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Isolation and characterization of Chlorella virus

from fresh water in Korea

Hyun-Hwa Cho

Department of Microbiology, Graduate School,
Pukyong National University

Abstract

Viruses infecting microalgae are of interest because of their impact on
aquatic ecosystem and recent discovery of many useful genes from these
viruses. Twenty three Chlorella virus isolates were isolated from 10 cities in
Korea. The viruses were first amplified in Chlorella strain NC64A, and pure
virus isolates were obtained by repeated plaque isolation. The isolated virus
isolates have 300 to 350kb genomes. Digestion of purified genomic DNAs
with 10 restriction enzymes revealed different DNA fragment patterns among
these isolates. One of isolate, SS-1, was resistant to Hind III, Pvu II, Alu I
and Haelll digestion, which indicated possible methylation at AGCT or GC
sequences. The major capsid protein (MCP) of all the isolated viruses did
not react to antiserum against Chlorella virus EPA-1 but 5 isolates reacted
to antiserum against PBCV-1. Nucleotide sequences of the MCP genes of 3
isolates determined by cut-and-walk method showed over 90% homology

among the isolates. The tRNA coding regions of 8 selected isolates were

amplified by PCR and cloned. All of the isolates contain 14-16 tRNA genes
in 1.2-2kb region except for the SS-1 isolate that has a 1039bp spacer in
the middle. The spacer of SS-1 contains an open reading frame (ORF) of

294 amino acids. Although the spacer shows 51% amino acid sequence



similarity to PBCV-1 ORF A478L, southern blot analysis suggested that it
is a novel gene not present in PBCV-1. The promoter of the tRNA genes of
Chiorella virus are composed by repetition of AT-rich motifs. However, the

number and sequences of the motifs were vary in different isolates.



Introduction

Viruses infecting algae are widely distributed in nature, and they have
been isolated from fresh water and seawater throughout the world. It is
known that as much as 10°-10° particles/mé of virus or virus-like particles
are present in natural sea water (Fig. 1). Although a large fraction of these
viruses are bacteriophages, many viruses are from eukaryotic algae. Viruses
or virus—like particles have been reported from at least 44 taxa of eukaryotic
algae since 1970s (Van Etten et al, 1999). However, most of these viruses
are not well characterized because they were difficult to obtain in large
quantities.

In contrast to most algae virus, Paramecium bursaria Chlorella virus
(PBCV-1) is the most studied virus among the algal viruses because this
virus can be produced in large quantities by using exsymbiotic chlorella-like
green algae, Chlorella strain NC64A, isolated from P. bursaria. This virus is
the prototype of a group (family Phycodnaviridae, genus Chlorovirus) of
large, polyhedral, plaque forming algae virus (Van Etten, 2000). DNA
sequence analysis of PBCV-1 genome of 330,742bp showed that this virus
has 376 protein encoding genes and 10 transfer RNA genes (Li et al., 1995,
1997; Lu et al, 1995, 1996; Kutish et al., 1996). PBCV-1 virion contains at
least 50 proteins and lipid component located inside the capsid shell. The
major capsid protein (MCP) is one of four proteins located on the viral
surface and account for about 40% of the total virion protein (Skrdla et al.,
1984). The MCP is one of glycosylated viral proteins, which are glycosylated
by virus encoded putative glycosyltransferases gene (Graves ef al, 2001),

Viruses infecting algae are of interest because of their impact on aquatic

ecology, possible application for the control of blooming of toxic red or



green algae. In addition, recent DNA sequence analysis of Chlorella viruses
indicated that these viruses encode many useful proteins such as
restriction/modification  enzymes, topoisomerase, chitinase, hyaluronan
synthase (Zhang et al, 1998, Xia et al, 1986; Lavrukhin et al, 2000; Sun et
al., 1999; Graves et al, 1999). They also encode transcriptional and
translation factors (Yamada et al, 1993a). In addition, the Chlorella viruses
are new source of promoters for expressing genes in foreign hosts. For
example, the upstream region of a eukaryotic algal viral adenine DNA
methytransferase genes functions as a strong promoter both in plant and
bacteria (Mitra et al., 1994). Most noteworthy is that the components of the
translational machinery are encoded by the viral genome and some
components of the host protein synthesis machinery might be replaced by
viral gene products (Nishda et al, 1999). Chlorelia viruses encode their own
tRNA for protein synthesis (Li et al, 1997; Nishda et al, 1998a). This tRNA
gene was clustered in the genome and contribute to the preferential
translation of viral proteins during the virus replication cycle. Interestingly,
the tRNA clusters are cotranscribed into a large precursor of about 1.0kb in
size in the virus-infected Chlorella cell (Nishda et al., 1999). Cotranscribed
tRNA gene cluster in eukaryotes have been known only for yeast so far
(Schmidt et al, 1980). These facts suggest that upstream of tRNA gene
cluster might be include strong promoter.

Despite of these importance, researches on algae virus in our country is
very limited. In this study, several isolates of algae viruses were isolated
from fresh water from 10 cities in Korea and some characteristics of these

viruses were examined.



Fig. 1. Fluorescence photomicrography of sea water sample stained
with SYBR Green 1. The larger green particles are bacterial cells and the
smaller numerous green spots are virus particles. Water sample was
collected from Namhae, Kyungnam, Korea and filtered through 0.02 um
Anodisc filters backed up by 0.8 um mixed-ester membrane filter, and
stained with 2.5% SYBR.



Materials and Methods

Sampling

Fresh water samples were collected from 10 cities in Korea, list in the
Table 4. The sample water was filtered through a 0.22 tm pore size AlQOs
anodisk 25 membrane filter (Whatman), backed by a glass fiber filter at
approximately 20 kPa vacuum. The filtrates were kept in 4°C before

inoculation into Chlorella host.

Virus Amplification

The Chlorella strain NC64A was kindly provided by Dr. James Van
Etten in the Department of Plant Pathology, University of Nebraska, Lincoln,
Nebraska, USA. Cells of Chlorella strain NCB4A were cultured in the
modified Bold’s basal medium (MBBM) as described (Van Etten et dol,
1983). Initially, virus isolation from these samples was attempted using
plaque isolation method as described below. No plaque was recovered from
this trial, probably because of low virus titer in the sample and virus was

amplified for plaque isolation.

For the amplification of virus in the samples, 5mé of filtered water was
added to 100mé of Chlorella strain NC64A grown in MBBM medium and
incubated for five days at 25C with continuous light and shaking at 150
rpm (Van Etten et al., 1983).



Single Plaque Isolation

After complete lysis of the Chlorella, the supernatant was diluted to
10°-107 and 54 of diluted virus was mixed with 4mé of fresh Chlorella (
40 x10° cells/me), 2m¢ of 0.75% agar and overlayed on 1.5% agar plate
made with MBBM medium (Van Etten et al., 1983). The plate was
incubated at 25T for five days. Single plaque was isolated from the plate
and inoculated to 100m¢ of fresh Chlorella. Plaque isolation was repeated

three times after complete lysis (Fig. 2).

Electron Microscopy

Chiorella strain NC64A infected with Chlorella viruses for 5 h were
pelleted at 5000rpm for 10 min. The pellets were fixed with 2%
glutaraldehyde in 0.1M sodium carcodylate buffer (pH 7.4) for 2 h and then
post fixed with 1% 0sOs in 0.2M sodium carcodylate buffer for 30 min. The
fixed pellets were embedded in epoxy resin, sectioned and stained with 2%
uranylacetate and lead citrate. Purified virus particles were negatively

stained with 2% uranylacetate on collodion coated grids.



Filtration

lysis Ist Plaque Isolation  Inoculations with Single plaque

2nd Plaquémlsolaton Production of Virus Stock

Fig. 2. Overall procedures of Chlorella virus isolation from fresh

water samples.



Virus Purification

One hundred milliliter of actively growing Chlorella strain NC64A was
inoculated with single plaque and incubated until complete lysis. The lysate
was centrifuged in a Sovall GS-3 rotor at 5000 rpm for 5 min at 4T.
Triton-X100 was added to the supernatant at 0.1% final concentration and
stirred for 20 min at 4C. Virus particles were pelleted in a Sorvall T-880
rotor at 20,000 rpm, for 60 min. The pellet was resuspended in 50 mM
Tris-HCl, pH 7.8 and centrifuged through a 10-40% discontinuous sucrose
gradient (20,000 rpm, 20 min, 4°C). The virus band was collected from
30-40% interface, and pelleted 3 h at 27,000 rpm with a T-880 rotor. The
pellet was resuspended in 50 mM Tris-HCl, pH 7.8 (Van Etten et al., 1983).

Polyacrylamide Gel Electrophoresis of Viral Proteins

Purified virus was suspended in sample loading buffer (1 mM EDTA,
250 mM Tris, pH 6.8, 4% SDS, 50% glycerol, 2% # -mercaptoethanol, and
0.29% bromophenol blue) and heated at 100°C for 10 min. After cooling, the
samples were loaded onto 15% acrylamide gels and electrophoresed under
constant current of 20 mA for 1.5 h. The proteins were visualized by
staining with Coomassie brilliant blue (R-250) and relative mobilities of the
protein was determined by comparison with internal standard protein of

known molecular weight (Bio Rad).



Isolation and Analysis of Viral Genomic DNA

Isolated virus (400¢f) was mixed with 10XTEN (100 mM Tris-HCl, pH
74, 10 mM EDTA, 1 M NaCl) buffer (60u), 1% Na-sarcosyl (60uf) and
60% (w/w) CsCl (0.6m¢) and trace amount of EtBr. After heating at 75°C for
15 min, the mixture was loaded on a performed 40-60%(w/w) CsCl gradient
and centrifuged in a Sovall TH-641 rotor at 35,000 rpm, 18 hours, 25C (Van
Etten et al, 1981). DNA band was collected and EtBr was removed by
butanol extraction. DNA was precipitated with EtOH, dried and resuspended
in 1IXTE buffer (10 mM Tris-HCIl, pH 80, 1 mM EDTA). These viral
genomic DNAs were digested with 10 DNA restriction endonucleases and

the products were separated on (0.7% agarose gels in 0.5 X TBE buffer (0.045
M Tris-borate, 0.001 M EDTA, pH 8.0).

Isolation of Major Capsid Protein (MCP)

Total proteins of purified Chiorella virus HS-2 isolate were separated on
a 125% polyacrylamide gel and stained with 0.3M CuCl: The MCP band
was sliced out, and the protein was eluted using an electro—separation
system (S&S Elutrap, Schleicher & Schuell) and quantified by Bradford
assay.

For the N-terminal sequencing of the MCP of HS-2, the MCP band on
the SDS-PAGE gel was transferred onto PVDF paper (Amersham
pharmacia biotech) and N-terminal sequencing was performed from Korea

Basic Science Institute.
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Production of Polyclonal Antibodies

Polyclonal antibodies against purified HS-2 virion and eluted MCP were
produced from mouse. Antigens (25u4g) were mixed with 504f of Freund’'s
complete adjuvant (Sigma) and the emulsion was injected intradermally into
8-week-old female BALB/C mice. Three booster injection with 25pg of
antigen mixed with Freund’'s incomplete adjuvant were given at 1 week
intervals. One week after the final booster, 1X10" sarcoma cells in 1né were
intraperitoneally injected. Ascitic fluid was collected after 10 to 15 days,
clarified by overnight incubation at 4T followed by centrifugation at 3000 X

g for 15 min. The supernatant was collected and kept in -207TC.

Western Blot Analysis

The antibodies against purified PBCV-1, EPA-1 and NY-2A were kindly
provided by Dr. James Van Etten in the Department of Plant Pathology,
University of Nebraska, Lincoin, Nebraska, USA. Electrophoretically
separated polypeptides were transferred to nitrocellulose membrane at 30mA
for 16 h using transfer buffer (120 mM glycine, 156 mM Trs, and 20%
methanol). The membrane was washed in TTBS buffer (20 mM Tris-HCl
pH 75, 0.5 M NaCl and blocked with TBS buffer containing 5% skim milk
for 30 min. After washing for 5 min in TTBS buffer (1XTBS containing
0.05% Tween-20), the membrane was treated for 1.5 h with polyclonal
antibody (PBCV-1 and EPA-1) diluted 1: 10,000 in TTBS containing 5%
skim milk. After three washes for 5 min in TTBS, the membrane was
treated for 1 h with alkaline phosphatase conjugated anti-mous IgG in

TTBS containing 5% skim milk. The membrane was washed three times
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for 5 min in TTBS and developed by NBT (43g¢) and BCIP (33gf) solution
in alkaline phosphatase buffer (0.1 M Tris-HCI, pH 9.5, 0.1 M NaCl, 50 mM
MgCls).

Sequencing of the MCP Gene by Cut and Walk Method

For the direct sequence analysis of viral genomic DNA without cloning,
purified genomic DNA was first digested with restriction enzyme, extracted
with phenol:chloroform and used as template for sequencing, which was
named as “Cut and Walk method” . The details for this method was as
folllow; Purified genomic DNA (3-5¢g) was digested with BamH I overnight
and extracted with phenol/chloroform mixture. The DNA was precipitated
with ethanol and dissolved in distilled water. These digested genomic DNAs
were used with template of sequencing PCR reaction.

