridized 

blots were washed twice in 0.1X SSC, 0.1% SDS for 20 min and autoradiographed at 

80 °C with intensifying screens. For the Southern analysis of the FsV DNAs and 

cloned DNAs, the same procedure was used except 1-3 X 107 dpm of probe labeled 

with 50 [LCi of [a-32P] dATP (3000 Ci/mM) was added to the hybridization reaction. 

The hybridizations were carried out for 4-16 hours. 

Cloning the viral DNA fragments in the gametophyte genomic DNA 

The lambda library was prepared from gametophyte genomic DNA using the 

lambda FIX II/Gigapack II Cloning Kit (Strategene, La Jolla, CA) following the 

procedure provided with the kit. The plaque lifts were prepared by following the 

protocol of Sambrook et al. (1989). Probes for screening the lambda library were 

prepared by gel-purification of the fragments of interest from digested DNAs of either 

cosmid DNA clones or plasmid DNA clones and radio-labeling each probe with 50 ji,Ci 

of [a-32P] dATP (3000 Ci/mM). For the hybridization of plaque lifts, 3-6 X 107 dpm 

of probes were diluted in 30 to 50 ml of the hybridization buffer. All other procedures 

were the same as the Southern hybridization procedure above. 

The lambda clones positively identified by the plaque lifts and hybridizations 

were amplified and the DNAs of these lambda clones were prepared by following the 

procedure of Sambrook et al. (1989). Positive lambda clone DNAs were digested with 

BamHI or BamHIINotI in 1X BamHI buffers and electrophoresed in 0.8% Agarose gel 

in TAE buffer. Southern blot analysis of the electrophoresed DNAs were performed as 
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described above. Insert fragments of the lambda clone digested with restriction 

endonucleases were subcloned into the pUC 119 vector using DH5a as the Escherichia 

coli host for mapping and sequencing. 

PCR amplification of the repeat-insertion site absent in B2.4 

For PCR amplification of the right repeat-insertion site (Rp-R), two 

oligonucleotide primers specific to the B3.6Z sequence at Rp-R and one A[gonucleotide 

primer specific to a conserved site of the 173 by repeats were synthesized. Since the 

173 by repeats vary in sequence and length, the conserved region among the repeats 

was used to design the repeat-primer for this PCR. The two oligonucleotide primers 

specific to the B3.6Z sequence at Rp-R were designed such that one oligonucleotide 

would hybridize to the sequence upstream of the second oligonucleotide. 

Using the gametophyte DNA as the template, the first PCR was carried out with 

the oligonucleotide primer (GACCTCGATTTGACACACTTGG) and the repeat-primer 

(AGGTTGGCTCCTTCGAGGATCGGGGA). The second PCR was performed with 

the oligonucleotide primer inside of the primer used in the first PCR (GATCAGGA 

TCCGATTTCGTCCACGAGCTGCGTGCGACCG) and the repeat-primer. The PCR 

product from the first reaction was used as the template in the second PCR. 

Template DNAs (1, 10, and 100 ng of gametophyte genomic DNAs) were 

mixed individually with 40 pM of the oligonucleotide primers in 1X Taq polymerase 

buffer with 0.2 mM dNTPs, 1.5 mM MgC12. The reaction mixture was heated at 94°C 

for 4 min to denature the template, and 2.5 units of Taq polymerase (Gibco/BRL, 

Gaithersburg, MD) was added. For the first PCR, a 4 min incubation at 94°C was 

followed by 30 cycles of 94°C 1 min, 45°C 1 min, and 72°C 1 min. For the second 
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PCR, a 4 min incubation at 94°C was followed by 25 cycles of 94°C 1 min, 65°C 1 

min, and 72°C 1 min. After the reaction was completed, 15 I.L1 of the PCR-amplified 

samples were electrophoresed on a 2% Synergel (Diversified Biotech., Inc., Boston, 

MA), 0.5% Agarose gel in TAE buffer and analyzed by Southern hybridizations for 

verification of the PCR product. The appropriate PCR product was gel-purified and 

cloned using the TA Cloning Kit (Invitrogen, San Diego, CA). 

Sequence analysis of the repeat-insertion sites 

Template DNAs (double-stranded plasmid DNA) for sequence analysis were 

purified using a plasmid DNA purification kit (QIAGEN Inc., Chatsworth, CA). 

Sequencing was performed by an Applied Biosystems Model 370A DNA Sequencer 

with M13 Forward primer, M13 Reverse primer and oligonucleotide primers 

synthesized to regions previously sequenced. DNA sequences were compiled and 

analyzed using the GCG program suite (Devereux et al., 1984). Sequence similarity 

searches of the Gen Bank and the EMBL databases were performed using programs 

based on the BLAST algorithm (Altschul et al., 1990). 

Preparation of the total RNA 

Algal cultures were harvested before they reached maximum density. Cells 

were collected and ground as described for algal genomic DNA purification. 

Powdered cells (10 g of cells) were placed in 20 ml of 4 M guanidium thiocyanate, 25 

mM Na-EDTA, 2.5% sarcosyl, 10% b-mercaptoethanol. After the sample has melted, 

2.6 ml of 3 M NaOAc (pH 4.8) was added. Then the sample was vortexed with 10 ml 

of phenol and 5 ml of chloroform:isoamyl alcohol (24:1) and centrifuged at 8,500g for 

30 min at room temperature. The aqueous layer was transferred to a fresh tube, mixed 
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with an equal vol of isopropanol, and placed on ice for 1 hour to precipitate nucleic 

acids. 

The precipitated nucleic acids were pelleted by centrifugation at 8,500g for 15 

min at 4°C. The pellet was resuspended in 2.6 ml of 0.1 M LiC1, 1% SDS, 0.1 M 

Tris-HC1 (pH 9.0), 10 mM EDTA. The pellet was heated to 55°C and vortexed until it 

resuspended. The resuspended sample was vortexed with an equal vol of 

phenol/chloroform:isoamyl alcohol (24:1) and centrifuged at 15,000g for 15 min. 

Then, the aqueous layer was extracted with an equal vol of chloroform:isoamyl alcohol 

(24:1). The aqueous layer was mixed with 1/3 vol of 8 M LiC1 and stored overnight at 

4°C to precipitate RNA. The precipitated RNA was pelleted by centrifugation at 

15,000g for 15 min at 4°C. The pellet was rinsed with 2 M LiC1 then with 70% 

ethanol. The washed pellet was air-dried and dissolved in 500 IA of DEPC-treated 

water. 

The dissolved pellet was extracted with 500 1.11 of phenol/chloroform:isoamyl 

alcohol (24:1) once and with 500 [11 of chloroform:isoamyl alcohol (24:1) several times 

until no precipitates were visible at the interphase. The RNA in the aqueous phase was 

precipitated and washed with LiC1 as described above. The air-dried RNA was 

dissolved in 100 pl of DEPC-treated water. The RNA concentration was determined 

using a DU-64 spectrophotometer. The quality of RNA was checked by 

electrophoresis of 5µg and 10 p.g of RNA through a 1.2% agarose, 6% formaldehyde 

gel following the procedure of Sambrook et al. (1989). 
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Ribonuclease protection assay 

The 386 by region (Fig. 12) of the protein kinase gene was amplified by PCR 
TM 

and cloned in pCR II vector provided in TA Cloning Kit (Invitrogen, San Diego, 

CA). The antisense RNA probe for the RNAse Protection Assay was labeled with [y

32P] rUTP (800 Ci/mM) using the MAXIscript 
TM 

SP6/T7 Transcription Kit (Ambion, 
TM 

Austin, Texas). The RNAse protection assay was performed using RPA II Kit 

(Ambion, Austin, Texas). 

Results 

Cloning the repeat-insertion sites in a protein kinase gene 

To clone DNA fragments of the latent FsV genome, a lambda library was 

prepared from gametophyte genomic DNA. In the gametophyte, virus replication is 

not apparent. The library was screened multiple times, each time with probes from 

three or four regions scattered in the virus genome. The probes were chosen so that 

the 14-20 kbp inserts carried in different clones would overlap with one another, 

thereby forming a contiguous map of the virus genome. 

In the process of screening the library with various probes, we identified a 

clone (XRPT-4) that mapped differently than that of the FsV genome from which the 

probe arose (Fig. 5). This lambda clone contained a 2.4 kbp BamHI-fragment (B2.4) 

next to a region shown by Southern hybridizations to be homologous to the 6.0 kbp 

viral BamHI-fragment R (B6.0R) (Fig. 5). However, in the restriction map of the FsV 

genome, a 3.6 kbp BamHI-fragment Z (B3.6Z) maps next to B6.0R (Fig. 5). Based on 
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Southern blots and sequence analysis of B2.4 and B3.6Z, we conclude that only a 1.7 

kbp portion of B3.6Z was in B2.4. The rest of B2.4 was occupied by the 173 by 

repeats related to those previously characterized in the FsV genome (Lee et al. 1995). 

Sequence analysis of cloned fragments of B3.6Z (cB3.6Z) and B2.4 (cB2.4) revealed 

that insertion of the repeats occurred in an open reading frame (ORF) that shares 

homologies to serine/threonine protein kinase genes. 

Southern Blot Analysis of the Gametophyte Genomic DNA 

To verify that the cloned B2.4 fragment containing the left repeat-insertion site 

(Rp-L, Fig. 6) exists in total host genomic DNA, a Southern blot prepared from the 

gametophyte DNA was hybridized to a radiolabeled 1.5 kbp BamHI-SalI fragment 

(BSa1.5) of B2.4 (see map, Fig. 6). The probe hybridized to 5.0 kbp, 3.6 kbp, and 

2.4 kbp fragments (Fig. 7B Lanel). A similar Southern blot of the gametophyte DNA 

was probed with the 0.75 kbp EcoRI-fragment (EE0.75) of B3.6Z (Fig. 6) to examine 

what fragments would hybridize to a portion of B3.6Z absent in B2.4. This probe 

hybridized to 5.0 kbp, 4.8 kbp, and 3.6 kbp fragments (Fig. 7C Lanel). On the FsV 

DNA digested with BamHI, both BSa1.5 and EE0.75 hybridized to the 3.6 kb fragment 

(Fig. 7B Lane 2 and Fig. 7C Lane 2). 

The 2.4 kbp BamHI-fragment found on a Southern blot of the gametophyte 

DNA that hybridized only to BSa1.5 demonstrates that Rp-L in cB2.4 (Fig. 6) exists in 

the algal genome. The 4.8 kbp BamHI-fragment (B4.8) in the gametophyte DNA that 

hybridized only to EE0.75 must contain the other portion of B3.6Z absent in B2.4 and 

the right repeat-insertion site (Rp-R, Fig. 6). The 5.0 kbp and 3.6 kbp fragments in 

the gametophyte DNA that hybridized to both BSa1.5 and EE0.75 must contain the 
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Fig. 5. Restriction maps of the BamHI sites in the two FsV genomes and the 2 RPT-4 clone. The vertical lines within the 
maps indicate the BamHI sites. The designations for the DNA fragments are indicated inside the map. The short tandem 
arrows under the maps indicate the regions occupied by the 173-bp repeats. The dotted lines connecting the maps delineate 
regions with sequence similarity. The 173-bp repeats previously characterized in the actively replicating FsV genome are 
contained in the viral BamHII fragments, B (formerly known as B22.0), GG (B2.4), and FF (B2.3) of the 178-kbp genome 
and H (B9.3) and X (B3.9) of the 158-kb genome. 
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Fig. 6. Restriction maps of B2.4, B3.6Z, and B4.8. Arrowhead lines above the 
maps indicate the DNA fragments used as probes in Southern hybridization 
experiments. Vertical arrows indicate the left (Rp-L) repeat-insertion site and the 
right (Rp-R) repeat-insertion site. The short arrows above the B4.8 map numbered 
1,2, and 3 indicate the locations of the PCR primers. Restriction sites within B4.8 
was left out since B4.8 fragment has not been mapped completely. Symbols: B, 
BamHI; E, EcoRI; P, Pstl; and S, Sall. 
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entire B3.6Z fragment. The 3.6 kbp fragment must be B3.6Z itself without any repeat 

insert. Sequence analysis of the cloned 5.0 kbp fragment showed that this fragment 

contains a mutated BamHI site between B3.6Z and the 1.3 kbp fragment adjacent to 

B3.6Z (data not shown). 

