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We isolated 23 Chlorella viruses from 9 Korean cities. 
The viruses were initially amplified in the Chlorella 
strain NC64A. Pure isolates were obtained by repeated 
plaque isolations. A SDS-PAGE analysis revealed simi-
lar but distinct protein patterns, both among the 
group of purified viruses and in comparison with the 
prototype Chlorella virus PBCV-1. Digestions of the 
330- to 350-kb genomic DNAs with 10 restriction en-
zymes revealed different restriction fragment patterns 
among the isolates. One isolate, SS-1, was resistant to 
digestion with HindIII, PvuII, AluI, and HaeIII, indi-
cating methylation at the AGCT or GC sequences. 
Some isolates reacted with antiserum against PBCV-1. 
The others that did not react to this PBCV-1 antibody 
reacted to the antibody that was raised against puri-
fied HS-2 virion. The tRNA-coding regions of 8 Chlor-
ella viruses were cloned and sequenced. These viruses 
contained 14−16 tRNA genes within a 1.2- to 2-kb re-
gion, except for the SS-1 isolate, which had a 1039-bp 
spacer in a cluster of 11 tRNA genes. The SS-1 spacer 
contained an open-reading frame (ORF) of 294 amino 
acids. This ORF had a 51% amino acid sequence simi-
larity to the PBCV-1 ORF A478L. A Southern blot 
analysis suggested that it was a novel gene that lacked 
a homologue in PBCV-1.  
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Introduction 
 
Viruses that infect algae are widely distributed in nature; 
they have been isolated from freshwater and seawater 
sources throughout the world. Viruses or virus-like parti 
cles have been reported in at least 44 taxa of eukaryotic 
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algae since the 1970s (Van Etten and Meints, 1999). 
However, most of these viruses are not well characterized, 
because they are difficult to obtain in large quantities.  
   Paramecium bursaria Chlorella virus 1 (PBCV-1) is the 
most often studied virus of those found in algae, because 
it can be produced in large quantities by using exsymbi-
otic chlorella-like green algae that are derived from P. 
bursaria. PBCV-1 is the prototype of the Chlorovirus 
genus in the Phycodnaviridae family, which encompasses 
large, polyhedral, plaque-forming algal viruses (Van Etten, 
1995; 2000). In addition to the Chlorella viruses, large 
DNA viruses that infect marine algae have been reported. 
These include MpV viruses, which infect the unicellular 
alga, Micromonas pusilla (Cottrell and Suttle, 1991; 
Mayer and Taylor, 1979) and EsV and FsV viruses, which 
infect the filamentous brown algae of the Ectocarpus sp. 
(Muller et al., 1998), and Feldmannia sp. (Henry and 
Meints, 1992), respectively. Recent studies that show that 
these viruses are involved in the disappearance of algal 
blooms suggest that they play important roles in aquatic 
environments (Castberg et al., 2001; Nagaski et al., 1999). 
They can also be used for the control of toxic red algae.  
   A DNA sequence analysis of the 330,742-bp PBCV-1 
genome revealed over 700 open-reading frames (ORFs). 
Of these, 375 were protein-encoding genes (Kutish et al., 
1996; Li et al., 1995; 1997; Lu et al., 1995; 1996). The 
viral-encoded proteins include transcriptional and transla-
tional factors, restriction/modification enzymes, topoi-
somerase, chitinase, and hyaluronan synthase (Graves et 
al., 1999; Lavrukhin et al., 2000; Sun et al., 1999; Xia 
and Van Etten, 1986; Yamada et al., 1993; Zhang et al., 
1998). Interestingly, the PBCV-1 genome contains 11 
tRNA genes, which indicates that some components of 
the host-protein synthesis machinery might be replaced 
by virus-encoded tRNAs (Li et al., 1997; Nishida et al., 
 