Sequencing reation mixture (1-1.5¢g template DNA, 1 pmol of primer, 4
gl of terminator ready reation mixture, and distilled water to 20xf) was
prepared and placed into a thermal cycler. Twenty five cycles of PCR
reation composed of 10 sec denaturation at 96°C, 5 sec annealing at 50°C and
4 min extension at 60C was performed. After reaction was finished, the
products were precipitated with ethanol and dissolved in 254f of Template
Suppressing Reagent (Perkin Elmer). The DNAs were denatured for 2 min
at 959, cooled down on ice and analyzed with the ABI PRISM™ 310
Analyzer (Perkin Elmer). The oligonucleotide used as first primer (MCP-N)
for MCP gene sequencing was designed based on the N-terminal amino acid
sequencing of purified MCP. The second primer of same sense (MCP-2N)
was designed by comparing the published PBCV-1 MCP sequence and the
MCP sequence of KH-2 isolate determined with the MCP-N primer by cut

_12_



and walk method (Table 1). The location of these primers are shown in
Figure 3. The MCP genes of 3 other isolates were determined by cut and

walk method with these primers.

PCR Amplification of the tRNA Coding Region

The tRNA coding regions of 8 Chlorella virus isolates were amplified by
PCR with primers designed based on the published PBCV-1 segquence. The
primers were forward primer and reverse primer corresponding to the 5 end
of the first isolucine tRNA gene (GATAGGGTATGCAAGTGGTCAAAGCAG
CTGGTCTCAAGATCCCAGTCCGTCGGGTTCGCGGGTTCGACTCCCGTCT
CTATCA) and the 3 end of the last wvaline tRNA gene
(GATCCCTTAGCTCAGTTGGAAGAGTTTTTGCCTAACACGCAGAAGGTG
GCAGGATCGAAACCTGCAGGGATCA) of the PBCV-1 gene cluster. The
lle-¢ primer and the val-n primer were designed to identify the upstream
and downstream of the tRNA region. These primers are listed in Table 2
and their relative locations of these primers are shown in Fig, 4.

The tRNA regions were amplified in 30gf of PCR mixture containing 5gf
of 10Xbuffer (100 mM Tris.Cl, pH 83, 500 mM KCl, 15 Mm MgCly), 0.2
mM dNTP, 054 of Tag DNA polymerase (Gu/gf), and 100 pmol of
forward primer and reverse primer. PCR reaction condition were
predenaturation at 95C for 5 min,-40 cycles of 1 min denatiration at 94C, 1
min annealing at 50°C, and 1.5 min extension at 72C, followed by a 7 min
postextension at 72C. The PCR products were analyzed by electrophoresis

in 1% agarose gels and visualized by UV irradiation.
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5~ MCP gene
— —
MCP-N MCP-2N

-3

Fig. 3. Locations of primers used for sequencing of major capsid

protein.

Table 1. Oligonucleotide primers used for sequencing of major capsid

protein

Oligo name

Sequence

MCP-N

5" -ATGGCCGGAGGACTTTCACAGCT-3'

MCP-2N

5'-TGCCCCTCATCTTCTTCTTC-3’

_14_



D' e—— tRNA region 3

—> — <«
pvtRNA-N GLY-N pvtRNA-C
<« —> —>
lle-C Arg-N val-N

Fig. 4. Locations of primers used for the PCR amplification and direct
sequencing of tRNA region.

Table 2. Oligonucleotide primers used for the PCR amplification and

direct sequencing of tRNA region

Oligo name Sequence

pvtRNA-N |5'-GATAGGGTATGCAAGTGGTC- 3’

pvtRNA-C |5 -GATCCCTGCAGGTTTCGATC- 3

GLY-N 5'-TAACAGCCTTCCAAGCTGTA- 3’

lle-C '-TTGGCTCATAAGACCAATGC- 3

val-N 5'-GATCGAAACCTGCAGGGATC- 3’

Arg-N  5'-GCGACAGACTTCTAATCTGT- 3’

_15_



pGEM-T Vector Cloning

The PCR products were eluted from the agarose gel with DES81 filter
paper (Watman) and cloned into pGEM-T vector system (Promega). E. coli
XL1-Blue strain was transformed with the ligated DNA and clones
containing the insert were screened with X-gal and isopropylthio- 8
—-D-galactoside (IPTG). White colony was inoculated to LB broth containing
ampicillin (100gg/m) and plasmid DNA was extracted with alkaline lysis
method. Purified DNA were digested with EcoR 1 restriction enzyme and

electrophoresed in 1% agarose gel.

Sequencing

Cloned plasmid DNAs were purified with Wizard plus SV minipreps
DNA purification system (Promega) and sequencing was performed.
Sequencing reaction mixture (500ng template DNA, 1 pmol of primer, 8gf
of terminator ready reaction mixture, and distilled water to 20pf) was
prepared and place into a thermal cycler. Twenty five cycles of PCR
reaction composed of 10 sec denaturation at 96°C, 5 sec annealing at 50C
and 4 min extension at 60C was performed. The products were precipitated
with ethanol and dissolved in 254f of Template Suppressing Reagent (Perkin
Elmer). The DNAs were denatured for 2 min at 05°C, cooled down on ice

and analyzed with the ABI PRISM™ 310 Analyzer (Perkin Elmer).
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Probe Preparation for Southern Blot Analysis of SS-1 Spacer Gene

The tRNA genes of PBCV-1 and SS-1 isolate, the A478L. ORF of
PBCV-1 used as probes for Southern blot analysis were amplified by PCR
using synthetic oligonucleotides as primers listed Table 3. The relative
location of these primers are shown in Fig. 5. The probes were synthesized
using DIG (digoxigenin) oligonucleotide 3’-end labeling kit (Boehringer
Mannheim, Germany). The PCR products were denatured by heating for 10
min in a boiling water bath and quickly chilled on ice. These probes were
mixed with 2gf of hexanucleotide mix, 2¢¢ of dANTP mixture and 1 of
Klenow enzyme and incubated for 18h at 37°C. The quentity of the probes
were immunologically determined using DIG-DNA detection kit (Boehringer

mannheim).

Genomic DNA Preparation from SS-1 Isolate and Southern Blotting

Genomic DNA was isolated from the purified viruses on CsCl equilibrium
gradients (Van Etten et al, 1981). Purified DNA was digested with BamH I,
Xho I and electrophoresed on 0.7% agarose. The gel was transferred to the
depurination buffer (02N HCl) and incubated for 15 min. The gel was
transferred to the denaturation solution (0.5 N NaOH, 15 N NaCl) and
incubated for 45 min with gentle agitation. The gel was transferred to
distilled water for 10 sec and incubated in neutralization solution (0.5 M
Tris-HCI, pH 80, 1.5 M NaCl) for 30 min. The DNAs were transferred onto
nitrocellulose (NC) membrane for 10 h using capillary transfer method and

cross-linked by using UV cross-linker (Hoefer, USA) with preset condition
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PBCV-1 tRNA region

5 - tRNA _region —3
—> -—
pviRNA-N pviRNA-C
SS-1 tRNA region
5— tRNA__ region _ 3
- -
pviRNA—-N pPVvtRNA-C

PBCV-1 A478L

5+

AA478L

}—3°

AA78L—N

AA478I.—C

Fig. 5. Location of primer used for the preparation of templates for

the Southern blot of SS-1 spacer gene.

Table 3. Oligonucleotide primers used for the preparation of templates

for the southern blot of SS—-1 spacer gene

Oligo name sequence

pvtRNA-N 5'-GATAGGGTATGCAAGTGGTC- 3’
pvtRNA-C  5'-GATCCCTGCAGGTTTCGATC- 3
A478L-N 5'-TTAAGATGGACGATTTCGAG- 3’
A478L-C 5'-AAATGTTGTGCACTCGTTGC- 3

_18_



(1200 ¢ J/cf at 254nm). The NC membrane was prehybridized with standard
hybridization buffer (5XSSC, 0.1% N-laurolsarcosine, 0.02% SDS, 1%
Blocking reagent) for 1 h. DIG-labelled probe was heat-denatured in boiling
water bath for 10 min before added to NC membrane. Hybridization was
performed with the probe at 68°C for 16 h in the same solution and the
membrane was washed with 2X SSC containing 0.1% SDS at room
temperature for 5 min, then was washed with 0.1X SSC containing 0.1%
SDS at 68T for 15 min.

After hybridization, the membrane was rinsed in maleic acid buffer (0.1
M maleic acid, 0.15 M NaCl, pH 7.5) and blocked with blocking solution
(1/10 volume of 10% blocking buffer into maleic acid) for 30 min at room
temperature. Anti-DIG antibody conjugate was diluted to 1:10,000 in blocking
solution and incubated for 1.5 h. The NC membrane was washed twice for
15 min in maleic acid buffer and equilibrated in detection buffer (0.1 M
Tris-HCl, pH 95, 0.1 M NaCl, 50 mM MgCl; ) for 2 min. Then, 438 of
NBT and 334 of BCIP were added to 10mf of detection buffer and NC

membrane was developed in a dark room.

Sequence Analysis of the Putative Promoter Region of tRNA Genes

Promoter of tRNA gene was sequenced by cut and walk method with
internal primer lle-C of tRNA region shown Fig 4. The purified viral
genomic DNA  was digested with BamHI and extracted with
phenol/chloroform. The product was precipitated with ethanol and dissolved
in distilled water. These digested genomic DNAs were used with template
of sequencing PCR reaction.

Sequencing reaction mixture (1-1.5xg template DNA, 1 pmol of primer, 4

_19_



uf of terminator ready reaction mixture, and distilled water to 20uf) was
prepared and place into a thermal cycler. twenty five cycles of PCR reaction
composed of 10 sec denaturation at 96C, 5 sec annealing at 50C and 4 min
extension at 60C was performed. After reaction was finished, the products
were precipitated with ethanol and dissolved in 25¢¢ of Template
Suppressing Reagent (Perkin Elmer). The DNAs were denatured for 2 min
at 95T, cooled down on ice and analyzed with the ABI PRISM™ 310

Analyzer (Perkin Elmer).
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Results and Discussion

Isolation of Chlorella Viruses

Virus or virus-like particles are known to present as much as 10°-10%
particles/m{ in nature (Noble et al, 1998), but most of them are
bacteriophages and typical Chlorella virus titer in nature is about 1 to 100
PFU/m¢, but fluctuates with the seasons (Van Etten et al, 1985, Yamada et
al, 1991). No plaque was recovered when the filtered water was directly
used for plaque assay, which was acceptable considering the low virus titer
in nature. Therefore, the viruses in the samples were first amplified using
Chiorella host NC64A. The inoculated Chlorella cells were completely lvsed
after 5 day (Fig. 6). Considering the low titer and the amount of moculum,
the fast lysis of inoculated Chlorella is quite surprising. It is known that the
life cycle of typical Chlorella virus is 480-600 minutes and the burst size is
200-350 PFU per cell (Van Etten et al.,, 1983).

Twenty three Chiorella virus isolates which formed plagques on the
Chlorella strain NC64A were obtained by single plaque isolation from
samples collected from 10 cities in Korea (Table 4). As shown in the table,
the origins of these isolates are ponds, streams and river. Most of the
sampling sites were greenish but the collected samples were not too much
turbid. To date, the only known host of Chlorella virus are the Chlorella
strain NC64A and Chlorella strain Pbi (Van Etten et al, 1991). The
Chlorella strain NC64A exist as hereditary endosymbionts in green isolates
of the protozoan P. bursaria (Van Etten et al, 1985). The presence of virus

infecting the Chlorella strain NC64A indicates that the presence of same or
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related Chlorella strains in fresh water in Korea. However, isolation of the
host Chlorella strain in the water sample, which is time and labor taking
procedure, was not performed and the Chlorella strain NC64A was used as
the sole host throughout this study.

Although several molecular characteristics such as the genome size, G+C
content and resistance to restriction enzymes are used for the classification
of Chlorella viruses (Van Etten et al, 1991), the plaque size produced by
the virus at standard condition has been used for primary grouping of these
viruses (Van Etten et al, 1983, 1999). The plaque size produced by the
Korean isolates was compared with that of PBCV-1. The plaque ranged
from 2 to Smm in diameter after 7 days at 25C in sealed agar plate (Fig.
7). The plque size of PBCV-1 was about 3mm and the Korean isolates
could be separated into three groups; a group producing smaller plaques
than PBCV-1 (YK, HD-2, KH-2, SS-2, BM-2, BL-2, HOS-1, JH-2), a
group producing same size as PBCV-1 (BM-1, NW-2, SW) and the other
group producing larger plaques (DJ, HS-1, HS-2, HD-1, KH-1, SS-1, BL-1,
HOS-1, JH-1, NW-1, ES-1, ES-2). It has been reported that the plaque size
of Chlorella virus is related with the time required for replication of the
virus, and the viruses replicate fast make larger plaques (Van Etten et al,
1991). Virus isolates producing different size of plaques were used in further

study.
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Fig. 6. Lysis of Chlorella strain NC64A by Chlorella virus isolate
DJ-1. The photographs show normal chlorella strain NC64A (A) and 1 day
(B), 3 days (C), and 5 days (D) after infection with Chlorella virus isolate
DJ-1 the MOI of 0.4.
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Table 4. Source of Chlorella viruses in Korea

Locations Water Code
Source Number
Lake D
XK
HS—-1
Pusan Stream
HS-2
P d HO-—1
on HD-2
Daegu Lake KH=1
KH-2
Seusan Pond S5=1
S§-2
BM—-1
Buyeo Lake
BM-2
BL-1
Boryun
ryung Pond Bl >
HOS—1
Hongsung Pond
HOS—2
Changwon Pond JB=1
IN-—-D
Nw-1
N NW-2
amwon Pond £S1
ES-2
Suwon Pond SW
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Fig. 7. Plaque assay of Chlorella viruses on a lawn of chlorella strain

NC64A. Plaques are 6 days after plating and show the difference of plague

size produced by different isolates of Chlorella viruses isolated in Pusan.
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Morphology of Chlorella Virus D]-1

The structure of the isolated virus was observed with a electron

microscope and the micrographes of the DJ-1 strain are shown in Figure. 3.
Virus particles in infected Chlorella cell were polyhedra, with diameters of
150-190nm, which is typical morphology of viruses belong to
Phycodnaviridae. Virus particles with thin outer shell and full of electron
dense core were observed from thin section and negative staining. Virus
particles bound on the surface of Chlorella cells were also observed. It is
known the virus attaches to the cell surface receptor via one of its
hexagonal vertices, digests the wall at the attachment point, and release
viral DNA into the host leaving an empty capsid on the cell surface (Van
Etten et al, 1999). Accumulated virus particles were also observed in the

cytoplasm.