Cloning the right repeat-insertion site (Rp-R) 

The lambda library of the gametophyte DNA was screened to obtain the 4.8 kbp 

BamHI-fragment (B4.8) with Rp-R. This clone was not obtained even though nine 

different lambda clones containing intact B3.6Z fragments were obtained from the virus 

genomes where the repeats have not inserted into B3.6Z fragment. A second strategy 

was employed to obtain Rp-R. Since B2.4 contains a portion of B3.6Z linked to the 

173 by repeats, the other half of B3.6Z present in B4.8 must also be linked to similar 

repeats assuming that the repeat-insert in B3.6Z is continuous in the encrypted FsV 

genome. PCR was performed with primers made specific to the B3.6Z sequence 

assumed to occur in B4.8 and to a conserved region in the 173 by repeats (Fig. 6). 

The PCR product from the gametophyte DNA that hybridized to both the 0.5 kbp 

EcoRI fragment (EE0.5) of B3.6Z (see map, Fig. 6) and the 173 by repeat was cloned 

and sequenced. The sequence analysis of the cloned PCR product showed that a 

portion of the B3.6Z sequence absent in B2.4 is connected to the 173 by repeats (Fig. 

11B). 

The FsV genome with repeat-insertion in B3.6Z is encrypted. 

The virus genome that contains the insertion of the repetitive region in B3.6Z 

appears to be an inactive virus that does not amplify into viral particles in the 

sporophyte. Previous genomic Southern blot analysis (Fig. 7) indicated that both 
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Fig. 7. Southern blot analysis of the gametophyte DNA. (A) Ethidium bromide-
stained gel of the gametophyte DNA digested with BamHI (lane 1) and the FsV 
DNA digested with BamHI (lane 2). The molecular weight standards are indicated. 
(B) Southern blot of (A) probed with 1.5 kbp BamHI -Sa!I fragment of B2.4. (C) 
Southern blot of gel similar to (A) probed with 0.75 kbp EcoRI fragment of B3.6Z. 
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BSa1.5 and EE0.75 hybridized only to the intact B3.6Z fragment in the purified FsV 

DNA digested with BamHI (Fig. 7B Lane 2 and Fig. 7C Lane 2). The absence of B2.4 

and B4.8 in the BamHI-digested FsV DNA suggests that the FsV genome with the 

repeat-insertion in B3.6Z is encrypted. 

However, it is possible that the repeats inserted in B3.6Z are removed before 

the virus replication occurs and thereby forming the intact B3.6Z fragment from two 

halves of B3.6Z that were separated by the repeats. To address this question, we have 

utilized a unique PstI site present in cB2.4 (a clone of the encrypted virus genome) that 

is absent in cB3.6Z (a clone of the replicated virus genome) to specifically identify 

B2.4 sequence (see map, Fig. 6). By this argument, the B3.6Z fragment formed by 

deletion of the repeats would have to contain the Pstl site present in B2.4. 

The Southern blot of the FsV DNA and cB2.4 digested with BamHI (Fig. 8A 

Lanes 1 and 3) or BamHIIPstI (Fig. 8A Lanes 2 and 4) was hybridized to the radio-

labeled B3.6Z to examine the FsV DNA for the presence of any B3.6Z with a PstI site. 

The B3.6Z hybridized to 3.6 kbp fragment on both BamHI and BamHI/PstI-digested 

FsV DNA (Fig. 8B Lane 1 and 2). This indicates the absence of a PstI site within 

B3.6Z. However, B3.6Z hybridized to the 2.4 kbp fragment on BamHI-digested cB2.4 

(Fig. 8B Lane 3) and 2.0 kbp and 0.4 kbp fragments on BamHI/PstI-digested cB2.4 

(Fig. 8B Lane 4) indicating the presence of a PstI site. Even after long exposures, the 

B3.6Z fragment cleaved with PstI could not be detected in the BamHI/PstI-digested 

FsV DNA. 

Moreover, Southern blot analysis was performed to examine total sporophyte 

DNA which consists of mostly replicated virus DNAs for the presence of the B2.4

containing FsV genome. Neither of the B2.4 fragment or the B3.6Z fragment with 



48 

A B 

23.1 kbp

9.4 kbp

6.5 kbp

4.3 kbp

1 2 3 4 1 2 3 4 

2.3 kbp
2.0 kbp-

Fig. 8. Southern blot of the FsV DNA and B2.4 clone probed with B3.6Z. 
(A) Ethidium bromide-stained gel of the FsV DNA digested with BamHI 
(lane 1), BamHII PstI (lane 2), the B2.4 clone digested with BamHI (lane 3), 
and BamHII PstI (lane 4). (B) Southern blot of (A) probed with radiolabeled 
B3.6Z. The molecular weight standards are indicated. 
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PstI site were detectable on the autoradiogram even after films were exposed for a long 

time (data not shown). Based on these observations, the virus genome with the repeat-

insertion at B3.6Z was concluded to be encrypted. 

The sequence alignment of 1.7 kbp region common in B3.6Z and B2.4 indicates 

that even though the sequences are highly similar, there are base pair differences 

scattered through out the sequence (data not shown). The level of difference in 

sequence between cB3.6Z and cB2.4 clearly suggests that these two clones originated 

from different sources of the FsV genome. 

Characteristics of the repeat-region inserted in B3.6Z 

The 173 by repeats in B2.4 continues into an adjacent 8.2 kbp BamHI-NotI 

fragment (NotI site of this fragment is in the polycloning site of the vector) (see map, 

Fig. 5). The 8.2 kbp BamHI-NotI fragment (BN8.2) was cloned (cBN8.2) and 

analyzed by the Southern blot analysis where the 173 by repeat-probe was hybridized to 

various restriction endonuclease-digested cBN8.2. The results of this Southern analysis 

indicate that BN8.2 consists entirely of the 173 by repeats (data not shown). The 

attempts to clone the DNA fragment beyond BN8.2 have failed perhaps due to 

difficulties in cloning repetitive DNAs. However since the repeats are present at the 

NotI-end of BN8.2, the repeats are likely to be present beyond BN8.2. 

A Southern blot of the gametophyte genomic DNAs digested with BamHI or 

BamHII SspI was probed with BN8.2 (Fig. 9). At high stringency where repeats 

contained in BN8.2 do not hybridize to other previously reported repeat-containing 

viral DNA fragments, BN8.2 hybridized to a BamHI fragment greater than 40 kbp in 

size (Fig. 9 Lane 1) and BamHI-SspI fragments of greater than 40 kbp, 6.6 kbp, 3.2 
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kbp, 2.2 kbp, and 1.6 kbp (Fig. 9 Lane 2). Among the BamHI-SspI fragments, 6.6 

kbp BamHI-SspI fragment correlates in size to the BamHI-SspI fragment of BN8.2 

(Fig. 9 Lane 4). Based on the sizes of these BamHI-SspI fragments, the repeat region 

inserted in the protein kinase gene was estimated to be greater than 50 kbp in size. 

The repeats inserted in B3.6Z appear to be distinctly different from the repeats 

previously characterized in the other DNA fragments of the FsV genome (see map, 

Fig. 5; Lee et al., 1995). The hybridization signal is very weak between the other 173 

by repeat-regions in the FsV genome and BN8.2. At highly stringent hybridization 

conditions, BN8.2 as a probe does not hybridize to the other viral fragments containing 

the previously characterized 173 by repeats (Fig. 10B Lane 1) when it hybridizes 

strongly to itself (Fig.10B Lane 2). Conversely, the mixed probe of five MspI

fragments containing all of the other viral repeat-regions do not hybridize to BN8.2 

(Fig. 10C Lane 2) when they strongly hybridize to themselves (Fig. 10C Lane 1). 

Furthermore, sequence comparisons of the repeat-sequences from the viral 

BamHI-fragments, FF and GG and of the repeat-sequences inserted into B3.6Z show 

that they form two distinct groups where the viral repeats in FF and GG group into one 

branch and the repeats associated with B3.6Z group into another branch (data not 

shown). 

Fine structure of the repeat-insertion sites 

When cB3.6Z, cB2.4 and the PCR product of Rp-R were sequenced and 

compared, substantial rearrangements were apparent at Rp-L region contained in B2.4. 

In B2.4, there is 1.5 kbp region common to both B3.6Z and B2.4 (Fig. 11). The 178 

by following the 1.5 kbp region common between B2.4 and B3.6Z is missing in B2.4. 
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Fig. 9. Southern blot of gametophyte DNA and BN8.2 probed with radiolabeled 
BN8.2. Lanes 1 and 2 are gametophyte DNAs digested with BamHI and 
BamHI /SspI respectively. Lanes 3 and 4 are BN8.2 clone digested with 
BamHI /NotI and BamHIINotIl SspI respectively. The molecular weight standards 
are indicated. The sizes of the BamHI-SspI fragments in lane 2 are indicated on 
the right. 
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Fig. 10. Comparative hybridization analysis between the repeats in the replicating 
FsV genome and in the encrypted FsV genome. (A) Ethidium bromide-stained gel 
of the purified FsV DNA digested with BamHI (lane 1) and the BN8.2 clone 
digested with BamHIINotI (lane 2). (B) Southern blot of (A) probed with 
radiolabeled BN8.2 fragment. (C) Southern blot of a gel similar to (A) probed with 
radiolabeled mixture of five MspI fragments containing the repeat regions found in 
the replicating virus genome. 
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Then 240 by following the 178 by missing region in B3.6Z is flipped in orientation in 

B2.4, that is, in B2.4 the reverse/complement of this 240 by region is linked to the 1.5 

kbp region common between B2.4 and B3.6Z. In B2.4, at the junction of the 1.5 kb 

common-region and the flipped region, there is 6 by sequence, CACCAC absent in 

B3.6Z. Following the flipped region, B2.4 contains the 173 by repeats. 

The points of recombinations in the repeat-insertion sites are labeled 1, 2 and 3 

(Fig. 11). At site 1 that joins the 240 by flipped-region and the 1.5 kbp common 

region, there is an 8 by palindromic sequence of CGGCGCCG. At site 3, there is a 10 

by palindromic sequence of TCGAATTCGA. Site 2 is next to an inverted repeat of 

CACCTTCCAC contained within the 240 by flipped region which upon insertion 

becomes reverse-complemented to GCGTGGAAGGTGCG. The patches of sequence 

homologies are present within the rearranged region of B3.6Z and between B3.6Z and 

the inserted repeats. Notably, there is 14 by sequence of GAATTCGATGTCGT next 

to the site 3 in B3.6Z that also exists in the partial repeat 9 by upstream from the site 3 

(Fig. 11B). 

Protein Kinase Gene 

The sequence of B3.6Z revealed that the insertion of the repeats occurred in the 
... 

open reading frame that shares homologies to serine/threonine-protein kinase genes. 

This open reading frame is 1257 by long and the 419 deduced amino acids of this open 

reading frame would form ca. 45 kD protein (Fig. 12). RNAse protection assay using 

sporophyte and gametophyte total RNAs showed that this kinase gene is expressed in 

the sporophyte but not in the gametophyte (Fig. 13). Yeast RNA was used as a 

negative control. 
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Fig. 11. Fine structure and sequence of (A) the intact B3.6Z in the actively replicating 
virus genome and (B) B2.4 and B4.8 containing Rp-L and Rp-R in the encrypted virus 
genome. The 1.5 kbp region colored with the lighter gray is common in B3.6Z and B2.4. 
The 178-bp region (white) in B3.6Z following the 1.5 kbp common region is deleted in 
B2.4. The 240-bp region (black arrow) in B3.6Z following the 178-bp region is flipped 
in orientation in B2.4. The recombination sites where cleavage and ligation of DNAs 
must have occurred to form rearrangements present in B2.4 and result in insertion of the 
repeats into B3.6Z are numbered 1, 2, and 3. These recombination sites are also denoted 
in the sequences below each figure. The 8-bp and 10-bp palindromic sequences at the 
recombination sites 1 and 3 are indicated by the sequences enclosed in gray boxes. The 
inverted repeat present in the recombination site 2 is indicated by the sequence enclosed 
in a gray box with arrowheads. The short patches of sequence homology are shown by 
the arrows above the sequence with letter designations of either a or b to indicate similar 
types. The 6-bp sequence CACCAC present only at B2.4 between the recombination 
sites 1 and 3 is underlined. The arrows arranged in tandem indicates regions occupied by 
the 173-bp direct repeats in B2.4 and B4.8. 
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GAAGAGGAATCTACGTGGTCGCTGCCGAAGCCGGGGCCCTCGT
 

MGGAGCAAGITTTATGACTACCTCTTTTGGATAGTGTCTCGCA
 
a
 

AACCCTTCATGAGCTTGGCGCCGGTCTCTCGAGTAATGTTGATTT
 

TTTTCGCGTCGATTTTCTGGOZTEGMBITMAGGATCAACA
 
ATCTGAACTAAAAATTAAAATTTATTCACGAGGTAGCAATCCAAC
 

ATTGTCATCGAGGTTGGCTCCGAGGAGTTGGAATCGGGTTTGGA
 

ATTCGATGTCGTGGCAATGTCGCGACATTGTCATCGAGTTTGACT
 

GGTTGGCTCCTTCGAGGATCGGGGAGT7GGAATCGGATTTGGA
 

AMAAAATTGGAATTCGAGGTAGCGACCCGACATCGTCATCGA
 
GGTTGGCTCCTTCGAGGCTCGAGGAGTTTGAATCGGATTTGGAA
 

3
TTCGATATCGTGGCAATGTCITCGTTGGATGTTT
 
CCCGGACGCTGCTGCTACGATACCACCATCGCSCGAATATCGAA
 

AAGCAACACATAATTTCAAGATAATGACATTTGCTCGCGTAGTTG
 

GACCAAATTAAACAGACAAGAATCGGTCGCACGCAGCTCGTGGA
 

CGAAATCGGATCCTGATCC
 

Fig. 11. Fine structure and sequence of (A) the intact B3.6Z in the actively replicating 

virus genome and (B) B2.4 and B4.8 containing Rp-L and Rp-R in the encrypted virus 

genome. 
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The translated kinase of this ORF contains conserved amino acids characteristic 

of the 12 catalytic subdomains found in almost all serine/threonine protein kinases 

(Hanks and Quinn, 1991). There is a potential autophosphorylation site (Fig. 12) based 

on 7 of the 20 amino acids being either serine or threonine (Pearson and Kemp, 1991). 

The potential autophosphorylation site is in a region that is unique to the FsV protein 

kinase (Fig. 14). 

Discussion 

We characterized a repetitive region inserted in an encrypted genome of FsV 

infecting a filamentous brown algae of the genus Feldmannia. This repetitive region 

consists of 173 by repeats related to those previously characterized in the FsV genome 

(Lee et al., 1995). Based on Southern analysis, the repeats contained in B2.4 appear to 

be distinct from the repeats in other regions of the FsV genome. This suggests that the 

repeats in B2.4 may have originated from some source other than the virus genome or 

have diverged from repeats contained in the virus genome. 

The repeats inserted into B3.6Z disrupt the 3' end of a protein kinase ORF. 

This FsV protein kinase contains all of the 12 catalytic motifs conserved in most 

serine/threonine protein kinases and a potential autophosphorylation site in a region 

unique to this protein kinase. The FsV protein kinase has a potential 

autophosphorylation site between two conserved catalytic motifs VII and VIII (Fig. 12). 

The protein kinase gene is expressed in the sporophyte culture of the algae where the 

virus amplification occurs but not in the gametophyte culture where the virus genome is 

latent. 



1
 GGATCCCATATAGATCCCAGCGCTACTGTCTTTCAGGTGAAGCCCCCCCGCCGAGAGCGAAGCCAACGAGTCTATGGCGACCTCGGCGTCAGCCGCGACT
 
101 CGTAGCGATATATTGGAACACCACGAGGAAAC CAAGTCAGAGTACGTGAAAGTTTTCTTTCCAACAT CATCGTTGCCAAGTACGAGG CCACCCCCCTCGA
 
201 GAT CGGAAACGTC CGTTGAATCGTAACCGAGGGTCAGG TCGATGT CAGACACTTCGAAG CT CGCCGTCGTGAAAGACGTTGTACCTCCCGAGACATCCAT
 
301 TG C CCCGTTGATGACCAC C CCG CTCT CCGAAACCTGTAGGACAGATACCTGTTCCCCCGAGGTTGAGTTCGACACGGATAGGTTGACGGACGACTCTGAG
 
401 AATAACAAGACTCCCCATCTTTCTCACGATGCCGTCCTCATCGATCGTGTAAAATCCGTGTTCGACGGCGACACCCTCCCCGTCGGTGTTCTGCTTCACG
 
501 AT CTGTG CGAAATCTC CACAGTAAAGTTTCCCCGT CGTCTGGCTGGCGTGTTCCGAGACGTCCGTCACGTACGCCTCCATGTTTTGTTATACGCCTTACC
 
601 ATTAAAAAATTTATTATGAACAGGTTTTCACACGATGATTGGTT CTTACCAG C CGTTGAAAAC CCTGGGTACTGG CG CCTTCGGGACGGTAAAGTTGGCA


MIGS Y Q
 P L K T L 

701 CAGAAGCCGGGCACTTCGCACTTCTACGCCATCAAGTGTATTTCCAAAAACAACATCGTTAGGGCCCACATGGGTTCTCAGGTGAAGACGGAGATCCAGG 
Q K P G T S H F Y NN I V R A H M G S Q V K 

801 TGATGAAAAGCCTGGAC.CACCCGAATATTGTCAAGATTAAAGAAGTC CT CATTT CC CCACAGAATCTCTACATCGTGATGCAGTACGTGTCGGGTGGTGA 
MK S L D K I K E V L IS P Q N L Y 

901 GCTGTACTCC_C_G_GATCACGATACACGGCAAGCTGGGCGAGAGCGAGGTCAAGACTTACGCTCTCCAACTCCTCGACGCTCTGCGGTACTGTCACTCGAAA 
ZiaS6Wgt"MBT I H G K L GE S E V K T Y A L Q L L D AL R.Y. CH S K 

1001 CAAGCCCCAAAACATACTGTTGAATTCAGAAGGCAACCCCCTGTTGGCGGACTTCGGCTTTGCAAAGATAATGGCCGAAC 
Y I C NS E G N P L L K I M A E H 

1101 ATACCGCGAG CTGC CC CGATTCTTCCGACGACACCTCCGACGAGAGGG CTGCGATTACGGTAATTTT CAACCAAGCCGACAAGCATAAATTGTCTCCGAA 
V I K
 

1201 ATC C CT CGT CTC CGATAC CACAAAGAACAAGCAGCTCAGCACAATCTGTGGGGCGATGCCCTACATGTCCCCCGAGATTCTGAATCTCAATAAGTACCCC
 
S L
 

T A S C PD SSDD T SDER A A I T F NQ AD K H L SP K
 

V S D T T K N K Q L S T I Cr ,LNLNK Y P
 

1301 GGGGACAAGACGGACATCTGGTCCCTCGCCGTTGTTTTCTTCGTCCTGCTCGTCGGGCACGTCCCTTTCAATGACGGGGACACCGCCCGGGATCATTTAG 
G D K T °*° "-7( t e H V P F ND G D T A R D ik 

1401 TTTGTCCGAAGCAATTCTCGCGAGACGTGTCCGATTTCCTGAAGCAGATGATGTCGGCCAAGTCGGTTGATCGTCCTACCGCGGCCGAGCTTCTGGACCA 

tCe K Q F S RD V S DtrAMMIKVAMOMMTKOr A A EL L D H 

V 
1501 TCCCTGGCTCGAAAACGCCAACCCGGTTTGTAACAAGCAGGTTCGGGAAAAGTCTTCTGGTTCAGAGGTCACGGACGAAGACGATTCCGGCGCCGAAGTC
 

P W L ENANP V C N K QVR EK S S G E V T DE D D G A E
S S V
 

1601 ATGGACGATGTAAACCTGTCCCACTTCACGATCTGGCTCTACCCCGGACATCGCCGAGACTGCCTCGAAGTCGTCCGACAAAAAATGATCGAAGAGTTTT
 
L F K
M DD V N S H T I WL Y PGHRRDCL E V V R Q M I EE F W
 

1701 GGAACGTCAAAAAGTTCGACGACAAGACACTCAAGGCCTCCGTCATGTCTCCCCAGGGCCTCGTGATGGTGGTTCTCACCTTCCACGCCCAGAAGATCGA
 
NV K K F D T L K A S VMS P Q L V M V V L T F H Q K ID
D K G A
 

1801 CGCGAAAAAAATTAACATTACTCGGGAGACCGGCGCCAAGCTCATGAAGGGTTTGCGAGACACTATCCAAGATCTCGTACAAACTAATTAATGGTGGTAC
 
A K K I N I T R E T G A T N
K LMKGF AD T I QDL V Q
 

1901 ATGATGGAAGACTTGTATTCGTGCAAGAGGTAGTCATAAAACTTACTCCCAAACGAGGGCCCCGGCTTCGGCAGCGACCACGTAGATTCCTCCTCTTCGT
 
2001 CGGACGATAT CT CTGTCCC CTCGAATTCGATGTCGTTGGATGTTT CCCGGACGCTG CTGCTACGATAC CAC CATCGTGCGAAAATCGAAAAGCAACACAT
 
2101 AACTTCAAGCTAATGACATTTGCTCGCGTAGTTTGACCAAATTAAACAGACAAGAATCGGTCGCACGCAGCTCGTGGACGAAATCCCGCAGAATCGCCAC
 
2201 ATGTTTTTGAAACCAGTCCCGGTCACGAGGGATCTGGTGTACGACCACTGGCTGCCCCGGTATGTTTATGTACTGGTACACCAAGTGTGTCAAATCGAGG
 

Fig. 12. Sequence of the protein kinase gene. The conserved motifs of the serine /threonine protein kinases are indicated by the 
amino acids enclosed in gray boxes in the order, I, II, III, IV, V, VIa, VIb, VII, VIII, IX, X, and XI. The conserved residues 
within each motif are underlined. The potential autophosphorylation site is marked by the region in a black box. The repeat-
insertion site in the protein kinase ORF is indicated by the upside down triangle. The underlined DNA sequence indicates the 386 
by region used as an antisense probe for the RNAse protection assay. 
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1 2 3 