Analysis of Viral Structure Proteins and Genomic DNA

Structural proteins of purified virus were analyzed by SDS-PAGE and
viral proteins ranging from 10 to over 200kDa were observed (Fig. 9). The
PBCV-1lvirus particles contain more than 50 polypeptides, which range in
size from 10 to 280kDa (Skrdla et al., 1984). The 54kDa major capsid protein

which is known to compose about 40% of total viral proteins was distinctive
with a number of minor proteins and the size and relative content was
similar in all of the tested isolates. However, the viruses could be divided
into several groups when the protein bands with MW 25-3bkDa were
compared. The PBCV-1, DJ-1, SS-1 and HS-2 have two proteins in this

range, but the HS-2 isolate has bigger protein than rest of isolates. The
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Fig. 8. Electron micrograph and negatively staining of Chlorella virus
isolate DJ-1. (Bar=100nm). A. Vrions in an infected Chlorella cell, B.
negatively stained purified virions, C. Electron micrograph of ultrathin
section shows the entering of Chlorella virus into host cell, D. Accumulated

virus particles in cytoplasm of infected Chlorelia cell.
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Fig. 9. SDS-PAGE analysis of viral structure proteins. Structural

proteins of chlorella viruses are analyzed on 15% polyacrylamide gel. M

y

broad range size marker; Lane 15 PBCV-1; Lane 2, DJ-1;, Lane 3, HS-1;

Lane 4, HS-2; Lane 6, YK, lane 7, SS-1; Lane 8, SS-2; Lane 9, KH-1;
Lane 10, KH-2.
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isolates HS-1, YK, SS-2, KH-1 and KH-2 have three proteins in this range
but the KH-2 isolate shows different band pattern compare to other isolates.
The difference in the molecular weight reflects the size difference of the
gene encoding the proteins. However, it is not clear at this moment whether
these proteins with similar molecular weight are same protein or not.
Therefore, immunological and molecular analysis of these proteins are
necessary to identify these proteins and genes encoding them.

Genomic DNAs of 8 selected viruses were treated with 10 restriction
enzymes (Table 5). The DNAs showed different DNA fragment pattern
among these isolates (Fig. 10). One unusual feature of Chlorella virus DNA
is that they contain relatively high levels of methylated bases (Van Etten et
al., 1985). As shown in Table 5, the genomic DNA of the SS-1 isolate was
resistant to the restriction enzymes Hind I, Aluland Pvull. These three
restriction endonucleases recognize a common sequence AGCT, and are
inhibited by the methylation of the first cytosine residue. The SS-1 DNA
was also resistant to Hae Il that recognizes and cleaves GGCC sequence,
but inhibited by the methylation of the cystein residue. The gene coding a
GpC methylase has been cloned from Chlorella virus (Xu et al., 1998). The
gene encoding a AGCT methylase has been cloned from Arthrobacter luteus
(Zang et al., 1993), but not from any Chlorella virus. Because all of above
enzymes are inhibited by the methylation of the cytosine residue, it is not
clear whether SS-1 has GC or AGCT methylase, and further investigation is
necessary.

Although the virus isolates were morphologically similar and had a
common host, the results of protein patterns, and sensitivity of their
genomic DNAs to restriction enzymes  suggest that these viruses are

PBCV-1 related but distinct viruses.
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Table 5. Sensitivity of Chlorella viruses to DNA restriction
endonucleases
Restriction
endomuclease PBCV-1|DJ-1 |HS-1|HS-2| YK |SS-2| SS-1 | KH-1 | KH-2
BamH I + + + + + + + + +
EcoR 1 + S A + + +
Hind IX + + + + + + _ N N
Pst 1 + + + + |+ + + + .
Alu I + + + + |+ + _ + .
Xho I + + + + |+ + + N N
Cla 1 + PO R N . "
Pvu II + + + + + + _ + .
Kpn I + + + + |+ + + + N
Hae III + + + + |+ ] + _ . N
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Fig. 10. Electrophoresis of Chiorella viruses DNA after digestion with
BamH I (A)and Hind III (B). Lanel, PBCV-1; Lane 2, HS-1; Lane 3,
HS-2; Lane 4, KH-2; Lane 5, KH-1; Lane 6, SS-2; Lane 7, DJ; Lane 8, YK,
Lane, SS-1.

_31_



Western Blot Analysis and Sequencing of the Major Capsid Proteins
(MCP)

Western blot analysis of viral proteins of 8 virus isolates were

performed with polyclonal antisera prepared against 2 American viruses,
PBCV-1 and EPA-1. The MCP of all the isolates did not react to antiserum
against Chlorella virus EPA-1 but 5 isolates reacted to antiserum against
PBCV-1 (Fig. 11). In other to determine whether the three PBCV-1 antibody
non-reacting isolates are related each other, a polyclonal antibody against
purified HS-2 virion was prepared and Western blot was conducted with
this antiserum. As shown in Figure 11C, the MCP of three isolates that did
not react to antiserum against PBCV-1 reacted to antiserum against HS-2.
It is known that the immunological characteristics of Chiorella virus MCP
are determined not by the amino acid sequence but by the polysaccharide
attached to the MCP (Graves et al, 2001). Viral glycoprotein of PBCV-1
contains seven neutral sugars: glucose, fucose, galactose, mannose, kylose,
rhamnose, and arabinose (Wang et al, 1993), and are glycosylated not by
host-encoded glycosyltransferase but by virus-encoded glycosyltransferase
(Graves et. al, 2001). In order to confirm this explanation with the Korean
isolates, a polyclonal antiserum was prepared against gel purified MCP of
HS-2. As shown in Figure. 11D, MCP of all of the isolates reacted to this
antiserum, which indicated high sequence homology of these proteins. This
was further confirmed by nucleotide sequencing of MCP gene of selected
isolates. In order to design a sequencing primer, the N-terminal amino acid
sequence of HS-2 isolate MCP was determined with gel purified protein,
One interesting feature of Chlorella virus MCP is the absence of the N-
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A. B.

cha"123587 kDa“12357

Antiserum against Antiserum against
PBCV-1 virion EPA-1 virion

C. D.

kDaulszﬁ? kDaMiZSQSS?

65
z T s B N i

Antiserum against Antiserum against
HS—2 virion gel purified HS-2
MCP

Fig. 11. Western blot analysis of purified Chlorella viruses. Total viral
proteins of selected isolates were analyzed with antiserum against whole
virion (A, B, and C) and gel purified HS-2 MCP (D). M, broad range size
marker; Lane 1, PBCV-1; Lane 2, DJ; Lane 3, HS-1; Lane 4, SS-1; Lane 5,
HS-2; Lane 6, SS-2; Lane 7, KH-2.

_33_



terminal methionine residue which is belived to be removed by methionine
aminopeptidase (Van Etten et al., 1999), The determined N-terminal
sequence of HS-2 MCP was AGGLSQ, in which the first methionine residue
is deleted. A sequencing primer, MCP-N (ATGGCCGGAGGACTTTCACAGC
T), was designed based on this amino acid sequence, and sequencing of
HS-2, SS-1, KH-1 and KH-2 genomic DNA was conducted with the cut
and walk method described above. Another primer, MCP-2N
(TGCCCCTCATCTTCTTCTTC), was synthesized to complete the
sequencing of the rest of the MCP gene. The amino acid sequence of MCP
of these isolates is shown in Figure 12. Multiple alignment of these
sequences showed over 98% sequence identity, which explain the Western

blot analysis result shown in Figure 11D.

Sequence Analysis of Chlorella Viruses tRNA Genes

The tRNA coding regions of 8 isolates were amplified by PCR with
primers designed based on the PBCV-1 sequence. The primers are located
in the first leucine tRNA and the last valine tRNA of PBCV-1 genome.

However, there is another leucine residue at the third place and two PCR

products of 1. 2 -2kb were detected from all of the tested isolates, which
indicated the presence of more than one leucine or valine tRNA in this
region (Fig. 13). Both of the PCR products were cloned in pGEM-T vector

and their sequence were determined (Fig. 14). The sequence analyse of this
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1 15 16 30 31 45 46 60 61 75 76 90
T KH-1  MAGGLSQLVAYGAQD YYLTGNPQITFFKTV YRRYTNFAIESIQQT INGSVGFGNKVSTQI SANGDL ITDIVVEFY LTKGGNGGTTYYPAE 90

2 H3-2  MAGGLSQLVAYGAQD VYLTGNPQITFFKTV YRRYINFAIESIQQT INGSVGFGNKVSTQ! SANGOL I TOIVWEFY LTKGGNGGTTYYPAE 90
3 KH-2  MAGGLSQLVAYGAQD VYLTGNPQITFFKTY YRRYTNFAIESIQQT INGSVGFGNKVSTQ! SANGOLITOIVVEFY LTKGGNGGTTYYPAE
4 PBCY-1 MAGGLSQLVAYGAQD VYLTGNPQITFFKTY YRRYTNFAIESIQQT INGSVGFGNKVSTQI SRNGOL I TOIVVEFY LTKGGNGGTTYYPAE

5 55-1  MAGGLSQLVAYGAQD VYLTGNPQITFFKTYV YRRYTNFAIESIQQT INGSVGFGNKVSTQ! SRNGOL !TDIVVEFY LTKGGNGGTTYYPAE 90

9N 105 106 120 121 135 136 150 151 165 166 180
1 KH-1 ELLQOVELEIGGQR! DKHYNOWFRTYDALF RMNDORYNYRRMTDW YNNEVVGSQKRFYVP LIFFFNQTPGLALPL 1ALQYHEVKLYFTLA 180

2 HS-2  ELLQDVELE1GGOR| OKHYNDWFRTYOALF RMNDDRYNYRRMTOW VNNEVVGSQKRFYVP LiFFFNQTPGLALPL IALQYHEVKLYFTLA 180
3 KH-2  ELLQOVELEIGGOR! DKHYNDWFRTYDALF RMNDDRYNYRRMTOW VNNEVVGSQKRFYVP LIFFFNQTPGLALPL IALQYHEVKLYFTLA 180
4 PBCV-1 ELLQOVELEIGGOR! DKHYNOWFATYDALF RMNDORYNYRRMTOW VNNELVGAQKRFYVP LIFFFNQTPGLALPL |ALQYHEVKLYFTLA 180

5 §5-1  ELLQODVELEIGGOR| OKHYNDWFRTYOALF RMNDORYNYRRMTON YNNELVGAQKRFYVP LIFFFNQTPGLALPL |ALQYHEVKLYFTLA 180

181 195 196 210 211 225 226 240 241 265 256 270
1 KH-1  SQVQGVNYSGTGATA NAAQPTMSYWVDYIF LOTQERTRFAQLPHE YLIEQUOFTGSETAT PSATTOASQNIALNF NHPTKYLAWNFNNPA 270

2 H5-2  SQVQGVNYSGTGAIA NAAQPTMSVWVDYIF LOTQERTRFAQLPHE YLIEQLOFTGSETAT PSATTQASQNIRLNF NHPTKYLAWNFNNPA 270
3 KH-2  SQVOGVNYSGTGA!A SAAQPTMSVWVDYIF LDTQERTRFAQLPHE YLIEQUOFTGSETAT PSATTQASONIRLNF NHPTKYLAWNFNNPA 270
4 PBCV-1 SQVOGVNYNGSSAIA GAAQPTMSVWVDYIF LOTQERTRFAQLPHE YLIEQUOFTGSETAT PSATTQASONIRLNF NHPTKYLAWNFNNPT 270
5 S5-1  SQVOQGUNYNGSSAIA GAAQPTMSYWVDY!F LDTQERTRFAQLPHE YLIEQLOFTGSETAT PSATTQASONIRLNF NHPTKYLAWNFNNPT 270
mn 285 286 300 301 315 316 330
T KH-1  NYGQYTALANIPGAC ANAGTATATYTAPDW GNTGTYYEQUAVLDS AKIOQLNGQORFATA 329
2 HS-2  NYGQYTALANIPGAC ANAGTATATVTAPDW GNTGTYYEQLAVLDS AKIQLNGQDRFATA 328
3 KH-2  NYGQYTALANIPGAC ANAGTATATYTAPDW GNTGTYYEQLAVLDS AKIQLNGQDRFATR 329
4 PBCY-1 NYGQYTALANIPGAC SGAGTAAATYTTPDY GNTGTYNEQLAYLDS AK1QLNGQDRFATR 329

5 5S-1  NYGQYTALANIPGAC SGAGTAAATVTTPOY GNTGTYNEQLAYLDS AKIQUNGQDAFATR 329

Fig. 12. Comparison of amino acid sequence of major capsid protein
(MCP) of different isolates. Amino acid sequence of the MCP genes of 3
isolates were deduced from the nucleotide sequence determined by cut and

walk method, and showed over 99% homology among the isolates.
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Fig. 13. PCR amplification of tRNA coding gene of 8 Chlorella virus
isolates. M, 1kb size marker; Lane 1, PBCV-1; Lane 2, DJ-1; Lane 3,
HS-1; Lane 4, HS-2; Lane 5, YK; Lane 6, SS-1; Lane 7, SS-2; Lane 8,
KH-1; Lane 9, KH-2.
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10 20 30 40 50 60 70 80 90 100 110 120
GATAGGGTATGCAAGTGGTCAAAGCAGGTGATCTCAAGATGCCAGT CCTT CGBATTCAGEE6TTCAACTCOCGTCTGTATCATCECTAGCGAGCAT AAAACBGAGCAGTTCGCT TAGCTC

130 140 150 160 170 180 190 200 210 220 230 240
AGTGAT TAGAGCAT TGATCT TATBAGCGAAGGAT CACCAAT TGAATCGCAGT AGGAAAGAAAGT GAAGRGAGTCTAAACATAAGAT AGTATATACAAGTAGT GAAAGCAGCTCBAGTTAA

250 260 270 280 290 300 310 320 330 340 350 360
GATCGAGT CCCT TAGGBGTTCGCEGETT CBACCCCCGTCACTATCATTGCTGRCAAGCAT AAAACGGACAGACGCCATAGCT CAGT TGGT TAGAGCGT TCGAGTGTTAATCGAGAGET CA

370 380 390 400 410 420 430 440 450 460 470 480
CGAATTCAAACCGABT TGGTGTCATCTGBCACAT TAATATAAGGGT AGTATAACAGGGTTGCAAGCTATAAGCG TGGGAT TCBACT CGGAGATGTATCAABT TCAGAGACT CAAAAGEC

490 500 510 520 530 540 550 560 570 580 590 600
AGAGACGGGATAGCTGAGTTGBTTAGAGCGTTCGAGTGTTAATCGAGABG TCAGCGAT TCGAGGCCGATTGGTGTCAT TTGCCCEOCT AGCTCAGTCGBTAGAGCGCCABACTCTTAATC

610 620 630 640 650 660 670 680 690 700 710 120
TGGTGGTCTRAGT TGBATGOCCACGRT GAGCATAGTCAACAAACT AMMAACAGACACTCBCCATAGCTCAGT TGRAAGAGCAGCGAAGT GTAAATBAAAAGAGAT TAATCCGTAGETCO

730 140 750 760 7710 780 790 800 810 820 830 840
CCCGTTCAACCBG0GTGACAAGANG TGBGORAACT TAMACGCTTGCCCATCT AGCT CAGT CBTAGAGCECCAGACTT TTAATCTGGT GGTGBTGART TCRAGCCCCACGAT GRGCAT

850 860 870 880 890 900 910 920 930 940 950 960
AGTCBGCGGACT TAAAACGCTT GG TCACAT AGCTCAGT CABATAAGAGCAAGABACTT CTAATCTGTAGG TCATGGGT TCBAGCCCGACCGT GATCAAAGAGGOGAACOGATCTATAAACE

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
TGTTGATGACGAATTAGTATAGTGET CAGTATCCGTGCCTGTCACGCATATCAAGAAT TGTT AACT TAAATAAT TGTTGATGAAGAATATTATTAATTATAATGCTATGTCCATCATGCA

1090 1100 110 na 130 1140 1150 1160 umn 1180 1190 1200
GAAMAGAAGATAATAATBATATAAAAACTTATGATTCATGTABAGAATATTT TAAGAATTATCGTATAGAAAAACGAGAATATCRCAAARAAGAAGCT AAGGAATATCGT GAACATAATA

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AAGAAGAAAT TAGAGAATATGTTGAAAAAAAT TCAGAACGTATAAAGAAACAACAACGAGAATATCTTGCTTGCGTGCATGRAATGTTCT TGTCTATTAGAAAGGGCGCTCTTCATCATA

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
AGATTAAATT TGACAT TAGTGAAGAATTTTTGGTAACTTAAGGGATAAAGATTGT TTTT TCTGTGATCAAGAAACGATAGATATATCACGAAATGETATAGAT AGAATAGAGAAT AGCA

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
AGBBGTATGTTGAAGATAAT TGTGTCAGTTGTTGTAGGAAATGTAATAAGAT GAAAGAAT GT CTTGACGCAATGAGAT TTGTTGAGAGATGTGCTCAGATTTCT TTACATGATGGTCATG

1570 1580 1580 1600 1610 1620 1630 1640 1650 1660 1670 1680
TTGGAGGAATGTGTGATT TTTBATGTAATATCAAGGBGTATTCATATACT AGATAT ATACGT GAGAAT AAAGAT AGAAAT AAGGAT TT TCAATTGACGGAAGAAGAATAGAATAGTATTC

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
GTGAAGGAGATTGTATATTT TATGGAAGAT CATGCACBAAAAGGCACAAT AACGAAAT CGATCGCGTAAATAATGAAGAAGG TTAT AGGATCBACAAT TGTGTGAGTTGTTGTTATGATT

1810 1820 1830 1840 1850 1860 1870 1860 1890 1900 1910 1920
GTAATATGATGAAAGGAATT TTGACCAAGBAATATTTCAT TCAAAAATGT GTGAARATATCGTCAAAGACACAAAT GG TT CCAGTGATGGAACGAT T CTCAAGAT TAGAACTCAAARTC

1930 1940 1950 1960 1870 1980 1980 2000 2010 2020 2030 2040
GTCGAAATAGTAATGAAAGTAT TTAATT TGAGAGTTGAAT TGCGOGAT TGGT CACGATGOGT TAGGTGAGTT GBAAGAGT TT TTGGCT ANCACGCAGAASGTGACAGGAT CBARACETGG

2050
AGGGATCA

Fig. 14. Nucleotide sequences of tRNA region in genome of 8 virus

isolates.
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HS-1
10 20 30 40 50 60 70 8¢ 90 100 110 120

GATAGGGTATGCAAGTGATCAAAGCAGCTEGTCTCAAGAT CCCAGTCC TT CAGETTGRCGGATT CGACTCCCGT CTCTATCATCACTGGCRAGGATAAAAGACAACAGTTCGCTTAGCTG

130 140 150 160 170 180 190 200 210 220 230 240
AGTGGTTAGAGCAT TGGTCT TATAAGCCAAGGGT GACCGOTTCGATCCOBGTAGCBAACAAAGT COGCABAGTCTAAACGTGAGAT AGTGTATGECAAG TGGT CAAAGCACCTCGACTTAA

250 260 270 280 290 300 310 320 330 340 350 360
GATGGAGT GCCT TACGGGTTCECGGGTTCBAGCCCCAT CGCTATCATTGGTGAGBAGCATAAACCECACAGACSCCATAGCTCAGT TGGT TAGAGCGT TCOAGTGT TAATCGAGAGGTCA

370 380 390 400 410 420 430 440 450 460 470 480
CCGGTTCEAACCOGGT TBGTGTCGTCTGRCAGAT TAATATAACRGT AGTATAAGABCCTTCCAAGCTATAAGCCTGGAAT TCRACTCCCAGATGTETCAAGT CAGCGRAGTCAAAAGGCA

490 500 510 520 §30 540 550 560 570 580 680 600
TAGAGGGGATAGCTCAGT TGGT TAGAGCET TCGACTGT TAATCGAGASGT CACCBGTTCGAACCCSAT TRGTATCATTTECC0RTCTAGGTCAGTCAGTAGAGCACCAGACTCT TAATCT

610 620 630 640 650 660 670 680 690 700 o 120
GaTeATCBTGAGTTCAAT CCCCACOGTGAACATAGT CAGCBAACTCAAAACACATAGACGCCAT AGCT CAGT TGAT TAGAGCAT TCRACT GT TAATCGAGAGBT CACCRGTTCAAACCCA

730 740 750 760 770 780 790 800 810 820 830 840
GTTAATGTCETTTGCCCGOCTAGCTCAGTCOATAGAGCGCCABACTCT TAATGTOGTGAT CATAABTTCOATCCOCACAGTAGACATAGT CARCOGACTCAAACGCACAATTGACTACA

850 860 870 880 860 900 910 920 930 940 950 960
TAGTGTAGTGGTATCAGAGT GGCCTGTGAATCCAGT AACCBCAGTTCGAATCTACE TATGBCCT CCACTCGCCATAGCTCAGTT GEAAGAGCACCGGACT GT AAAT GAARACACAATAAT

870 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
CGGTAAGT GGCCCATTGRAACCGGAGTBGCGAGAAG TCGRCGBACTCT AMACGCTTBCCOGT CTAGCT CAGT GGTAGAGCGCCAGACTCTT AATCTGGT GATCGTGAGT TCAGCCGCA

1080 1100 1110 120 1130 1140 1150 1160 17 1180 1190 1200
CGATGGBCAT AGTCGGCAGACCTAAAACGCTTGRTCECGTAGCTGAGT TBGATABAGCGACAGACT TCTAATCTGT AGGTCATAGG TTCAGCCCCACCA TATCOAAGACGCBAACGGT

1210 1220 1230 1240 1250 1260 1210 1280 1200 1300 1310 1320
CTATAAAGGTGT TCATGGCGAATT AGTATAGTGRTCAGTATCCC TRCCTGTCACBCAGGAGACCGAGE TTCAAT TCCCCGAT TCGTCACBAT CCCTTAGCTCAGTTGGAAGAGT TTTTAC

1330 1340 1350 1360 1370
CTAACACGGAGAAGGTGGCAGGATGGAAAGCTGCAGGGATCA

Fig. 14. - continued



YK-1

10 20 30 40 50 60 70 80 90 100 10 120
GATAGGBTATGGAAGT BBTCAAAGCAGCTBGTCTCAAGAT CCABTCCT TGOGAT TCGCAAAT TCAACTCCCATCTCTATCATCACT GACOAGCATAAAAGGCAACAGT TCACTTAGCTCA

130 140 150 160 170 180 180 200 210 220 230 240
GTGGTTAGAGGATTGGTCTTAT BAGCGAAGBG TCACCAAT TCAATGCCAGTAGCAAACAAAGTCRACABACTCTAAACGT GAGATAGT GTATGCAAGT GATCAAABCACCTCAACT TAAG

250 260 2710 280 290 300 310 320 330 340 350 360
ATCBAGTGCCTTAGGGGT TCGCGGGT TCGACCCCOGTCACTATCAT TRCTAGCAAGCATAAAAGBCACABACGCCATAGCTCAGTT GG TTAGABCGTTCACTGTTAATCGAGAGETCAC

370 380 390 400 410 420 430 440 450 460 470 480
CGATTCRAAGCCGATTGGTATCGTGTGGCACATTAATATAACBGTAGTATAACAGCCT TGCAAGCTBT AAGCCTGAGT TCBACTCOOABATA TR TCAAGT CRBCGGACTCAMACGCATA

490 500 510 520 530 540 550 560 570 580 590 600
BACGCCATAGCTCAGT TGGT TAGAGCAT TCACT BT TAATCAGAGGT CACCGATTCOAAGCCGGT TAGTGT! CGTTTGCCCRCCTAGCTCAGTCRETAGAGCGCCAGACTCTTAATCTGG

610 620 630 640 650 660 670 680 690 700 710 720
TGGTGATGGGTTCRATGCCCACGE TGAGCATAGT CGGCGBACTCAAAACGCACAAT TGGCTGCATAGT GTAGTGGT ATCACAGTGGCCTCTGARTCCACTAACCGCAGTTCBAATCTGOG

730 140 750 760 70 780 790 800 810 820 830 840
TGTGGCGT(X}ACTGGOCATAGCTCAGTTGGMGAGGAGOGGACTGTMATWMGACMTMTOGGTMGTGCGG(XiTT(XiMGCGGAGTGGGGAGMGTCGGOGGACTCTMACGCTT

850 860 870 880 890 900 910 820 930 940 950 960
GCGCRTCTAGCT CAGTCGGTAGAGCGCCAGACTCTTAATCTGGTBETCATGRGT TCBAGCCCCACGATRGGCATAGTCAECEBACCTAAAACGCTTGGTCGCATAGCTCAGTTGBATAGA