III
 
Fig. 13. RNAse protection assay of the total RNA from the sporophyte (lane 1), 
gametophyte (lane 2), and Yeast (lane 3). Probe used for the RNAse protection 
assay was radiolabeled antisense RNA of the 400 by region in the FsV protein 
kinase ORF. 
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Human RMKEKEARSK FRQIVSAVQY CHQKRIVHRD LKAENLLLDA DMN...IKIA 
Mouse RMKEKEARAK FRQIVLHVQY CHQKFIVHRD LKAENLLLDA DMN...IKIA 
Arath RLQEDEARNF FQQIISGVEY CHRNMVVHRD LKPENLLLDS KCN...VKIA 
Rat RVEEVEARRL FQQILSAVDY CHRHMVVHRD LKPENVLLDA QMN...AKIA 
C.Eleg ALPIRESRRY FQQLISGVSY CHNHMIVHRD LKPENLLLDA NKN...IKIA 
DicDi SYSEADAANL VKKIVSAVGY LHGLNIVHRD LKPENLLLKS KENHLEVAIA 
Wheat RFSEDEGRFF FQQLISGVSY CHSMQVCHRD LKLENTLLDG SVAP.RLKIC 

FsV KLGESEVKTY ALQLLDALRY CHSKYICHRD IKPQNILLNS EGNPL...LA 

Human DFGFSNEFTV GG 
Mouse DFGFSNEFTF GN 
Arath DFGLSNIMRD GH 
Rat DFGLSNMMSD GE 
C.Eleg DFGLSNYMTD GD 
DicDi DFGLSKIIGQ TL 
Wheat DFGYSKSSVL HS 
FsV DFGFAKIMAE H ASCPDSSD DTSDERAAIT VIFNQADKHK LSPKSLVSDY 

* 

Human ....KLDTFC GSPPYAAPEL FQGKKYDGPE VDVWSLGVIL YTLVSGSLPF 

Mouse ....KLDTFC GSPPYAAPEL FQGKKIDGPE VDVWSLGVIL YTLVSGSLPF 

Arath ....FLKTSC GSPNYAAPEV ISGKLYAGPE VDVWSCGVIL YALLCGTLPF 

Rat ....FLRTSC GSPNYAAPEV ISGRLYAGPE VDVWSCGVIL YALLCGTLPF 

C.Eleg ....LLSTAC GSPNYAAPEL ISNKLYVGPE VDLWSCGVIL YAMLCGTLPF 

DicDi ....VMQTAC GTPSYVAPEV LNATGY.DKE VDMWSIGVIT YILLCGFPPF 

Wheat ....QPKSTV GTPAYIAPEV LSRREYDGKV ADVWSCGVTL YVMLVGAYPF 

FsV SKYKQLSTIC GAMPYMSPEI LNLNKYPGDK TDIWSLAVVF FVLLVGHVPF 

Fig. 14. Partial amino acid sequence alignment of the protein kinases showing the 
location of the potential autophosphorylation site in the FsV protein kinase. The 
potential autophosphorylation site is indicated by the black box. The serine and 
threonine residues within the autophosphorylation site are marked with asterisks 
under the sequence. Accession numbers of the protein kinases used for the 
alignment are human (p27448), mouse (q05512), Arath (jc1446), rat (q09137), C. 
Eleg (s44859), DicDi (p25323), and wheat (q02066). 
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Based on sequence homology, this kinase is most similar to a myosin light chain 

kinase isolated from Dictyostelium discoideum that phosphorylates the regulatory 

myosin light chain to regulate the force-producing interaction of myosin with actin (Tan 

and Spudich, 1990). Significant homology in addition to that of Dictyostelium-MLCK 

shows that the kinase is related to the SNF1 subfamily, namely SNF1, niml +, KIN1, 

and KIN2 (Hanks et al, 1988). SNF1 protein kinases in yeast function in response to 

glucose starvation (Jiang and Carlson, 1996) and niml + functions as a mitosis inducer 

(Wu and Russell, 1993). Although there are serine/threonine protein kinases 

characterized from other viruses, this FsV protein kinase appears to resemble 

eukaryotic cellular protein kinases rather than other viral protein kinases. This 

suggests that perhaps this kinase functions in cellular processes rather than in virus 

replication or morphogenesis. Since this virus only replicates in the sporangia, it is our 

hypothesis that this kinase functions in diverting sporangium formation to virus 

production. 

An alternative hypothesis for the data presented here is that B3.6Z is yet 

another integration site for the virus genome (Fig. 14) that recombined into a repetitive 

region of the host algal genome. Ivey et al. showed by Southern analysis that intact 

viral BamHI-fragment A (B26.0A) spanning the integration site for the virus genome 

exists in the algal genomic DNA as well as the DNA fragments containing the 

host/virus junctions. The intact B26.0A fragment in the algal genomic DNA may have 

originated from the virus genomes that opened at other virus genome integration sites. 

The B3.6Z fragment of the virus genome may be the other virus genome integration 

site that opens and inserts into a family of host repeats. While we can not refute this 

hypothesis with the present evidence, it seems highly unlikely that this alternative exists 

because extensive screenings through the genomic DNA library found no evidence for 

the presence of any other virus genome integration site. 
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We have demonstrated the presence of an encrypted virus genome in a brown 

alga. This genome appear to contain an insertion of large repetitive region greater than 

50 kbp in length in a protein kinase gene. One possible cause of the encryptation of 

this virus genome may be an inactivation of the protein kinase gene essential for 

excision of the virus genome due to the insertion of the repeats. However, unless the 

protein kinase acts in cis, the protein kinase encoded by the other active virus genomes 

could act in trans to excise the virus genome. Another possible cause may be the size 

of the repeat-insert. If the insertion placed the ends of the integrated virus' genome too 

far apart to be able to communicate and excise out, then the virus genome would 

become incapable of excising out and therefore become encrypted. Permanent 

encryptation of the virus genome integrated in the host genome is an interesting 

problem in that evolutionarily that may be a way of incorporating new genetic 

information into the genome. Future studies of the functions of the 173 by repeats may 

reveal interesting biology involved in the process of permanent encryptation of the 

virus genome. 
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Abstract 

We report the complete sequence of the DNA polymerase gene from the virus 

infected in a filamentous brown algae, Feldmannia sp. (FsV). The DNA polymerase 

gene from FsV encodes 986 amino acids and contains all of the conserved motifs of 3'-5' 

exonuclease domains and catalytic domains found in B-family (a-like) DNA 

polymerases. The codons for the FsV DNA polymerase appear to have some bias 

towards G/C in the third position. The phylogenetic analysis of the FsV DNA 

polymerase gene and other viral DNA polymerase genes indicates that FsV belongs to a 

group formed of algal viruses recently defined as Phycodnaviridae. 
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Introduction 

Viruses and virus like particles (VLPs) have been observed in many different 

algae and in a wide range of aquatic habitats (Van Ellen et al., 1991). Most of these 

reports were ultrastructural observations of field-collected algae and were not studied 

further. Consequently, very little is known about the algal viruses. We have previously 

reported a persistent virus infection in a filamentous brown algae, Feldmannia sp. (Henry 

and Meints, 1992). Feldmannia sp. Virus (FsV) is a large double-stranded DNA virus 

produced only in the unilocular meiotic sporangia of sporophytic plants. In sporangia of 

the infected plant, a virus production eliminates the formation of zoospores and 

polyhedral virus particles of about 150 nm in diameter fill the sporangia. Approximately 

1-5 X 106 virus particles are produced per individual sporangial cell. There are two size-

classes of the FsV genome: 158 kbp and 178 kbp. Both size-classes of the FsV genome 

map as circles and they are highly similar to each other (Ivey et al., 1996). 

When FsV is compared to other brown algal viruses, FsV shares some similar 

characteristics. As in FsV, the viruses observed in Ectocarpus siliculosis (Muller et al., 

1989) and Feldmannia simplex (Muller et al., 1996) have polyhedral capsids and large 

dsDNA genomes. These brown algal viruses are produced mostly in the reproductive 

cells of the algae and are latent in vegetative cells (Henry and Meints, 1991; Muller et al., 

1989). These characteristics and the fact that these viruses infect related host suggest that 

brown algal viruses are related to each other. 

Brown algal viruses have significant differences compared to the viruses that 

infect Chlorella-like green algae. Brown algal viruses are produced only in specialized 

reproductive cells of the plant and are latent in vegetative cells whereas the Chlorella

viruses replicate in all infected uni-cells and have no known latent stage in their lifecycle. 
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Brown algal viruses have demonstrated infectivity by infecting naked spores and gametes 

that do not have cell wall (Muller et al., 1989; Muller and Frenzer, 1993). Chlorella

viruses infect cells with intact cell wall by digesting pores through the wall to insert their 

DNA. Viruses infecting Ectocarpus siliculosis and Feldmannia simplex appear to have 

circular genomes as shown by electron microscopy (Lanka et al., 1993; Friess-Klebl 

et al., 1994) and FsV has a circular map (Ivey et al., 1996). Chlorella-virus genomes are 

linear with closed hairpin loops at their ends of the linear genome (Rohozinski et al., 

1989). 

Recently, Chen and Suttle (1996) reported the evolutionary relationship of algal 

viruses infecting Chlorella, Micromonas pusilla, and Chrysochromulina. The 

phylogenetic analysis of the algal virus-encoded DNA polymerase genes and other viral 

DNA polymerase genes showed that the algal viruses grouped together into one branch 

distinct from other families of viruses such as Herpesviridae and Poxviridae. Based on 

this phylogenetic analysis they suggested that all algal viruses be placed in the newly 

defined family, Phycodnaviridae (Van Etten et al., 1991). 

We have since cloned the DNA polymerase gene from the FsV genome and used 

its sequence in a phylogenetic analysis to see how related the brown algal virus is to other 

algal viruses. Despite the differences between the brown algal viruses and the Chlorella

viruses, phylogenetic analysis indicates that FsV falls in the same branch with other algal 

viruses and suggests that FsV belongs to the algal virus family, Phycodnaviridae. 
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Materials and Methods 

Culturing Conditions & DNA Purification 

Culturing of the algae and virus DNA purifications were carried out as previously 

described (Henry & Meints, 1992). 

Southern Analysis 

360 ng of the FsV DNA was digested with BamHI and PstI and electrophoresed 

through 0.8% Agarose gel in TAE buffer (0.04 MTris-acetate, 0.001 MEDTA). The gel 

was stained with Ethidium Bromide and photographed by UV transillumination. For 

Southern transfer, the electrophoresed DNAs were depurinated in 0.25 N HC1 for 1 hour, 

denatured in 1.5 MNaC1, 0.5 N NaOH for 1 hour, transferred onto a nylon membrane 

(Hybond-N, Amersham) in 1.5 MNaC1, 0.25 NNaOH, and baked for 2 hours at 80°C. 