970 980 990 1000 10 1020 1030 1040 1050 1060 1070 1080
GGGAGABACT TGTAATCTGTAGGT CGTGBATTCBAGCCCCACCATGATCGAAGACGCAAACGATCTATAAACRT GTTCATGGOGAATTAGTATAGTGGTCAGTATGCCTGCCTGTCACHC

1090 100 nig 1120 130 1140 1150 1160 1170 1180 1196
ABGAGACCGGGGTTCAATTCCCCGAT TCGTCGCGAT CCCTTAGCTCAGTTGGAAGAGT TTTTGCCTAACACGGAGAAGGT GGGAGGAT CGAAACCT GGAGGGAT GA

Fig. 14. - continued
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DJ-1

10 20 30 4 50 60 1] 8 90 100 10 120
GATAGGGTATGGAAGT GGTCAAAGCAGCTGGTGTCAAGATCCAGTCCT TCGBGT TCBCGGGT TGRACTCCCGTGTCTATCATCGCT GGCGAGCATAAMACGCAACAGT TCGCTTAGCTCA

130 140 150 160 170 180 190 200 210 220 230 240
GTGGTTAGAGCATTGGTCTTATGAGCCAAGBGTCACCGAT TCRATCCCOGTAGCGAACAAAGTCBGCBRAGT CTAAACGTBAGATAGT GTATGCAAGY GBTCAAAGCACCTCAACT TAAG

250 260 270 280 260 300 310 320 330 340 350 360
ATGBAGTCOCTTACGGGT TCGCGAGT TCRACCCCCSTCRCTATCAT TRCT GECEAGGATAAAACGCAGAGACGCCATAGCTCAGTT GG TTAGAGCGTT CRACTGTTAATCGAGAGGTCAC

370 380 390 400 410 420 430 440 450 460 470 480
CGATTCBAAGCCBATTAATBTCATCTBACACATTAATATAAGGBTAGTAT AACAGCGT TGCAAGCT GT AAGCCT GAGT TCAACT CCCAGATATGTCAAGT COACBAACTCAAAACGBCATA

490 500 510 520 530 540 550 560 §70 580 580 600
GAGBCGATAGCTCAGT TGATTAGAGCGT TCGACT BT TAATGGAGAGATCACCEATTCRAACCCGET TEBTGTCATT TACCCRTCTAGCTCAGTCGGTABAGCGCCABACTCTTAATCTGG

610 620 630 640 650 660 670 680 690 700 7o 120
TGGTCGTG6GTTCRATCCCGACGRTGGECATAGT CGGOGGAC TCAAAACGCATAGACGCCAT AGCTCAGT TAGT TAGAGCGT TCGACTGT TAATCGAGAGGT CACCGGTTCGAACCCGGT
130 140 750 760 710 780 790 800 810 820 830 840
T6GTGTCRTTTGCCCGCCTAGCTCAGTCAGTAGAGCGCCAGAGTGT TAATGT GATAGT CRTAGG TTCGAT COCCACGGTEGGCATAGT CRGCGGACTCAAAACGCACAAT TGGCTGCATA
850 860 870 880 890 900 910 920 930 840 950 960
GTGTAGTGGTATCAGAGT GGACTCTGAATCCAGTAACCGCAGTTCEAATGTGCGTGTGGCCTCCACTCGCCATAGCTCAGTTGGAAGAGCACCGBACT GTAAAT GAAAACAGAATAATCC
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
QTAAGT CGOOGE TTCGAACCGRAGTGGCRAGAAGTCGBCAGACT CTAAAAACGCT T GCCCAT CTAGCTGAGT CBGTAGAGCGCCAGACTCTTAATCTAGT GATCET GGGT TCAAGCCCGA
1090 1100 116 1120 130 1140 1150 1160 170 180 1190 1200
GGATGGGCATAGTCEGGAGACTCTAAMGECTTGCCCGTCTAGCT CAGTCGGTABAGGGCCAGACTCT T AATCTGGTGGTCGTGGGT TCRAGGCCCACGATGRGCATAGTCGGCGBACT TA
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AAACGCTTGGTGACGTAGCTCAGT TRGATAGAGCBAGAGAGT TCTAATGTGT AGGTCATAGGTTCGAGCCCCACCATGAT CGAAGACGCGAACEGT CTATAAAGGTGT TCATGGGGAATT
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
AGTATAGTGETCAGTATCCCTGCCTGTCACGCAGGAGACCGRGATTCAAT TCCCCGAT TCATCACRATCCCT TAGCTCAGTTGGAAGAGT TTTTGCCT AAGACGCAGAAGGT GGCAGGAT
1450 1460

GGAAACGT GCAGGGATCA

Fig. 14. - continued
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KH-2

10 20 30 40 50 60 70 80 90 100 110 120

GATAGGGTATGGAAGT GG TCAAAGGAGCTGGT CTGAAGATCCABTCCT TGAGGT TCGCGAAT TCGACTCCCATCTCTATCATCGCTGRCRAGCATAAAAGBCAACAGT TCACTTAGCT GA
130 140 150 160 170 180 190 200 210 220 230 240
QTGGTTAGAGCATTGBTCTTATGAGCCAAGGGTCAGCGAT TCOATGCCAG TAGCGAAGAAAGTCBBCAAACTCTAAACAT GAGATAGT GTATGCAAGTGATCAAAGCACCTCRACT TAAG
250 260 270 280 290 300 310 320 330 340 350 360
ATCGAGTGCCTTACGGGT TCGGAAGT TCGACCCCCATCACTATCAT TACTABCGAGGA TAAAAGBCACAGACGCCATAGCTCAGTTAGTTAGAGCGTTCRACTGTT AATCGAGAGGTCAG
370 380 390 400 410 420 430 440 450 460 470 480
CBATTCRAACCCAGTTERTATCGTCTAGCACATTAATATAACGBTAGTATAACAGCCT TCCAAGCT GTAAGCCTGAAT TCRACTCCCAGATATGTCAAGT CBACOAACTCAAAACGCATA
490 500 510 520 530 540 550 560 570 580 590 600
GACGGCTAGGTCAGTTGGTTAGAGCGTTGBAGTGTTAATCCGAGAGGT CAGCRG TTCGAAGCCRGT TAGTAGTCGT TTGCCCECCTAGCTGAGT CAGT AGAGCGCCAGACTCTTAATCTG
610 620 630 640 650 660 670 680 690 700 710 720
GTBGTCATGGBT TCRATCCCCACBGT GBBCAAAGTCAGCAGACT CTAAAGGGACAATTGACT BCAT AGTATAGT GBTATGACAGTABACT CTGAATCCACTAAGOACAGT TCGAATCT6C
730 740 750 760 170 780 780 800 8io 820 830 840
GTGTGACCTGCAGTCGCCAT AGGT CAGT TGGAAGAGGAGCGGACTG TAMTGAAAACACAAT AATCCGTAGG TCOCCCGT TCGAAGGAGGGT GECGAGAAGT CEGCGRACTAAAAACGCT
850 860 870 880 890 900 910 920 930 940 950 960
TBCCORTCTAGCTCAGTCOGTAGAGCBCCAGAGT TTTAATCTGATGATCATABATTCGAGCCCCACBATGAGCATAGT CAACBEACTCTAAACGCT TGCGCATCTAGCTCAGTCAGTAGA
970 980 990 1000 1018 1020 1030 1040 1050 1060 1070 1080
GGACCAGAGTGT TAATCTGGTGAT CGTGGGTTCBAGCCCGAGEATBRACATAGT CGGCAAACTT AMAACGCT TGGTCACGTAGCTCAGTT GGATABAGGGACAGACTTCTAATCTATAGG
1090 1100 1110 120 13 1140 150 1160 170 180 1190 1200
TCGTGGET TCBAGCCGCACCATGATCRAAGACGCAAACBETCTATAAAGGTG TTCATGGCGAAT TAGTATAGTGGTCAGTATCCCTGCGTGTCACGGAGGAGACCA0GGT TCAATTCCCG
1210 1220 1230 1240 1250 1260 1270 1280 1280
GATTCGGTGGCGATCCCTTAGCTCAGT TGGAABAGTT TT TGCCTAACACGCAGAAGGTGGCAGEATCGAAACCTGCAGGRATCA

Fig. 14. - continued
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HS-2
10 20 30 40 50 60 70 80 90 100 110 120

GATAGGATATGGAAGT GATCAAAGCAGGTAGT CTGAAGAT CCCAGTGCTTCGOATTCACBBBTTCRACTCCCRTCTCTATCATCACTGBCRAGCATAAAAGBCAACAGTTCACT TABCTC
130 140 150 160 170 180 190 200 210 220 230 240
AGTGGTTAGAGCATTGGTCTTATGAGCCAAGGGT CACGGBTTCAATCCCAATAGCBAACAAAGT COGCGGACTCTAAACG TGAGAT AGTGTATGCAAGTGGTCAAAGCACCTCBACTT AA
250 260 210 280 290 300 310 320 330 340 350 360
GATGGAGT GCCT TACGGATTCGCGGE TTCAACGCCGGTCACT ATCATTGCTABCGABGAT AAAACGCACAGACGCCAT AGGT GAGT TAGT TABAGCAT TGGACT GTTAATCGAGAGGTCA
370 380 390 400 410 420 430 440 450 460 470 480
CCBATTCGAACCCBRTTGGTGTCGTCTGACACAT TAATATAACGGTAGTATAACAGCCTTCCAAGCTGTAAGCCTGBATTCGACTCCCAGATGTGT GAAGT CGGOGGACT CAAAACGCAT
490 500 510 520 530 540 550 560 570 580 590 600
AGAGGCCATAGCTCAGTT TGAT TAGAGCGT TGBAGT 6T TAATCRAGAGBT CCOCAATTCRAACCCAGT TGATATCATT T6CCCATCTAGCTCAGTCOGTAGAGCGCCAGAGTCT TAATGT
610 620 630 640 650 660 670 680 €90 700 no 720
G6TGGTCATGEGTTCAATCCCCACGG TGGGCA TAGT CBGCGGACTCAAAMCGCATAGACGCCAT AGCT CAGT TGGT TAGAGCGT TCGACT 6T TAATCGAGAGGTCACCBG TTCRAACCES
130 740 750 760 770 780 790 800 810 820 830 840
GTTGGTETCETTTECCCACCTAGC TCAGTCGGTAGAGCGCCAGAGTCT TAATCTGGTGGT CATGGETT CGAT CCCGACAATGAGCATAGT CGCGGAGTCAAAACGGACAAT TGGCTGGA
850 860 870 880 890 800 910 820 930 940 950 960
TAGTGTAGTGGTATCACAGTGGACTCTGAATCCACTAAGCGCAGTT CGAATCTGCATGTBGCCT COACTCACCATAGCTCAG TTGGAAGAGCACCEGACTGT AMATGAAAACACAATAAT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
GCGTAGGT GGGCCATTCGAAGGRGAG TEGCAAGAAGTCAGCAGACT CTAAAGACTTGCCCAT CTAGCTCAGT CGGT AGABCGCGAGACTT TTAATCTGGT GATCGTGGGT TGBAGCGCTA
1090 1100 1110 120 1130 1140 1150 1160 170 180 1190 1200
CGATGGBCATAGTCGACGGACCTAAAAGGC TT GG TCRCATAGCTCAGT TGGATAGAGCGACABAGT TCTAATCT GTAGGT CG TGGGTTCGAGCCCCAGCETGATCGAAGACGCAAACGGT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GTATAAAGGTGTTCATGBCGAATTAGTATAGTGATCAGTATCCCTGCCTGTCACGCAGGAGACCAGOGTT CAAT TGCOCGAT TCGTCACGATCOCT TAGCTCAGTT GBAAGAGT TTTTGG
1330 1340 1350 1360 1370
CTAAGAGGCAGAAGGTGGCAGGATGGAAACCTGGAGGGATCA

Fig. 14. - continued
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KH-1
10 2 30 %0 50 60 70 80 %0 100 110 120

GATAGGGTATGCAAGT GGTCAAAGCAGCTGBTCTCAAGATCGAGTGCT TCGRGT TCACRGAT TCRACTCCOETCTCTATCAT CGCTBACRAGCATAAMGGCAACAGT TCECTTAGCTGA
130 140 150 160 170 180 190 200 210 220 230 240
GTGATTAGAGCATTBATCTTATGAGCCAAGGATCACCAGT TCRATCCCBATAGCGAACARAGTCEACGRACT CTARAGGTGABATAGT GTATGCAAGTGATCAAAGCACCTCRACTTAAG
250 260 270 280 280 300 310 320 330 340 350 360
ATGGAGTGCCTTAGBAGTTGECOGAT TCRACCCCCATCRCTATCAT TACT GACGAGCATAAAACGGACAGACGCCATAGCTCAGTTGGTTAGAGCE T TCGACTBTTAATCAAGAGGTCAC
310 380 380 400 410 420 430 440 450 460 470 480
CAGTTCAAAGCCAGTTBATETCATCTBACACATTAATATAAGGATAGTATAACAGGCT TCGAAGGT GTAAGCCT BAGT TCAAGTCCCAGATGTA TCAAGT CGACABACTCAAAAGCATA
490 500 510 520 530 540 550 560 570 580 590 600
GAGGCCATAGCTGABT TAGTTAGAGGGT TCGACTGT TAATCGAGAGGTCACGGATT CGAACGCGET TGGTGTCATT TGCCORTCTAGGTCAGTCAGTAGABCGCCAGACTCT TAATCTGG
610 620 630 640 650 660 670 680 690 100 710 720
TAATCATGAGTTCAAT GCCCCACOGTABACATABT CABCBGACTCAAMACGCATAGACGCCATAGCTCAGT TGBT TAGAGCAT TCBACTAT TAATCGAGAGAT CACCAGTTCOAACCCAAT
730 740 750 760 710 780 790 800 810 820 830 840
TGGTGTCGTT TGOGOGCCTAGG TCAG GGG TAGAGCBCCAGAGTCTTAATCT GGTAGT CATGGGTTCAAT COGCAGAG TRRGECATAGT CAGCBGACTCAAAAGGCACAAT TGGCTGCATA
850 860 870 880 890 900 910 920 930 940 950 960
GTGTAGTAGTATGACAGTGBACTCTBAATCCACTAACCACAGTTCAAATCTACGTATABCCT CCACTCACCATAGCTCAGTT GGAAGAGCAGCAGACT BT AAATGAAMACACAATAATCG
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

GTAAGT CGCGOGTT CRAACCGEAGTGRCGAGAAGTCGECGRACT CTAAMAACGCTTGCCCGTCTAGCTCAGT CAGTAGABCACCAGACTCTT AATCTGGT GATCAT GGGT TCBAGCCCEA
1080 1100 1110 1120 1130 1140 1150 1160 170 1180 1190 1200
CGATGBGCATAGTCGACABACTCTAAACGCTTGCCCATCT AGCT CAGT CAGT ABAGCBCCAGACTCTT AATCTAGT GG TCGTBAGTTCAABCCCCACOAT GRRCATAGTCARCABACT TA

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AAAGGGTTGGTCGCAT AGCT GAGT TGRATAGAGCEAGAGACT TCTAATCTGTAGGT GG TGGGTTCGAGCCCCACCE TGATCOAAGACECGAACHGTCTATARACGT GTTCATGGCGAATT
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
AGTATAGTGBTCAGTATGCOTGGC TGTCACGCAGBAGACCBAGATT CAAT TCOCCAATTCAT CGOGATCCCT TAGGTCAGTTGBAAGAGT TTTTGCCTAACACGCAGAAGGT GBCAGBAT
1450 1460
CGAAAGCTGCAGGGATCA

Fig. 14. - continued
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58-2
10 20 30 40 50 60 70 80 90 100 110 120
GATAGGATATGCAAGTAATCAAABCAGCTBGTCTCAAGAT CCAGTCCT TCBAGT TCGCGAAT TCBACTCCCATCTCTATCATCRCTGGCGAGCATAAACACAACABT TCACTTAGCTCA
130 140 150 160 170 180 190 200 210 220 230 240

GTGGTTAGAGCATTGGTCTTATGAGCCAAGBGTCAGCGGT TCRATCCCOATAGCAAACAAAGTCGGCRBACT GTAAACGT BAGATAGTGTAT GCAAGTGGTCAAAGCACCTCRACT TAAG
250 260 270 280 290 300 310 320 330 340 350 360
ATGGAGTGOCTTAGGAAT TCRGBAAT TCRAGCCCCATCACTATCAT TRCT GACBAGGATAAAAGGCACAGACGCCATAGCTCAGTTBAT TAGAGCGTTCBACTG TTAATCGAGAGGTCAC
370 380 390 400 410 420 430 440 450 460 470 480
CGGTTCRAAGCCGGTTGGTGTCGTCTGACACATTAATATAACGGTAGTAT AAGAGCCT TCCAAGCTGT AAGGCTGGET TCRACT GCCCABATGTGTCAAGT COGCGBACTCAAAACGACATA
490 500 510 520 530 540 550 560 570 580 590 600
GAGBGGAT AGCTCAGT TGATTAGAGGGTTCRACTGT TAATCGAGAGET GACCAGTT CGAACCCGGT TGGTGT GG TT TACCCRCCTAGCTGAGTCGRTAGABCGCCAGACTCT TAATCTGG
610 620 630 640 650 660 670 680 690 700 Al 720
TGGTCGTGGBTTCEAT CGCCACBGTGAACATAGT GRGCGAACTGAAAACGCAGAAT TRGCTGCATAGT GTAGTGAT AT CACAGT GRCCTCTRAATCCACTAACCGCAGTTCOAATCTACE
730 740 750 760 770 780 780 800 810 820 830 840
TGTGACCTCCACTCOCCATAGCTCAGTT GAAAGAGCACCGBACT ATAAATRAAAAGAGAATAAT CCGT AAGT CCCCCATT GAAAGCAGAG TGBCGAGAAGTCAACHGACT CTAAACGCTT
850 860 870 880 890 900 910 920 930 940 950 960
GCCCGTCTAGCTCAGTCGGTAGAGCGCCAGACTCTTAATCTAGT BBTCGT GABT TCRAGCCCCACGATGRECAT AGTCAGCARACCTAMACGCTTOGTGGCATAGCT CAGTTGAATAGA
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
GCGAGAGACTTGTAATGTGT AGGT CGTGGG TTCBAGCCCCACCETGAT CEAAGACGCOAACGGTCTATAAAGET GT TCATGBCAAATTAGTATAGTGGTCAGTATCCCTGCCTATCACAE
1090 1100 1110 120 1130 1140 1150 1160 170 1180 190
AGGAGACCGGG6 TTGAAT TGCCCGAT TGGT CGCGATCGCT TAGGTCAGTTGAAAGAGT TTTTGCCTAACACGCAGAAGE T GGGAGBATCRAAACCT GCAGGGATCA

Fig. 14.
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regions showed that there are 11 to 16 tRNA genes in this region that are
separated with small spacers (Fig. 15). Genes coding tRNA have been
identified in the genome of murine gammaherpesvirus 68 (Bowden et al.,
1997). The presence of tRNA genes in a virus genome is unusual
considering the dependence of translation processes of viruses on the host
translational machinery. However, this can be explained by the bias in the
codon usage of the Chlorella virus and it host (Van Etten et al, 1991),
which has been predicted from the difference in the G+C contents of the
two organisms; 40% G+C in the PBCV-1 DNA contrast to 67% G+C
content of host Chlorella NC64A (Van Etten et al., 1985).

One interesting feature in the tRNA regions of the 8 isolates is the
presence of a 1039bp spacer between (UCU) tRNA and (AAC) tRNA of the
SS-1 isolate. This spacer comprises an open reading frame of 885bp and
encodes a putative protein of 294 amino acids with a molecular weight of
about 29 KDa. A sequence of the spacer and the published PBCV-1 genome
sequence showed 51% amino acid sequence similarity to PBCV-1 ORF
a478L (Fig. 16). It has been suggested that rearrangements of Chiorella
virus genomes during replication in natural environment could occur
dynamically and frequently (Nishida et al,, 1999). For example, a total of 29
of the PBCV-1 ORFs resemble 1 or more other PBCV-1 ORFs, suggesting
that they might be either gene families or derived by gene duplication (Van
Etten et al., 1999).

Although the sequence homology between the identified spacer and the
PBCV-1 a478L. ORF was low, possible duplication or translocation of a478L
ORF in SS-1 genome was investigated Southern blot analysis (Fig. 17).
Hybridization of the restriction enzyme digested genomic DNA of both
PBCV-1 and SS-1 with PBCV-1 tRNA probes (Fig. 17A) resulted in one

hybridizing band with same pattern, which indicated the presence of only
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Fig. 15. Structure of tRNA coding regions of Chlorella viruses isolated
in Korea. The tRNA regions of 8 selected isolates were amplified and
cloned. They contain 14-16 tRNA genes in 1.2- Zkb region except the SS-1
isolate that has 1039bp.
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1 15 16 30 3 45 46 60 61 75 76 90

1 PBCV-1 MLCTRCKKEHOEDTK MCAPCKEQKK INNRK YCAKHYEK {RERDRK RAEKOLEKYNE {KRK QRAEDPEKFRERARK YRIANPEKFKEYERK 90

2 85-1  MLOPSCRKEHNGOIK TCOSCREYFKN---- --------- YBIE-- KA--------EYAKK QAKEYREHNKEQIAE YLEKNSERIKKQQRE 67

91 105 106 120 121 135 136 150 151 165 166 180
1 PBCV-1 RHATIYRKYQHIADG ALAANIQFOLTKDF | GTETOKDCFYCGOQT TOTLANGIORLNNTV GYVEGNCVSCOWTCN NMKQCLDALTFVERC 180

2 85-1  YLASVHGMFLSIRKG ALRANIKFDITEEFY ANLTOKDCFFOGQET 01SRNGIORIENTK GYVEONCVSCOGKCN KMKQOCL DAMTFYERC 157

181 185 186 210 211 225 226 240 241 255 256 270

1 PBCV-1 SQVSLHNGHGGNMCO FWNDVKGOSFASYKT --KMKNKDFQLTKEQ YDTLRQGNCTYCGRM CTETHTNGIDRVONT RGY | LONCYSCCGSC 268

2 55-1  AQISLHHGHVGAMCD FWSNIKGYSYARYIR ENKHRNKDFQLTEEE YNTIRQGDCIFCGRS CTKTHNNGIORLNNE QGYT iONCVSCCYOC 247

n 285 286 300 301 315 316

1 PBCV-1 NIAKGTMNVEEF INK CVSISRKEHDIPEMP RCINIFTRNAPS--- -- 310

2 S5-1  NMMKGILTKEYFIQK CVKiSSKTOMVPYME RCLK IRTQNRPNSNE TI 234

Fig. 16. Comparison of amino acid sequence of the SS-1 spacer and

the PBCV-1 a478L gene.

- 47 -



E X E X E X

PBCY-1 FINA prote SS-TRNA probe PBCY-1 a476L probe

Fig. 17. Southern blot analysis of the PBCV-1 (P) and SS-1 (S)
digested with EcoR I (E) and Xho I(X). The used probes are shown at

the bottom and their locations are shown in Figure b.
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one tRNA region in the two viruses. Hybridization of same DNA with SS-1
tRNA probe (Fig. 17B) resulted in same result as with the PBCV-1 tRNA
probe region. Hybridization of the same DNA with a PBCV-1 ad78L probes
resulted in only one hybridizing band from both viruses but different
location from the tRNA region (Fig. 17C). This result indicted that there is
a gene corresponding to the PBCV-1 a478L. ORF on both of the PBCV-1
and SS-1 genome and that this gene presents at a different location from
the tRNA coding region. Therefore, the low sequence homology between the
SS-1 tRNA spacer and PBCV-1 a478L ORF, the presence of a DNA
fragment corresponding to the PBCV-1 a478L ORF in both of the viruses
indicated that the ORF in the SS-1 tRNA spacer is a novel gene that does

not present in the PBCV-1 genome.

Analysis of the tRNA Genes and their Putative Promoter Regions

All of the tRNA genes encoded by the Chiorella viruses contain putative
tRNAs that has features common to most tRNA: a 7-bp acceptor stem, an

internal promoter consisting of a conserved YGG sequence in the D loop and

conserved size and consensus sequences in the T¥C loop, a 5-bp anticodon
stem, and a 7-b anticodon loop containing the consensus YU- anticodon-R
(Geiduschek and Tocchini-Valentini, 1988; Dirheimer et al., 1995). In the
tRNA genes of 8 Korean Chlorella viruses, a 14-b intron-like sequence
resides between the first and second nucleotide 3’ to the anticodon of

tyrosine tRNA (GUA) (Fig. 18).
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Fig. 18. Secondary structure model for Chlorella viral Tyr tRNA

precursors containing insertion. Arrows indicate the sites where the

tRNA-splicing machinery should cut and region the pre-tRNA to form the

mature tRNA molecule.
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It is known that eukaryotic RNAs are transcribed by conserved polymerase
Il promoter elements called A box and B box that present inside the tRNA
coding region as shown in Figure. 19. However, it has been demonstrated
that the viral tRNAs of Japan Chlorella virus K2 is cotranscribed as a large
precursor of about 1.0kb that is precisely processed into individual mature
tRNA species (Nishda et al, 1999). In addition, the upstream sequence of
the PBCV-1 tRNA gene cluster is a typical promoter for Chiorella viral
genes that is composed of 65bp with 75% A+T (Schuster et al., 1990).
These results suggest that upstream of tRNA gene cluster might contain a
major acting promoter. In order to find whether the Chlorella viruses
isolated in Korea contain a common sequence similar to the putative
promoter, the upstream regions of these regions were sequenced by cut and
walk method with a primer (II-Cprimer) running toward the 5’ from the
inside of the tRNA coding region (Fig. 4) and the results are shown in
Figure 20 and 21.