A 16-mer oligonucleotide probe, 5' TAT/CGGNCAC/TACNGAC/TT3', was 

synthesized from the catalytic domain motif IV (YGNTD). 20 picomoles of the 

oligonucleotide was labeled with 100 viCi of [y-3213] ATP (3000 Ci/mM) (DuPont NEN, 

Boston, MA) using T4 Polynucleotide Kinase (New England Biolabs, Beverly, MA). 

The Southern blot of the FsV genomic DNA was prehybridized in 7% SDS, 0.25 M 

NaC1, and 0.12 MNa-phosphate buffer (pH 8.2) for 1 hr and then hybridized at 55°C in 

15 ml of the same buffer containing 3.6 x 107 dpm of labeled probe for 6 hours. The 

hybridized blots were washed twice in 5X SSC, 0.1% SDS for 10 min and 

autoradiographed at -80°C with intensifying screens. 
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Cloning and Sequencing 

The viral DNA fragments spanning the DNA polymerase gene was digested with 

restriction endonucleases and cloned in pUC 119 into the Escherichia Coll host JM101. 

The template DNAs (double-stranded plasmid DNA) for sequencing were purified using 

a plasmid DNA purification kit (QIAGEN Inc., Chatsworth, CA). Sequencing was 

performed by an Applied Biosystems Model 370A DNA sequencer with an M13 forward 

and reverse primers and oligonucleotide primers synthesized from the regioli previously 

sequenced. 

Sequence and Phylogenetic Analysis 

The DNA sequences were compiled and analyzed using the GCG program suite 

(Devereux et al., 1984). Sequence similarity searches through the Gen Bank and the 

EMBL databases were performed using programs based on the BLAST algorithm 

(Altschul et al., 1990). The % GC of the sequence was determined by GCG program, 

COMPOSITION and codon usage and codon preference was determined using 

CODONFREQUENCY and CODONPREFERENCE programs. The CLUSTAL V 

program (Higgins, 1994) was used to obtain multiple sequence alignments. Since the 

DNA polymerase gene sequences of viruses infecting Micromonas pusilla and 

Chrysochromulina were available only as a sequence of 400 by PCR product, the 

conserved regions within the 400 by sequence present in these algal viruses were 

compared and used for generation of the phylogenetic tree. Phylogenetic trees were 

generated using programs (PROTPARS, SEQBOOT, CONSENSE) from the Phylip 

package in GDE. Trees were generated using protein parsimony analysis on 100 

bootstrapped data sets. 
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Results 

Cloning and sequencing of the FsV DNA polymerase gene 

The DNA polymerase gene in the FsV genome spans the viral BamHI-fragments, 

Y and D (Fig. 15). The FsV DNA polymerase gene encodes for 986 amino acids 

containing all of the conserved motifs in 3'-5' exonuclease and catalytic domain of B-

family (a-type) DNA polymerases (Fig. 15) (Ito and Braithwaite, 1991; Braithwaite and 

Ito, 1993). The orders of the conserved motifs in the polymerase genes are positioned as 

it appears in DNA polymerases of the other large dsDNA viruses. 

The 4.3 kbp of nucleotide sequence spanning the DNA polymerase gene coding 

region shows a GC content of 54 %. The codons used in the DNA polymerase gene 

shows some preference for G/C in the third position. A TTTTTNT sequence which has 

been shown by Yuen and Moss (1987) to be transcription termination signal for Vaccinia 

early genes is found at the 3' end of the FsV DNA polymerase gene immediately 

following the stop codon (Fig. 16). 

Phylogenetic analysis of the FsV DNA polymerase gene 

To study the evolutionary relationship of FsV to other viruses, we performed a 

phylogenetic analysis using the sequence of the FsV DNA polymerase. The FsV DNA 

polymerase sequence was compared to 23 other viral DNA polymerases (Table 1) 

included in the phylogenetic analysis performed by Chen and Suttle (1996). These 23 

viral DNA polymerases include representative members of all virus families having large 

dsDNA genomes except Iridoviridae. The sequence alignment was made using 
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Fig. 15. Location of the DNA polymerase gene in the FsV genome. The direction of the DNA polymerase
 
ORF is indicated by the arrowhead line below the FsV genome map. The conserved motifs of the 3'-5'
 
exonuclease and catalytic domains are indicated.
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CAGGGACACTACCCCGACCGCMCAGTGTCCGGGTCCACGACAACGTCCTCCATIITTCGAAGGGCTITTGGTTCGACCATAGAGCGTCGGTACATCAAA 100
 
TCTITITCGGAGGGTATTCCTIVITCACCCGGCGTGTAAAGACCIGAACTAAAAATGTATTCTTGGACITCATTTCTTCGAATGCCAGGTAAACTITCCC 200
 
GTAAAAAAGCITGTCGGGAAGCCTTGTCGAGGGATTCGGAATITTTGTTGAATTTTTCAATCGTTCGTGGTITTCCAAGTTGGGTATAAGACTTTCATYC 300
 
AAAGATACCTGGAATITCGCAGTTTCITCATCCATCGACCCGACTCCCGACAAGCAAGACAAGGATACTTATTTTCCTCTAAAAATGTATTGACTGGCTI 400
 
GCGACCGGGTGAGCATCGGCCCATTCCTCGGTCTCCGCGCAAGGCITTATTGGGTCCITTITCTIVCAGATATAAGTTTGGCCGGGTAGGAATGCAAGGC 500
 
CAGACCNGTAGAAKITATCCGAACCGTGGCGAACTCGITNCCCTGCAGTC=CGCATCATAATITGGcAGTCGTCCATITGCCGATGGTCCACCTATAT 600
 
TITCTGAGCANITCITGTTGGCGAGTACCTITTCATTGTTGGGAGCTTCAAGAATIGACGTCCAGAGAAAATCACCTCTITTCTTGTCGAGGITATACAT 700
 
GACATCATATCGTCAAACATTATAAACGATCCGAAAGCGTCFGGGGAGAGGTACCCATCITGGTCAATACGAAACCAGTCAGTCGGTATGACGCTCAAGC 800
 

ACACGATGCGCGGATCGACAACGTCGCAAGTCCTTCTGGTTCGTCCTCGATCCGGGATACCACGTTGGTACAGATCTTCGCGGTGGCTGAAGA 900
MRGSTTSQVLLVRPRSGIPRWYRSSRWLKT 
CGGGCGGCCCACCTACTITCAAGTCAAAAACITTCTGCCCCTGGTITTACGTCGACCTGAACGAGTTTITCACCITCGCACAGITCAAGTCTGTTGTGGC 1000
G GPPTFKSKTPCPWFYVDLNEFFTFAQFKSVVA 
CGAACAGTACTGGGCCCGGAACGTCGTGTCGTGTGAGCTCGTGGCGCGCAAGAGATTCATCGGGITTGCGGATGGGAAGAGCTTCGACTACGTGCTGATG 1100
E QYWARNVVSCELVARKRFIGFADGKSFDYVLm 
ACCITCACCGGGCTCATCCCAATGTAIII,tiCGCGGAAGTACCTCAGAACATTGAAGGTCCATCTCCAEGAGGATTCGGTCGACCCCIAXTCAAGTTCT 1200
TFTGLIPMYCSRKYLRTLKVHLHEDSVDPLLKFF 
TCCACTCCTCCGGGATCAAGCCCTCCTCCTACITCGAGATGGACGGTFTTGTTGTCTGGAACGGCCAGGGCAAGACCCATIGCTCFCGGGAATACTACGT 1300
H SSGIKPSSYFEMDGFVVWNGQGKTHCSREYYV 
CGCGGTGCAGAACCTGCGACCCTCGGCGGACTCGGGTTCGCCCCCACCGATACCCATGTGTTCGTACGACATCGAGTCTTCCGGGCTGGACCCGGCCTCC 1400
AVQNLRPSADSGSPPPIPMCSY SGLDPAS 
GACTACGTATTCCAGGTGTCGCTGTGITTCGGATTTCTCGGCGAAGATCTGGACAGTCGATCCGCCATCTCCGACAGUILGTCATCTGTGTCGGGGACG 1500
D YVFQVSLCFGFLGEDLDSRSAISDSFVICVGDV 
TCGAGTCTGTCGAGGGCACCCCGATIrTATGTGTCCAAAACGAGCMCAACTITTGAAAAAGITCAGGGAGATTGTCGTCGAGAGACAATATGCATCGT 1600
E SVEGTPILCVQNELQLLKKFREIVVERQVCIL 
CGTCGGCTACAACAGCTACCAATTCGACGGGCAGTTCCTGTACAAGCGCGCCGTCGACACGTACAACTACCAGGACTTCTGCAAGATCGGCTIT=CGA 1700
GMERIMMIIIIIMGOFLYKRAVDTYNYQDFCKIGFIR 
AACGACAAGGCGTCCCTCAAGACCAAGGTrCTCGAATCGTCGGCGITGGGGAAGAACGAGCTGTCTCAGITCGTCATCCCGGGCCGTGTAGAATITGACG 1800
N DKASLKTKVLESSALGKNELSQFVIPGRVEFDA 
CCCTGATGACCGTGAGACGGAACCACAAGCTCGGGTCCTACAAGCTCGACTCCGTCTGCAGGCACTTCTTCGGGGGTAAGAAGGACGACGTATCGTACGA 1900
L MTVRRNHKLGSYKLDSVCRHFFGGKKDOVSYE 
ATACATCCTGTCCGCCTGCGAGTCCAAGGATCCCAAAAAGCTCGGCGTCATCGCCAAGTACTGTCTCCAGGACG=GGCTCACGCTGCGCM,GTGTCG 2000


YILSACESKDPKKLGVIAKMIMIIMIMIMMIIIIMIMIETLRLVS 
AGCCTAAAAGACGTGTACAATGGGCTAGAGATGTCGAAGCTGTGTGTCGTCCCGCTGAGCTACATCGAGTCCAGGGGTCAGGAGATCAAGTGTCTCTCGC 2100
S LKDVYNGLEMSKLCVVPLSYIESRGOQIKCLSL 
TGATCCTAGACAGGGTCCATGGGGAGTTTGTGTGCAACAAGGCTTCGCGTG-1 11 iGCCGGGTGGTGTCAAGTTCCAGGGGGCCACCGTCATAGACGCTAC 2200
ILDRVHGEFVCNKASRVLPGGVKFQGATVIIMBEINI 
GAAAGGGITCCACAACAAAGACCCCGTCGTCTGCCTCGACI I rGCITCTCTCTACCCGTCCATCATTCGTTGGAAAAATCTGTGCTACACCACCTALI ru 2300
IIRwKNLCYTTYL 
GACTCGGATGAATTCGCGAACATCCCTGGCGTCCATTACGAAAGGTTCGAGATTTCGCCGGGGGTCTATGAGACGTTCGCGACGCGCCCCGGGCACAAGG 2400
D SDEFANIPGVHYERFEISPGVYETFATRPGHKG 
GGATACTGTCGGCCATCGAGGAAGACCTGGGCGAGGCGAGAAGGCAAACCAAGGCTGCGATGAAGGTGGAAAAGGACAGCAAGAAACTGCAGCTCCTGAA 2500
AAMKVEKOSKKLOLLN 
CTCGAAACAGTTGGCGCAGAAAGTCACCATGAACTCGCTCTACGGTTTCTGCGGCACCGTCAACGGTTG=GCCCCTGGTTGCCATCGCCGCGGCTGTA 2600
VNGCLPLVAIAAAV 
ACCTGTACTGGAAGGTCCATGATCAAAACGACCGCCGACTTCATTCGCACGGAAATGGGGGGCACCGTCATCTACGGGGACACGGACTCCGTCATGTGCA 2700
TCTGRSMIKTTADFIRTEMGGTV5/71IIMBICT
CGTTCCCCGCGCCACAGACCGTCCGCGGCCAGGGCAAACGTGCCCTGTTGGGACACGCGTACGCCATGGGGCTGTCCGCGL,AA6AGAAGTCTCTGAGTCT 2800
FPAP0TVRGQGKRALLGHAYAMGLSAEEKSISL 
CTTCGGTCACCCGGTGAAGTTGGAGTATGAGAAGATATATTTCCL II 1CCTGCrCATCTCCAAGAAGAGGTACGCGTGCATGTCITACGATCGCCCGGAC 2900
FGHPVKLEYEKIYFPFLLISKKRYACMSYDRPD 
AGCGAGCCCAAGATGTCCACCTCCGGTCTGGTCACGGTACGCAGGGACAACGCGAAGGTCGTGCGTGACTGTGCGAATGGGGTAATCFCCATACTCATGG 3000