One interesting feature in the sequence analysis of this region is the
repeat of conserved sequences. In case of the PBCV-1, a conserved motif of
27 bp is repeated twice and they are separated by 96 pb (sequnce A in Fig.
20). One Korean isolate, the SS-1, has same putative promoter structure as
the PBCV-1. However, another conserved motif of 89 bp (sequnce B in Fig.
20) was identified in the putative promoter region of the SS-2, KH-1 and
KH-2 isolates. In addition to the presence of the second conserved motif in
this region, the arrangement of these conserved motifs was vary among
these viruses. The PBCV-1 and SS-1 have A-A arrangement, the KH-1
and KH-2 isolates have B-A-B-A arrangement and the SS-2 isolate has
A-B-A-B-A arrangement (Fig. 21).
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tRNA type BOX A BOX B

Leu(CAR) GATAGGGTATGCAAH%@T—QMGGKTGGTUCMG AT(CC-AGTCCH{GGGTT(G(QGGTTCGA(TCGCGTCTCTATCA
Lle(la) GTTCGC'I%TAG(TCAGT-G@TT-AGAGCA—TTGGTCTT&TG RGCCA-A GGGTCA((EGGTT (GATCCCAGTAGCGAACA
Leu(UAA) GATAGTG{TATGCMGT-GG—TCAMGUC(T{G%(TMG ATCGA-GTCCCTTACGGGTTCGCG?GGTTCGACCCGCGTCGCTATCA
Asn(QUU) GACGCCATAGCTCAGTTGETT-AGAGCS-TTCGACTGTTA ATCGA-G AGETCACCEETTCGAACCCEETTGETGTCE
Gly (o EGCACAT%TAATATM-CGG-T-AGTATA-:\(AGC(TI‘((A AGCTGTA AGCCTGLAGTTCOACTCCCAGNTETETCA
Lys(QUls) 6CCCTCTAGCTCATCO6-T-AGAGCG-CCAGACTCTTA ATCTE-6 TEETCOTAEETTCEATCCCCACGETE6ACA
Tyr{(GUA) (TCGCCSTAGCTCAGTTGGE-A-AGAGCACCGG)\{TGTMATGAAMCA(AATAAT(CG-T AAGTCCCCCETTCGAACCEEAGTEECEAGA
Arg(UCL) GGTCGCG:TAG(T(AHTG@AT-AGAGCG—ACAGACTTGA ATCT6-T AGGTCETAETTCCAGCCCCACCATEATCE
Asp(6UC) GG(GMSTAGTATMT-GQ-TCAGTATC-(CTG((TGTCA (6CAs-6 MGACCOGAETTCAATTCCCCGATTCETCE
Val(AR0) GATCCCT;T AGCTCAGTTGEA--AGRGTT-TTTGLCTAACA (GCAG-A AGGTE6CAGGATCGRAACCTECAGGSATCA

Fig. 19. Alignment of 10 tRNA sequences encoded on the HS-2
genome. The conserved A and B boxes comparising the RNA polymeraselll

promoter are boxed.
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Although it was shown that the tRNAs of Chlorella virus are trasncribed as
a cotranscript and the 5’ upstream was suggested as possible promoter
region, no detail analysis of this region has not been performed. However,
the multiple presence of conserved A+T rich motifs in this region is of
noteworthy, and further analyses of this regions as promoters of the tRNA

are necessary.
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1 16 18 6081 4b 48 60 61 ER) :9]

1 PAGY-1 AT AGRAMTHTBAGBATT TTOTOA-~TATBRAB ASGTAA--AAGARG- TTAAG-AMGA-GET B
2 ari QGAMTREOAGEATT TIOTBA--TATBAAG AAGTAA~-AAGANG- TTAMG-AARGA-Q60 B
0 M1 GTTRTTTTGB06A04 TATTATOGTTARATE AGAATTATEATGATA TAGTOA-~TATBAAG ACGTRA--ARBAAAG TTAKG-AAAGACRA 86
4 Wre TOATTA TAGTBA--TATBGAG AGBGRAIMABAAAG TTAMGBAARGAGIAR bt
barz -—————— — “NATGAGAMABO TGAMTATIAAGTTA ~AGAMATATAGTAAG AGGARA--AAGATGA TTTATTAGAGATTER -]
A B
] 16 108 0 121 ¥b B8 160 161 Bb ©a 180
1 PBV-1 ———ATBOTTAGM TTCAA—0-TAMITA TOAAMOGTA—AQB A—TBAGAA—GTD ABATAG-ATTAMMGTT AGAMGATAGTMAG 180

2 81 ———ATHETTAGAR TTOAA—G-TAAGTA T—ATARGTA—AGT A—-TGAGBTA—ATA GTAGMATATTAAGTT MEAGIGATIBTMGE 1B
8 W1 -——QTROTTAGM TTOAA—G-TAMGTA T—AGARGTA—AGT A—-TOABAA—AGE TEA-AMTATTAMSTT MBAMTATASTARS 157
4 MTZ  G——ATROTIAGAS TTGA—QATAMGTA T—AGAQUTA—AQT A—-TEABAA—AG0 TBA-AATATIMGTT MGAMTATASTMG 125
bawZ AGBGAMATGATBO0A GOGAAMOATAITA TF-ATTBATATBAGA ASTATGATAAGTATA TATAATATTAAGTT MBAMTATAETAKS 167

A

181 b 18 21021 Zb 2B 30 M 266 668 0
1 PB0V-1 AGBAMALGAGOATT BATTRGAIATOORAL GOAA-—-TBTRA-~ —AAGATNAGTATT ASTRATTATGAGMA TITRATMOTATGAS 211
281 AGAAMGATBATT TATBAGAOGTOTOAA BOAM-—-TBTAA—— —AAGATRAGTATT ASTRATTATEAGMA TRTRATMOTRBAG 27
6 HT1  AGGAMAMGATBATT GATTRGAGATTGOAG BGAA TBATBRAABG GROMGATAAGTATT ATTBAT-ATGAGMA TOTOATVATAT-— 248
4 MT2  ABAAMEATOATT TATTAGAGATTOAG BOAMTEATOO0ABE GASAGATAAGTATT ATTOAT-ATEAGASA THTOATRAITAT-— 211
bayrd AGBAMMAMGATGATT TATTAGAIGTTBOAG GGAMTOATBOAARE GASAAGATRARTATT ATTBAT-ATBAGMA MATMTAR— 240

B

Zn &b 2 600 801 61668 660 691 64b 548 660
1 PEGV-1 ASTTGAGAGATATTA AGTTRAGRAAGATTD TAAGAGBAMALGA- —TBATTGATT--TG GAGITAITOOR00RA GTGTASTROGAG-- D6
281 ARTTGAGAGATATIN AGTTAMMAMGATTE TAAGAGBAMMGA- —TBATTBATI--TO GAGATAQTBORGHIA GTBTASTONG0G-- B

6 M1 -AT—ATRAALTATIA ATTTRAGAMGBATAG TAAGAGGAGAATEAG TRTGTITATTTATTE GAGATAST-——- -TATAGAGRGGG3G 621
4 T2 -ATATATMATATIM ATTTRAGLACTATAG TAAGAGBAGATOAS TETGTTTGTTIATTO GAGUTAAT-——- -TATAGAGROBRAG 1
bagZ ~AT—ATAMTATIM AGTTAAGAMTATAG TAAGAGBAGAATGAG TETGTTTGTTIATIO GAGATAST-——- ~TATAGAGOGREG- 620

Fig. 20. Sequence comparison of the putative tRNA gene promoters.

Repeated sequences in the SS-2 isolate are indicated as A and B.
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PBCV-1 = tRNA gene
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Kl — ——
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Fig. 21. Arrangement of the repeated sequences in the putative tRNA

gene promoters of different Chlorella viruses.
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M Zeld F=2de vloleix EPA-19] o] whesix] dgtom Lzl
Hholej2 PBCV-1 Aol 5% wiolg]xrt wheatglrh, 3% 9] npo]a 2o
MCP9 971584 cut and walk ¥ o2 B4 A3} o5 npolel2 Apo]o]
0% olde] FE8E At

e g vtojgx F 8 759 tRNA #+AAE PCRY o9& ZZsz =
BY® F 2 47INEE EH8gT 1 A, o5 wlolalx F (RNA oA
Zb <bell 1039bpe] A fAAE JHAE SS-1 wpeldAE AestnE 12 -
Zkb =719 DNAC 14-1671¢) tRNA #3245 7141 gee #asgnt. o
SS-1 whojef2e] 4]l fAAE 204709 ofnjxMo® TAH QIYw, T2
dz} vpolei 2 PBCV-19] A478L & A A}9} 5129 &4 IR X% Southern
blot& &% #4437 PBCV-1dle A4 4 Mze §AQA Aoz
AHAY. ol 2248} nlolg2 RNA #1219 promoter® HAX = =
ol dd 229 9 47189 BY dst AT d7)9) wjgo] o miy o
ZIMdel MAHA oM ol wtEd grjMde 2F L WAL uolga F=

of el chershsit.

_56_



Acknowledgment

AYY 4B F H3Y 5 A £ ajd Hul, 2Go] A} Fao)
AU, vl §7] Fost AFol, vtolelx AR Ful A, Fu), An), A
B, A%, A7, Aol nrtee dad, datd AYEL g4 Y9 A
Al 5718, FARY ool #Lo] Ay, AFSHE e BB W
nlg& WEh

AAY At AAE oAl FA U Adshs Rudw 9w oA
WE AEL SFINE F4 AFAF AR o) S omofA o] Fe
A4¢ oYY, BAto, Y5 AW W FARoz} FEHow %
2€ F U9 A9 A5 omoA wntge AFY.

_57_



References

Becker, B,, DE. Lesemann, and W. Reisser. (1993). Ultrastructural studies on
a chlorella virus from Germany. Arch. Virol. 130:145-155.

Bornemann, C., and H. Follmann. (1997). Large-scale production and plaque
titration of European chlorella viruses. J. Virol. Methods 67:119-125.

Bowden, R. J, Simas, J. P., Davis, A. J., and Efstathiou, S. (1997). Murine
gammaherpesvirus 68 encodes tRNA-like sequences which are expressed
during latency. J. Gen Virol. 78, 1675-1687.

DeAngelis, P.L., W. Jing, M.V. Graves, D.E. Burbank, and J.L. Van Etten.
(1997). Hyaluronan synthase of chlorella virus PBCV-1. Science
278:1800-1803.

Driheimer, G., Keith, G. Dumas, P, and Westhof, E. (1995). Primary,
secondary, and tertiary structures of tRNAs. In “ tRNA” (D. R.Soll, and U.
Raj Bhandary, Eds),pp.93-126. American Society for Microbiology,
Washington, DC.

Garvish, JF, and R.S. Lloyd. (1999). The catalytic mechanism of a

pyrimidine dimer specific glycosylase (pdg)/abasic lyase, chlorella virus—pdg.
J. Biol. Chem. 274:9786 9794.

Geiduscek, E.P., and Tocchini- Valentini, G.P. (1988). Transcription by RNA
polymerase Ill. Annu. Rev. Biochem. 57, 873-914.

_58_



Girton, L., and JL. Van Etten. (1987). Restriction site map of the Chlorella
virus PBCV-1 genome. Plant Mol. Biol. 9:247-257.

Grabherr, R., P. Strasser, and J.L. Van Etten. (1992). The DNA polymerase
genes from chlorella viruses PBCV-1 and NY-2A contain an intron with

nuclear splicing sequences. Virology 188:721-731.

Graves, M.V., and R.H. Meints. (1992). Characterization of the major capsid
protein and cloning of its gene from algal virus PBCV-1. Virology
188:198-207.

Graves, M.V., Bernadt, C.T., Ronald Cerny, and Van Etten, J. L. (2001).
Molecular and genetic evidence for a virus—encoded glycosyltransferase

involded in protein glycosylation. Virology 285, 332-345.

Graves, M.V,, D.E. Burbank, R. Roth, J. Heuser, P1. DeAngelis, and J.L.
Van Etten. (1999). Hyaluronan synthesis in virus PBCV-1 infected
chlorella-like green algae. Virology 257:15-23.

Higashiyama, T., and T. Yamada. (1991). Electrophoretic karyotyping and

chromosomal gene mapping of Chlorella. Nucl. Acids Res. 19:6191-6195.
Hiramatsu, S., M. Fujie, S. Usami, K. Sakai, and T. Yamada. (2000). Two

catalytic domains of chlorella virus CVK2 chitinase. J. Biosci. Bioeng.

89:252-257

_59_



Hiramatsu, S., M. Ishihara, M. Fujle, S. Usami, and T. Yamada. (1999).
Expression of a chitinase gene and lysis of the host cell wall during

chlorella virus CVK2 infection. Virology 260:308-315.

Kapaun, E,, and W. Reisser. (1995). A chitin-like glycan in the cell wall of a
Chlorella sp. (Chlorococcales, Chlorophyceae). Planta 197:577-582.

Kapaun, E., E. Loos, and W. Reisser. (1992). Cell wall composition of
virus-sensitive symbiotic Chlorella species. Phytochemistry 31:3103-3104.

Kutish, GF., Y. Li, Z. Lu, M. Furuta, D.I. Rock, and JL. Van Etten. (1996).
Analysis of 76 kb of the chlorella virus PBCV-1 330-kb genome: Map
positions 182 to 258. Virology 223:303-317.

Kvitko, K., and B.V. Gromov. (1984). New finding of a titrable infectious
zoochlorella virus. Dokl. Akad. Nauk. SSSR 279:998-999.

Lavrukhin, O.V., .M. Fortune, T.G. Wood, D.E. Burbank, JL. Van Etten, N.
Osheroff, and R.S. Lloyd. (2000). Topoisomerase II from chlorella virus

PBCV-1. Characterization of the smallest known type II topoisomerase. J.
Biol. Chem. 275;6915-6921.