S EPKMST NAKVVRDCANGVISILME 
AAGGTCGCGGACAGGGTGATGTCGITGAGTACGTCAAGACGGTATTATCTAAGTTGGAAAATTCCGAGATCGGTGTGGAAGACCTGACTATCTCCAACGA 3100
G RGQGDVVEyvKTVLSKLENSEIGVEDLTISNE
GTrGAAGAAACATCCGGACCAGTACGCCACTCCCTCCGCCCACTCCGTTCTCGCCGGAAAGCTCAACGCTCGGGCCAAGAACCAAAAGCTCTACCGAGAG 3200
L KKHPDQYATPSAHSVLAGKL NARAKNQKLYRE
ATCGTGAGACCCGTCGTCGAGCAGGGGGGTGTCCCGAGTCTFGGCACAGCGTACGGGGTCI n,GAAGGCGTCCGCCGGAAGITCTCCTTCGATCAGCGCC 3300
IvRPvvEOGGVPSIGTAYGVLEGVRR KFSFDORR 
GGGATGTGTCCTACGAGGAGTTCTTGAGGGACCTTGCAAACGGTCGTGTCGCGGAAAAACTCAAAGGGTCCGCCCCACAAGTCTCGGAGTGCGAGTCACT 3400
D VSYEEFLRDLANGRVAEKLKGSAPQVSECESL 
TGTCGGGTCGACCGAGGACAAGCTCATCCAGGAGGGGATTCGGACGGAGAAGATCLIGAACGATATGTACCGGGAGTTCTCGGTGTTCGACCGCATGTAC 3500
GSTEDKLIQEGIRTEKILNDMYREFSVFORMY
 
TGGGAAGCCCAGAGCCTCGGGTCCAGGGTACCCTACGTCATCGTACGTGGGAATGGTTCGGTCAACGAAAGGTCGGAAGATCCAAGATTCGTAGAAATGG 3600
w EAQSLGSRVPYVIVRGNGSVNERSEDPRFVEMA 
CGGACCACCTCCGCATCGACACCAAATACTACATCGACCAGCAGTTGAAAAATCCGATTCTCGGCATCGTGGAAGCCTTCCCCGATGGCCGTGCCAGCCT 3700
D HLRIDTKYYIDQQLKNPI LGIVEAFPDGRASL 
AGAGAGAGTGTTCCGAGAGTTTTCGAGGAGGGCGGACAACGCCAACAAGGGTAGGAGGGAGATCACCTCGTTITTCGAGAGGTCGGTGCGGTCCAAAGTG 3800
E RVFREFSRRADNANKGRREITSFFERSVRSKV 
TAGIUTTITATITTITGCAGGGTAGTAGTGGAGCCAAGTCATGAAGGTGACCGAGCATCGTTTTCGCGAGTTGTCGGGGGAGGTTCGTGAACCCATGTGCC 3900
 

ACGAAGATTCGGAATTCGATCGGITTATCTTATTTAATCAAAAGAGTGAGTTTGAGTACGNCGACGTGTTTGCGCTCTTCAAGAAAGAGATCGCTTGTTT 4000
 
CTGGACCGTCGAGGAAATGGACCITTCCGAAGACGTCGAGTGCTGGGACAAGT=CCAGCGACGAACAGCACITTATTATTCACATCCTGGCTTTCTTT 4100
 
GCGAGTCTCGACCAGATAGTGATGGAAAACGTTTCCGTGAACTTCGGTGATGAGATCGTGATCCCACAAGTACGAAGACATTTCGCCATCCAGAACGCCA 4200
 

Fig. 16. Sequence of the FsV DNA polymerase gene. The gray boxes indicate 
the locations of the conserved motifs in the order shown in Fig. 14. A TTTTTNT 
sequence is boxed. 
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CLUSTAL V program in GDE program package and the conserved regions within the 

alignment was used for phylogenetic analysis (Fig. 17). The phylogenetic tree formed by 

protein parsimony analysis (Fig. 18) shows that the relationships among the viruses are 

similar to the tree previously generated (Braithwaite and Ito, 1993; Chen and Suttle, 

1996). According to the tree generated from the phylogenetic analysis of the DNA 

polymerase sequence, FsV belongs to the branch comprised of algal viruses. 

Discussion 

The FsV DNA polymerase gene was identified and characterized. The FsV DNA 

polymerase contains all of the conserved motifs of the B-family (a-like) DNA 

polymerases. The B-family DNA polymerases include E. Coli DNA polymerase II, 

Archaebacterial DNA polymerases, DNA polymerase I, II, and III of Yeast, and all of the 

eukaryotic viral DNA polymerases. The DNA polymerase gene has G/C content of 54% 

and codons of the DNA polymerase gene have some bias toward G/C in the third 

position. A TTTTTNT sequence motif shown by Yuen and Moss (1987) to be 

transcription termination signal for the Vaccinia virus early genes is present immediately 

following the stop codon. Yuen and Moss (1987) showed that termination occurs about 

50 by beyond the sequence TTTTTNT. This sequence was present at the 3' end of the 

two highly expressed genes from Chlorella virus (PBCV-1): the Major Capsid protein 

Vp54 gene (Graves and Meints, 1991) and 33 kDa gene (Graves et al. 1992) and the 3' 

end of the ORF-3 in a HindIII -SstI 4.5 kbp genome fragment of FsV (Krueger et al., 

1996). A TTTTTNT sequence motif was absent in the protein kinase gene (Lee et al., 

manuscript in prep.) and the major capsid protein gene (Xibing et al. manuscript in prep.) 

of FsV. Like other genes identified in the FsV genome (Krueger et al., 1996), the FsV 

DNA polymerase gene lacks an obvious polyadenylation signal. 
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VNPK
LdNPV KOGKVLSPICP GEN--RWV,7 LDFNALYPTI MMEGVCSISS NV-FIASOGN
 

FsV
 WATVIDATK GEHNKDPVVC LDFASLYPSI IRMKNLCYTT Y LDSD EFANIPGVHY ERE EtSPGVY-- ETFATRPG.. H I LSAI
 

BmNPV KGGKVLQPRA SIY--KNAPS LDFNSLYLTI MIAICACLE- NL-VLCEDGN
 VY LN HNS IWK
 
PEICV-1 EGATVLDAKN PAYF-TPI'A LDFASLYPSI IRAHMSPST LV ME-K RFENvPGVEY
 YEI ETGLGKFKYA OKNDETGE-

MpV-SP1 EGATVLDAQK GAYY-TPIrA LDFEALYPSI MA/BSI-CYST YV MDEK NYGNVPGVTY ETF EIGDRKYKFA
 LLPSI
 

L- -ARPAGLE -EDEFSAF EVNGERLYFV KA -GV LLSI
 

GPCMV QGATVLEPDV G-FYISTPVV FDFASLYPSI IKKHNLCYST YL
 
POI OGAKVLEPDS G-ENVDPVLV LDFASLYPSI IOAHNLCFFT LA
 

-PL GRDD - - -G LSODOVELLE EDDGTRYGEV RE -MV -- -R ILGE
 

VacV EGGKVEAPKG KMF-SWW,I FDYNSLYPNV CIFGELSPET LVGVV-VSTN RLEEEINNOL LLQKYPPPRY ITVHCEPRLP HLISEIAIFD RSI IPR
 

--GGEY---P VDPADVYSVT LENGVTMRFV RA -- -5V -- -R VLSE

HCMV QGATVLEPDV O- YYNDPVNV FDFASLYPSI IMAHNLCYiT LL VP-

L RPEAVAN LEADRDYLEI --R LLSI
 

AcNPV KOGKVLKPRA GIY--KNA,=5 LDENSLYLTI MIAICACLE- NL-ILCEDGN VY
 
HSV-2 OGARVLDPTS G- FHVDPWV FDFASLYPSI IGAHNLCFiT LS
 

LN HISS
 

KLESEINMRT IKSKYPYPEY VCVSCESRLS DYYSEIIVYD RAE SIP
FPV IOGKVFLPSO KTF-ENNVMI FDYNSLYPNV CIYGNLSPYK LVCIL-LNSN
 
GSPE - - -- VPEKDVLRVE LLAE
 

NY-2A EGATVLDAKK GAYE-7514A LDFASLYASI IRAHNMSPST LV -MD-K RFENLPGIEY YEI ETGLGTFKYP (2101DETGE-

MpV-PB8 EGATVLDEQK GAYY-TPICA LDFEALYPSI MAHMILCYST YV MDEK NYGNVPGVTY
 

MCMV OGATVLEPEC G-FHHVPV:V FDFASLYPSI IMSNWLCY-51" LL -VE
 

ETF EIGORKYKEA 0 G- LLPSI
 
LLPSI
 

HANPV KGGKVLEPOP GEK--QMVVT LDFASLYASI WYEGICLE- NV-EVAQDDN VT
 
MpV-PLI EGATVLDEQK GAYY-TPI rA LDFEALYPSI POIARNLCY3T YV- -MURK NYGNVPGVTY ETF EIGDRKYKFA 0
 

LM KD VNPK
 

I .VEDP EFDNLPGIEY FDKDMEEDDI DSDGNE/KRP VSVREVION IMPKI
 

CbV-PM3 EGATVLDATP GAME-BPS IC LDFASLYARI MIANNYDY4T -I---.VEDP EFDNLPGIEY FDKOmEEEDI ESDGNEIKRA VSVREVON IMPKI
 
CbV-PM1 ElATVLDATP GAME-EPIKG LDFASLYASI MIANNYDYAT
 

QGATVIQPLS G-EYNSPV,V VDFASLYPSI IOAHNLCY3T MI -TP GEEHRLAG LRPGEDYESF ELTGGVYHEV RE KV- -HE FLAS 

VZV KGARVFDPDT G-FYIDPVVV LDFASLYPSI 10ANNLCFTT LT 
EBV
 

L-.- --.NFETVKR LNPS-DYATF TVGGICRIFFV RS NV -RE LLG
 

OGARVLDPTS G-FNVNPVVV FDFASLYPSI IOAKNLCFET LS L -RADAVAH LEAGKDYLEI EVGGRRLFFV KA NV LLS
 

CbEPV EGGYVLEPID2 KYI-DSITAV FDFNSEYPSN IIEANLSP3K VEKVIKLODD
 
H5V-1
 

EYAVDIVENY LKEKYPYPDY CYMLIKK--- DKTYKFIVMD RAE
 
WEV RIENNVPDKMLMAKGESUM vSKIMNWRLV EG
SEW PGAFVIDPVX GLEQDKPTIPG LDFASLYM IMAYNESPfK FVASRDEANS
 

ITICMG RGKLKEVVGK VEAMLYD RIANSIYGYY GIFFKP
Gd.NPV LKTLSEHRVE YKGLREIOCEY NSF TYE- IONALK
 

L -Q L KOLACE VTMNSLYGFC GTvNGC LV A VTCTG RSMIKTTADF IRTEFsV EEDLGEARRQ TKAAMKNEKD SICK
 
LYD- L KONSVK RTANSIYGYY GIFY ITRVG RMQLRRAISL fEGL-- S


BmNPV LLKLLSERCK EKKNIRDNOSE SAF
 

LODLAKtliKL AKKHMAAKR NGD DFKEA LYD PQRSEK VVmNSVYGFL GASKGFI CV SVTATG RKmEEKTAKR AVELPBCV-1
 
VON KQLAYK vSmNSWGFT GAGKGI CV TTTCRG RGM1DETKKYMpV -SP1 LLELKQFRKN AK/CDMAAATG SMK
 

GVANGL CL P TVTTIG RDML/VATRDY v(E)7R 

GPCMV LARKLAKRKS VRKVLAECQD EVE KL ILD QLALK viCNAFYGFT GVSS L P TRIG RDMIINSVVDY VNTY 
PrV LRDWLAMRKA IRARIPTSAP E E AV LLD QOAAIK VVCNSVYGF7 

m
 

VacV LRTFLAERAR YKKMLE-QAT SST EK. A IYD MGYTYK IvANSVYGLm GFRNS SY KSCTSIG RRMDLYLESV LNG 

VTCRAFYGFT GVVNG L P SITRIG RDMLERTARF IKDNHCMV LNKWVSORRA VRECMRECQD PVR --------------- RA, LLD EQMALK
 

HSV-2 LRDWLAJHREQ IRSRIPOSPP E E AV LLD OPQAAIK vvCNSVyGF7 GVQHGL CL TVTTIG REKLLATRAY VELAR A 

AcNPV LLKLLSERCK FKKNRDNQSE SAF LYD- L KQNSVK RTANSIYGYY CIFY ITRVG RNQURLAISL IEGL S
 

I IANSVyGUIGFSNST SY TCTTIG PLRMITYLDSI PING-----FPV LEMPIGKRKE YKNLLK,TAS TTI ES-.T - LQYTYK 

EMQ-- RM IM OOLALK vTCNAF7GF7 GVAAGM CL ITKIG PLOMLLATAGH IEDRMCMV LVRWLTQRKL VREAMKDC7N 
EFREA LYD QQRSYK IVMSVYGFL GASRGFvCV VTATG RKMAEHTAXR VTELNY-2A LDDLAKFRK0 AKKHMAEAKK NDD
 

SMK VYN KQLAYK vSmNSvycrr CASKS! CV TTSCRG RGMDDETKKY VEEK 

mpv-PL1 LLELKQFRKN AKKINIGRATG SMK KOLAYK vsmNSvyCF7 GAGKGI CV STTSCRG RGmODETKKY SEEK
Mps-PB8 LLELKQPRKN AKKDMGRATG 

RIANSIYGYF GIFFKP ITKIG REKLTEAIVR IQAM
 

CbV-PW1 UNUAMERKA IRKOMKTLSP DDP A VYN vGLAIK
 
H.NPV LAELLDLRAK YKNLRDKNEP GTF - -QYN-- LND IQNAVK 

LY VSMNSIYGFT GARYGR IK K vTACG RGMLANSKKG LEE.- -C 

LDRLMKERKA IRKQMKTLSP SDP- LY..A VYN LOLAIK vSEINSlyGFT GARYGR IK VTACG SGMEANSKKG AEEN 

EBV LTSWIAKRKA IKKLLAACED PRQ-- --- PT LLD OQLAIK CTCNAVYGFT GVANGL CL S ETVTLQG RTMLERAKAF VEA 

VZV LKDWLAMRKA IRARIPGSSS 

CbV-PWS
 

AV LLD QQAA1K vvCNSVyGFT GVAOGF CL C -CV-771G ROMLLSTRDY IHNN 

-AV LLD 00AAIK ,-VCNSVYGET GVOHGL CL Hl TVTTIG REMLLATREY 

ITINSLYGLL GSERFD SP EYCTALG QKC1KYIKNL VDK- -- -
HSV-1 LRDKAmRKQ IRSRIPOSSP E-E 
CbEPV IDKGMKSKNE YKNLKNENKN NPv LY N rfT ALYSKK 

ASFy LIDLLNKRTA LKOELKKLGE KKECIHESHP GEKELGERNA KoKALK 1FmNIFYGEA GNNLSPS LL GGVTSSG OYNUCLVYNF VINKGYGIK, 

KIN FSVI Y GDTDSCE IR VLFDEA

LdNPV DDPRIL -- REFG --LS
 

G GTVI -- Y GDTDSVM-CT FPAPQT--VR
FsV
 
SIG FKVV Y GDIOSTE VL PTFNYN

BmNPV NDPE/L KKFN LN
 
G SEVI - -- Y GDTDSVM-VIE MKLPDD--KV


PBCV 1 P
 
G AKVR - -- Y GDTDSVM-VE FDVGDR--KG


MpV -SP1 P 

PrV ATRELLERDL P ARPPAGE YA VRW - -- Y LDIDSVF-IR FSGIAY--DD
 

G EEDLTG DA LN VKVI Y GD7DSVF-VI CGGVKC--GS

GPCMV GHAEFWLRYL 

DRDINPIVK TSLPIDYRFR FRSV - - -- Y GDTDSVF TE IDSOD
VacV AEL SNGMLR FANPLSNP FYKD 

HCMV 
HSV-2 

AcNPV 

FPV 

SEPCFLHNFF NQEDYV

AEFOQLLADF 
NDPEIL EKFN 

AVW ENDKLI

VGTREGDS LESS 
P E AA 

-LG 
LAD-FPRN IFSG 

ALPEGLETS SGGSNERRVE ARVI 
GMRAPGP YS MRII 

SIT FKW  -

ETMFNKELE VP NMNESFK FRSV - - -

Y GDTDSVT-VR FRGLIP--QA 
Y GDTDSTF-VL CRGLTG--EA 
Y GOTDSTF VL PTFNYN 

Y GDTDSLF SE ISTKD 

MCMV NRPDPLRTVL GLPPEAIDP EA LR VKII Y GDTDSVF-AA FYGIDK-.EA 

NY-2A P 
G SEVI - Y GDTDS'44 -IR MKLPDD.-KI 

C AKVR - - -- Y GDTDSVM-VE FDVGDR--KG
MpV-PB8 P
 

G Y GDTDSVM-VE FDVGDR--KG

MpV-PL1 P
 

RIN Y GDTDSSF-IQ ----VDFEKT
RiNPV NRADIL KORN -LS
E Y GDTDSTY-VK FKSDLK--GR


CbV-PWI
 
E CEvv Y GDTDSTY-VK FKSDLK.-GP
Cb,PAl 

.
 

EB,' L SP. LQALAPSP DAwA -Q LRVI
PLNPEC GDTDSLF-IE CRGESE.-SE
-


P DIES -SVI-SQKA YE VKVI Y GDTDSVT-IR FKGVSV--EG
 
,S SRI!--- Y GOTDSZ-VL CRGLTA -AG
 

VZV AAFERFITAF
 
P F- AA DmRAPGP
 

CbEPV SKY IDNNLY LNE QNN PFSN
 
HSV.1 AAFEQLLADF
 

EPVITR YSGNLOvNFT FYII---- Y GDTDSLF-IN IKFDNKFDNK 
F TGKKKYYGIA HVNTPNENTKGDTDSLYITC PDSLYTEVTD AYLNSQKTTK HYEQLCHEKV LI.SMKAMSTI CAEVNEYLRQ DNGTSYLRMA YEEVLFPV
ASEV
 

EWARTAARPR SAPSCRTTCA KRSTTLWCGY KMSL ENVML SLILLKKKKY
 

FsV
 

LdNPV
 
GQGKRALLGH AYAMGLSAEE KSLSLFGHPV KLEY EKIYF PFLLISKKRY 

BmNPV E--IFDETDT LKQICTHVET RVESSFTDGY KHAF ENLMK VLIILKKKKY 

PBCV-1 HDMDEQFKMA KWLAGEITKD FRAPN DLEF EKIYY PYILYSKKRY 

Mpv-SP1 VD-AVKYS-- -WEVGEAAAE ECSALFKKPN NLEL EKVYW PYFLYSKKRY 

VCEL - - - - -- GELMAAR ITRDLFRPPI KLEC EKTFR RLLLITKKKY
 

GPCMV VLEH - - - GEAIAGH ITRALFREPI KLEF EKVFV NLMMICKKRY 

VacV ---VDKSIES AKELERLINN R---VLFMNF KIEF EAVYK NLIMQSKXKY 

HCMV LVAR - - - - -- ---GPSLANY VTACLFVEPV KLEF EKVFV SLMMICKKRY 

HSV-2 LVAm GDKMASN ISRALFLPPI KLEC EKTFT KLLLIAKKKY 

AcNPV EISNETOT LKQICTHVET RVNNSFTDGY KKAF ENLMK VLILLKKKKY 

FPV ---IEKTAKI AKHLEHIINT K---ILHANF KIEF EAIYT QLILQSKKKY 

MCMV LLKA - - - -- VGALAAN VTNALFKEPV RLEF EKMFV SIMIIICKKRY 

PrV
 

FKAPN DLEF EKIYY PYILYSKKRY
NY-2A HDMDEQFKMA KWLAGEITKD
 
VD-AVKYS-- -WEVGEAAAE ECSALFKKPN NLEL EKVYW PYFLYSKKSY
MpV-PB8
 

PYFLYSKKSY 

HsNPV DIPIKDQHNT IKTIVNDYVL KTLESSMGY KMAL ENVML SLILLKKKKY 

CbV-PW1 DMNYVEKVA P ECAD RISATFKKPI DLEF EKVMY PYILYSKKRY 

CbV-PWI OHMNYVEKVA P 

MI3V-PLO VD-AOKYS-- -WEVGEAAAE ECSALFKKPN NLEL EKVYW 

ECAD RISATFKKPI DLEF EKVMY PFILYSKKRY
 

TLRF - ADALAAH TTRSLFVAPI SLEA EKTFS CLMLITKKRY 

V2V 
EBV
 

IAKI ------ .--GEKMAHI ISTALFCPPI KLEC EKTFI KLLLITKKXY 

HSV-1 LTAM - - - -- -- -GDKMASH ISRALFLPPI KLEC EKTFT KLLLIAKKKY 

CbEPV EDLVNKSHEC FQFLSNIIND EKNIILSKNF NFEY EKMYI WMLLLAKKKY 

ASFV ELFIRGIDII KOGQTKLTKT IGTRIMEESM KLAR EDHRP PLIEIVKTVL 

Fig. 17. A partial sequence alignment of the DNA polymerases used in the phylogenetic 
analysis. Conserved regions used in the phylogenetic analysis are boxed. 
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List of organisms used in the phylogenetic analysis. 