Li, Y, Z Lu, DE. Burbank, GF. Kutish, DL. Rock, and J.L. Van Etten.
(1995). Analysis of 43 kb of the chlorella virus PBCV-1 330 kb genome:
Map position 45 to 88. Virology 212:134-150.

Li, Y, Z. Lu, L. Sun, S. Ropp, G.F. Kutish, D.L. Rock, and J.L. Van Etten.
(1997). Analysis of 74 kb of DNA located at the right end of the 330-kb



chlorella virus PBCV-1 genome, Virology 237:360-377.

Ly, Z, Y. Li, Q. Que, GF. Kutish, DL. Rock, and J.L. Van Etten. (1996).
Analysis of 94 kb of the chlorella virus PBCV-1 330 kb genome: Map
position 88 to 182. Virology 216:102-123.

Lu, Z, Y. Li, Y. Zhang, G.F. Kutish, D.L. Rock, and JL. Van Etten. (1995).
Analysis of 45 kb of DNA located at the left end of the chlorella virus
PBCV-1 genome. Virology 206:339-352.

Meints, RH.,, D.E. Burbank, JL. Van Etten, and D.T.A. Lamport. (198%).
Properties of the Chlorella receptor for the virus PBCV-1, Virology
164:15-21.

Meints, R.H,, K. Lee, and JL. Van Etten. (1986). Assembly site of the virus
PBCV~1 in a Chlorella-like green alga: Ultrastructural studies. Virology
154:240-245.

Mitra, A., and DW. Higgins. (1994). The chlorella virus adenine

methyltransferase gene promoter is a strong promoter in plants. Plant Mol.

Biol. 26:85-93.
Mitra, A, D.W. Higgins, and N.J. Rohe. (1994). A chlorella virus gene

promoter functions as a strong promoter both in plants and bacteria,

Biochem. Biophys. Res. Comm. 204:187-194.

_61-.



Narva, KE., D.L. Wendel, M.P. Skrdla, and JL. Van Etten. (1987).
Molecular cloning and characterization of the gene encoding the DNA
methyltransferase, M.CviBII, from Chlorella virus NC-1A. Nucl. Acids Res,
15:9807-9823.

Nelson, M., D.E. Burbank, and JI. Van Etten (1998). Chlorella viruses
encode multiple DNA methyltransferases. Biol. Chem. 379:423-428.

Nishida, K., S. Suzuki, Y. Kimura, N. Nomura, M. Fujie, and T. Yamada.
(1998). Group I introns found in chlorella viruses: Biological implications.

Virology 242:319-326.

Nishida, K., T. Kawasaki, M. Fujie, S. Usami, and T. Yamada. (1999).
Aminoacylation of tRNAs encoded by chiorella virus CVK2. Virology
263:220-229.

Nishida, K., Y. Kimura, T. Kawasaki, M. Fujie, and T. Yamada. (1999).
Genetic variation of chlorella viruses: Variable regions localized on the CVK?2

genomic DNA. Virology 255:376-384.

Plugge, B., S. Gazzarrini, M. Nelson, R. Cerana, J.L. Van Etten, C. Derst, D.
DiFrancesco, A. Moroni, and G. Thiel. (2000). A potassium channel protein
encoded by chlorella virus PBCV-1. Science 287:1641-1644.

Que, A., Y. Zhang, M. Nelson, S. Ropp, D.E. Burbank, and JI. Van Etten,
(1997). Chlorella virus SC-1A encodes at least six DNA methyltransferases.
Gene 190:237-244.

- 62 -



Que, Q, Y. Li, Y. Wang, L.C. Lane, WG. Chaney, and JL. Van Etten.
(1994). Protein glycosylation and myristylation in chlorella virus PBCV-1 and

its antigenic variants. Virology 203:320-327.

Schmidt, O., Mao, J., Ogden, R., Beckmann, J., Sakano, H., Abelson, J., and
Soll, D. (1980). Direct tRNA precursors in yeast. Nature 287,750-752.

Schuster, AM., DE. Burbank, B. Meister, M.P. Skrdla, R.H. Meints, S.
Hattman, D. Swinton, and JL. Van Etten. (1986). Characterization of viruses

infecting a eukaryotic Chlorella-like green alga. Virology 150:170-177.

Schuster, AM., JA. Waddle, K. Korth, and RH. Meints. (1990). The
chloroplast genome of an exsymbiotic Chlorella-like green alga. Plant Mol

Biol. 14:859-862.

Schuster, A M., L. Girton, D.E. Burbank, and J.L. Van Etten. (1986). Infection
of a Chlorella-like alga with the virus PBCV-1: Transcriptional studies.
Virology 148:181-189.

Schuster, AM., M. Graves, K. Korth, M. Ziegelbein, J. Brumbaugh, D.
Grone, and R.H. Meints. (1990). Transcription and sequence studies of a 43

kbp fragment from a dsDNA eukaryotic algal virus. Virology 176:515-523.

Skowron, PM., N. Swaminathan, K. McMaster, D. George, JL. Van Etten,
and D.A. Mead. (1995). Cloning and applications of the two/three-base
restriction endonuclease R.CviJl from IL-3A virus-infected chlorella. Gene
157:37-41.

_63-



Sriskanda, V., and S. Shuman. (1998). Chlorella virus DNA ligase: nick
recognition and mutational analysis. Nucl. Acids Res. 26:525-531.

Sun, L., B. Adams, JR. Gumon, Y. Ye, and JL. Van Etten. (1999).
Characterization of two chitinase genes and one chitosanase gene encoded by

chlorella virus PBCV~1. Virology 263:376-387.

Sun, L., JR. Gurmnon, B.J. Adams, M.V. Graves, and JL. Van Etten. (2000).
Characterization of a beta-1,3-glucanase encoded by chlorella virus PBCV-1,
Virology 276:27-36.

Van Etten, J. L.(2000). phycodnaviridae. In "Virus Taxonomy”(M. H. V. Van
Regenmortel, C. M. Fauaquet, d. h. 1. bISHOP, et al Eds.), pp.183-193.

Academic Press, San Diego.

Van Etten, J.L. (1994). Phyconaviridae - Chlorella viruses. In: Encyclopedia
of Virclogy. R.G. Webster and A. Granoff (eds). Saunders Scientific Publ,,
London. pp. 35-40.

Van Etten, J.L. (1995). Minireview: Giant chlorella viruses. Mol. Cells.

5:99-106.
Van Etten, JL. (2000). Genus Chlorovirus (Phycodnaviridae). In: The
Springer Index of Viruses, C.A. Tidona and G. Darai (eds). Springer-Verlag,

Berlin (in press)

Van Etten, J.L. (2000). Phycodnaviridae. Virus Taxonomy, Classification and



Nomenclature of Viruses, Seventh Report. M.H.V. Van Regenmortel, C.M.
Fauquet, D.HL. Bishop, EB. Carsten, M.K. Estes, S.M. Lemon, J. Maniloff,
M.A. Mayo, D.J. McGeoch, C.R. Pringle, R.B. Wickner (eds). pp. 183-193.
Academic Press, San Diego, CA.

Van Etten, JL. and R.H. Meints. (1999). Giant viruses infecting algae. Ann.
Rev. Microbiol. 53:447-494

Van Etten, J.L., AM. Schuster, L. Girton, D.E. Burbank, D. Swinton, and S.
Hattman. (1985). DNA methylation of viruses infecting a eukaryotic
Chlorella-like alga. Nucl. Acids Res. 13:3471-3478.

Van Etten, JL., CH. Van Etten, J K. Johnson, and D.E. Burbank. (1985). A
survey for viruses from fresh water that infect a eukaryotic Chlorella-like
green alga. Appl. Environ. Microbiol. 49:1326-1328.

Van Etten, J.L., D.E. Burbank, AM. Schuster, and R.H. Meints. (1985). Lytic
viruses infecting a Chlorella-like alga. Virology 140:135-143.

Van Etten, J.L., D.E. Burbank, and R.H. Meints. (1986). Replication of the
algal virus PBCV-1 in UV-irradiated Chlorella. Intervirology 26:115-120.

Van Etten, JL. DE. Burbank, D. Kuczmarski, and R.H. Meints. (1983).
Virus infection of culturable Chlorella-like algae and development of a plaque

assay. Science 219:994-996.

Van Etten, JL., D.E. Burbank, J. Joshi, and R.H. Meints. (1984). DNA

synthesis in a Chlorella-like alga following infection with the virus PBCV-1.

_65-



Virclogy 134:443-449.

Van Etten, J.L., D.E. Burbank, Y. Xia, and R.H. Meints. (1983). Growth cycle
of a virus, PBCV-1, that infects Chlorella-like algae. Virology 126:117-125,

Van Etten, J.L., L.C. Lane, and R.H. Meints. (1991). Viruses and virus-like
particles of eukaryotic algae. Microbiol. Rev. 55:586-620.

Van Etten, J.L., RH. Meints, D. Kuczmarski, D. E. Burbank, and K. Lee.
(1982). Viruses of symbiotic Chlorella-like algae isolated from Paramecium

bursaria and Hydra viridis. Proc. Natl. Acad. Sci. USA 79:3867-3871.

Van Etten, JL., RH. Meints, D.E. Burbank, D. Kuczmarski, D.A. Cuppels,
and LC. Lane. (1981). Isolation and characterization of a virus from the

intracellular green alga symbiotic with Hydra viridis. Virology 113:704-711.

Van Etten, JL. (1999). Algal viruses (Phycodnaviridae). In: Encyclopedia of
Virology, 2nd edition. R.G. Webster and A. Granoff (eds). Academic Press,
London, pp. 44-50.

Wang, I-N, Y. Li, Q. Que,, M. Bhattacharya, L.C. Lane, W.G. Chaney and
JL. Van Etten. (1993). Evidence for virus-encoded glycosylation specificity.
Proc. Natl. Acad. Sci. USA 90:3840~3844.

Xia, Y, and J.L. Van Etten. (1986). DNA methyltransferase induced by
PBCV-1 virus infection of a Chlorella-like green alga. Mol. Cell. Biol.
6:1440-1445.

_66_



Xu, M,, MP. Kladde, JL. Van Etten, and R.T. Simpson. (1998). Cloning,
characterization and expression of the gene coding for a cytosine-5-DNA

methyltransferase recognizing GpC sites. Nucl. Acids Res. 26:3961-3966.

Yamada, T, S. Hiramatsu, P. Songsri, and M. Fujie. (1997). Alternative
expression of a chitosanase gene produces two different proteins in cells

infected with chlorella virus CVK2. Virology 230:361-368.

Yamada, T., T. Fukuda, K. Tamura, S. Furukawa, and P. Songsri. (1993).
Expression of the gene encoding a translational elongation factor 3 homolog

of chlorella virus CVK2. Virology 197:742-750.

Zang B, Tao T, Wilson GG, Blumenthal RM (1993). The M - Alul
DNA-(cytosine C5)-methyltransferase has an unusually large, partially

dispensable, variable region. Nucleic Acids Res 21:905-911

Zhang, Y., DE. Burbank, and JL. Van Etten. (1988). Chlorella viruses
isolated in China. Appl. Environ. Microbiol. 54:2170-2173.

Zhang, Y., M. Nelson, J.W. Nietfeldt, D.E. Burbank, and J.L. Van Etten.
(1992). Characterization of chlorella virus PBCV-1 CviAll restriction and
modification system. Nucl. Acids Res. 20:5351-5356.

Zhang, Y., Nelson, M. Nietfeldt, ]., Xia, Y. Burbank, D.E., Ropp, S. and

Van Etten, J.L. (1998). Chlorella virus NY-2A encodes at least twelve DNA
endonuclease/methyltransferase genes. Virology 240:366-375.

_67_



	표지
	목차
	초록
	1. Introduction
	2. Materials and Methods
	2.1. Sampling
	2.2. Virus Amplification
	2.3. Single Plaque Isolation
	2.4. Electron Microscopy
	2.5. Virus Purification
	2.6. Polyacrylamide Gel Electrophoresis of Viral Proteins
	2.7. Isolation and Analysis of Viral Genomic DNA
	2.8. Isolation of Major Capsid Protein
	2.9. Production of Polyclonal Antibodies
	2.10. Western Blot Analysis
	2.11. Sequencing of the MCP Gene by Cut and Walk Method
	2.12. PCR Amplification of the tRNA Coding Region
	2.13. pGEM-T Vector Cloning
	2.14. Sequencing
	2.15. Probe Preparation for Southern Blot Analysis of SS-1 Spacer Gene
	2.16. Genomic DNA Preparation from SS-1 Isolate and Southern Blotting
	2.17. Sequence Analysis of the Putative Promoter Region of tRNA Genes

	3. Results and Discussion
	3.1. Isolation of Chlorella Viruses
	3.2. Morphology of Chlorella Virus DJ-1
	3.3. Analysis of Viral Structure Proteins and Genomic DNA
	3.4. Western Blot Analysis and Sequencing of the Major Capsid Proteins
	3.5. Sequence Analysis of Chorella Viruses tRNA Genes
	3.6. Analysis of the tRNA Genes and their Putative Promoter Regions

	국문초록
	참고문헌