Abbreviations 

FsV 
MpV-SP I 
MpV-PB8 
MpV-PL I 
CbV-PW1 
CbV-PW3 
PBCV-1 
NY-2A 
HSV-1 
HSV-2 
PrV 
VZV 
EBV 
HCMV 
GPCMV 
MCMV 
ASFV 
VacV 
CbEPV 
FPV 
AcNPV 

BmNPV 
HzNPV 
LdNPV 

Names 

Feldmannia sp. virus 
Micromonas pusilla virus, SP1 
Micromonas pusilla virus, PB8 
Micromonas pusilla virus, PL I 
Chrysochromulina brevifilum virus, PW1 
Chrysochromulina brevifilum virus, PW3 
Chlorella strain NC64A virus, PBCV-I 
Chlorella strain NC64A virus, NY-2A 
Herpes simplex virus type 1 
Herpes simplex virus type 2 
Pseudorabies virus 
Varicella-Zoster virus 
Epstein-Barr virus 
Human cytomegalovirus 
Guinea pig cytomegalovirus 
Murine cytomegalovirus 
African swine fever virus 
Vaccinia virus 
Choristoneura biennis entopoxvirus 
Fowlpox virus 
Autograph(' californica nuclear 

polyhedrosis virus 
Bombyx marl nuclear polyhedrosis virus 
Helicoverpa sea nuclear polyherosis virus 
Lymantria dispar nucl. polyhedrosis virus 
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Chen and Suttle (1996) 
Chen and Suttle (1996) 
Chen and Suttle (1996) 
Chen and Suttle (1996) 
Chen and Suttle (1996) 
Grabherr et al. (1992) 
Grabherr et al. (1992) 
Larder et al. (1987) 
Tsurumi et al. (1987) 
Berthomme, unpublished 
Davison and Scott (1986) 
Baer et al. (1984) 
Kouzarides et al. (1987) 
Schleiss (1994) 
Elliot et al. (1991) 
Martins et al. (1994) 
Earl et al. (1986) 
Mustafa and Yeun (1991) 
Binns et al. (1988) 
Tomalski et al. (1988) 

Cheychomsri, unpublished 
Cowan et al. (1994) 
Bjornson et al. (1992) 



76 

56 
94 

64 

58 

98 

77 1 

99 

49 

52 
00 

97 
64 

61 

71 99 

99 100 

91 70 

99 

00 

100 

HCMV 
MCMV 

GPCMV 

EBV 

PrV 

VZV 

HSV-1 

HSV-2 

FsV 

MpV-SPI 

MpV-PL1 

MpV-PB8 

NY-2A 

PBCV-1 

CbV-PW1 

CbV-PW3 

ASFV 

CbEPV 

FPV 

VacV 

AcNPV 

BmNPV 

LdNPV 

HzNPV 

Fig. 18. Phylogenetic tree generated by protein parsimony analysis of the 100 boot-
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FsV was demonstrated to be related to other algal viruses by phylogenetic 

analysis of the DNA polymerase genes. The phylogenetic tree correlates well to the tree 

previously generated based on DNA polymerases (Braithwaite and Ito, 1993; Chen and 

Suttle, 1996). In the phylogenetic tree, the members that belong to a family of viruses 

such as Herpesviridae or Poxviridae grouped together into one Glade. The algal viruses 

including FsV also grouped together into one Glade similar to the way other viruses 

belonging to the same family grouped together. This suggests that all algal viruses 

belong to the same family. This algal virus group has been recently named ds 

Phycodnaviridae (Van Ellen et al., 1991; Chen and Suttle, 1996). 

The algal viruses appear to be most related to Herpesviruses (Fig. 18). However, 

since Iridoviruses were not included in this study, there is possibility that the algal viruses 

are more related to Iridoviruses. The sequence comparison analysis showed that the 

major capsid proteins of FsV and the Chlorella-virus share greatest sequence similarity to 

that of the Iridovirus (Xibing et al., manuscript in prep.). This suggests that Iridoviruses 

may be close relative of algal viruses. Furthermore, Chlorella viruses have several 

characteristics common with Iridoviruses such as the methylated virus genomes and the 

lipid composition of the virion that seem to indicate that algal viruses are related to 

Iridoviruses (Van Ellen et al., 1991; Mao et al., 1997). 

Recognizing that organisms identified as algae are a polyphyletic group of 

organisms, it is interesting that the viruses characterized to date are remarkably similar. 

Since this phylogenetic analysis included viruses found in only four species of the algae, 

future studies in algal viruses may reveal other forms of algal viruses. 
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CONCLUSIONS 

Molecular characterizations of the viruses of eukaryotic algae have only begun to 

reveal the interesting biology of these viruses and the basis for some of the following 

common characteristics. Most of algal viruses have a polyhedral capsid structure 

enclosing dsDNA genome. The algal viruses of multicellular algae are usually present 

only in specialized cells and are not infectious. Only a few algal viruses have been 

shown to lyse the infected cells. 

FsV shares many of the characteristics common to algal viruses. FsV is found in 

unilocular sporangia of the sporophyte and is not detected anywhere else. However, 

when fragments of vegetative cells with no virus particles are isolated into culture, they 

form virus-producing sporophytes. Therefore, it has been postulated that the virus 

genome persists in the cells where virus particles are not detected. Recent cloning of the 

FsV genome integration sites provided a basis for the persistent infection of FsV in this 

alga, and perhaps of many other algae where viruses are only observed in specialized 

cells or a small percentage of cells. 

Preliminary studies of Feldmannia sp. Virus (FsV) indicated that its genome 

would be large and complex. The purpose of the present study was to analyze structural 

components of the FsV genome in detail in order to increase our knowledge about the 

biology of FsV infection. This research involved characterization of repetitive DNA 

elements, a major structural component of the actively replicating FsV. Related repetitive 

DNA elements were also discovered in an encrypted FsV genome latent in the algal 

genome. Analysis of the repeat-insertion sites revealed that these repeats inserted into a 

protein kinase ORF. The structures of the replicating FsV genome and the encrypted FsV 
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genome are described. The evolutionary relationship of FsV to other dsDNA viruses was 

examined by phylogenetic analysis of the DNA polymerase encoded by the FsV genome. 

A family of the 173 by repeats were found in the FsV genome. The organization 

and the sequence of these repetitive DNA elements in FsV are different from any known 

repetitive DNA elements. However this is not surprising since the repetitive sequences 

found in various organisms vary in their primary sequence and function. Repetitive DNA 

elements found in other large dsDNA virus genomes were reported to serve not only as 

structural component of the virus genome (McMillan et al., 1990; Reiley and Silva, 1993) 

but also as the origins of DNA replication (Stow and Davison, 1986; Lee and Krell, 1994; 

Masse et al., 1992) and transcription start sites (Rogers and Speck, 1990; Rodems and 

Friesen, 1993). Interestingly, in the human cytomegalovirus genome (230 kbp), the 

region of the viral genome with the highest concentration of direct and inverted repeats 

was shown to be an origin of DNA replication (Masse et al., 1992). Some of the features 

typically found in the origin of DNA replication such as short direct repeats and AT-rich 

sequences are present within each 173-bp repeat unit. 

Related repeats were found in an encrypted FsV genome latent in the algal 

genome. The encrypted virus genome contains a large repetitive region inserted in a 

protein kinase gene encoded within the viral DNA fragment, B3.6Z. Southern analysis 

indicates that these repeats in the encrypted FsV genome are distinct from the repeats 

previously characterized in other DNA fragments of the replicated virus genome. The 

size of the family of repeats inserted in this protein kinase gene is estimated to be larger 

than 50 kbp. In this form, the large genome would increase in size to more than 230 kbp 

31% of which would be repeats. 
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The hypothetical structures of the actively-replicating FsV genome and the 

encrypted FsV genome are shown in Fig. 19. The replicated form of the virus genome 

(Fig. 19A) is assumed to have circular topology since the FsV genome map is circular 

and there is no evidence for permutation in the FsV genome. The circular FsV genome 

opens at the viral BamHI fragment, A (B26.0A) and integrates into the host algal genome. 

A large family of repetitive DNA elements recombined into this integrated virus genome 

(Fig. 19B) and caused permanent encryptation. The repetitive DNA elements inserted 

into the viral fragment, B3.6Z. The insertion of the repeats created B2.4 and B4.8 

fragments containing Rp-L and Rp-R. An alternative model is that the FsV genome 

opens at B3.6Z instead of B26.0A and integrates into a family of the host repeats (Fig. 

19C). Although we can not eliminate the latter model, it is highly unlikely that such form 

of virus genome form exists because extensive search through the gametophyte genomic 

DNA library found no evidence for any other FsV genome integration sites. 

The process of permanent encryptation of the virus genome integrated in the host 

genome is an interesting evolutionary problem in that this may be a process by which 

new genetic information is incorporated into a genome. The FsV genome may have 

become permanently encrypted by the insertion of a large repetitive DNA. The size of 

the inserted repeats may be the reason for permanent encryptation. If insertion of the 

repeats placed two ends of the integrated virus genome too far apart to be able to 

communicate and excise out, then the virus genome would become encrypted. Another 

possibility is that insertion of the repeats in a protein kinase gene essential for excision of 

the virus genome may have resulted in encryptation of the virus genome. However, there 

are other active genomes that could encode for active protein kinases. These protein 

kinases could potentially act in trans to excise the integrated virus genome. 
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Characterization of the protein kinase gene showed that the translated contains all 

of the conserved motifs of serine/threonine protein kinases. The FsV protein kinase 

shares greatest homology with the SNF1 subfamily of serine/threonine protein kinases. 

The SNF1 subfamily of kinases have been shown to function in glucose starvation 

responses (Jiang and Carlson, 1996) and as a mitosis inducer (Wu and Russell, 1993) in 

Yeast. The FsV protein kinase contains potential autophosphorylation site in a region 

unique to this protein kinase. Although there are serine/threonine protein kinases 

characterized from other viruses, the FsV protein kinase appears to resemble closer to 

eukaryotic cellular protein kinases. This suggests that perhaps this kinase functions in 

cellular processes rather than in virus replication or morphogenesis. Since this virus only 

replicates in sporangia, it is probable that this kinase functions in diverting the 

sporangium development to virus production. 

The evolutionary relationship of FsV to other dsDNA viruses were examined by 

phylogenetic analysis of the DNA polymerase genes. The phylogenetic analysis of the 

DNA polymerase genes indicated that FsV is related to other algal viruses. Chen and 

Suttle (1996) reported that algal viruses infecting Chlorella-like green algae, Micromonas 

pusilla and Chrysochromulina belong to the same family, Phycodnaviridae. Even though 

FsV are quite different from Chlorella-viruses in both virus lifecycle and genome 

structure, FsV was shown to belong to the family of algal viruses. This result suggests 

that algal viruses included in this study may have evolved from common ancestor. 

The results reported here describes structures of an actively replicating virus 

genome and an encrypted virus genome. Also two genes identified by the sequence 

homologies as serine/threonine protein kinase and DNA polymerase were characterized. 

With the sequence of DNA polymerase gene, a phylogenetic analysis was performed to 

demonstrate that FsV is related to other algal viruses in the family, Phycodnaviridae. 
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Some of the future studies include: i) investigation of the nature and the origins of the 

173 by repeats and their role in the virus genome replication. ii) studying the function of 

the protein kinase and find the targets for the kinase activity. These future studies will 

help with understanding how the amplification of this brown algal virus is triggered in 

sporangia and how the sporangium formation is diverted to virus replication. 
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