Abbreviations: ORF, open-reading frame; PBCV-1, Parame-
cium bursaria Chlorella Virus 1. 
1999b). These tRNA genes are clustered in the genome, 
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and may contribute to the preferential translation of viral 
proteins during the virus replication cycle. In addition, the 
Chlorella viruses represent a novel source of promoters 
for expressing genes in foreign hosts. For example, the 
upstream region of the viral adenine methyltransferase 
gene functions extremely well in several higher plants and 
in many bacteria (Mitra and Higgins, 1994). 
   Despite their potential importance, there is still no re-
search on the algal viruses in Korea. In this study, several 
algal viruses were isolated from freshwater sources in 
Korea, and the characteristics of these viruses were exam-
ined. In addition, the arrangement of the tRNA-encoding 
regions of 8 viruses and their respective sequences were 
compared. 
 
 
Materials and Methods 
 
Sampling  Freshwater samples were collected from 9 cities in 
Korea. The samples were filtered with approximately a 20-kPa 
vacuum through a 0.22-µm pore-size, Al2O3 Anodisk-25 mem-
brane filter (Whatman, USA) that was backed by a glass-fiber 
filter. The filtrates were kept at 4°C before inoculation into the 
Chlorella host.  
 
Virus isolation  The Chlorella strain NC64A was kindly pro-
vided by Dr. James L. Van Etten of the Department of Plant 
Pathology, University of Nebraska (USA). The NC64A cells 
were cultured in modified Bold’s basal medium (MBBM) as 
previously described (Van Etten et al., 1983a). We initially at-
tempted to isolate viruses from these samples using plaque as-
say methods (Van Etten et al., 1983b). Filtered water (100 µl) 
was mixed with 400 µl of fresh Chlorella (4.0 × 108 cells/ml) 
and 2.5 ml of 0.75% agar, and overlaid on a 1.5% MBBM agar 
plates. The plates were incubated at 25°C for 5 d. No plaques 
were recovered using this experimental method. Therefore, we 
used an alternative method, where the viruses were isolated after 
amplification of the viral population in the water sample. For 
the amplification of the viruses, 5 ml of filtered water was added 
to 100 ml of the Chlorella strain NC64A, which was grown in a 
MBBM medium, and incubated for 5 d at 25°C with continuous 
light and shaking at 150 rpm (Van Etten et al., 1983a). After a 
complete lysis of the Chlorella culture, the supernatant was 
diluted to 10−6−10−7, and 5 µl was plated as described previously. 
Single plaques were picked and inoculated into 100 ml of a 
fresh Chlorella culture. The steps following lysis of the initial 
Chlorella culture were repeated 3 times.  
 
Electron microscopy  The Chlorella cells that were infected 
with the isolated viruses were incubated for 5 h at room tem-
perature and centrifuged at 5,000 rpm for 10 min. The pellets 
were fixed with 2% glutaraldehyde in a 0.1 M sodium cacody-
late buffer (pH 7.4) for 2 h and post-fixed with 1% OsO4 in a 
0.2 M sodium cacodylate 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. 
 
Virus purification  An actively growing culture of the Chlor-
ella strain NC64A was inoculated with virus from a single 
plaque isolate, and incubated until complete lysis occurred. The 
lysate was centrifuged in a Sorvall GS-3 rotor at 5,000 rpm for 5 
min at 4°C. Triton-X100 was added to the supernatant at a final 
concentration of 0.1%. The mixture was stirred for 20 min at 
4°C. Virus particles were precipitated 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% discon-
tinuous sucrose gradient (20,000 rpm for 20 min at 4°C). The 
virus band was collected at the 30−40% interface, and pelleted 
for 3 h at 27,000 rpm using a T-880 rotor. The pellet was resus-
pended in 50 mM Tris-HCl (pH 7.8) (Van Etten et al., 1983a). 
 
Polyacrylamide gel electrophoresis of viral proteins  Purified 
virus preparations were suspended in a sample loading buffer [1 
mM EDTA, 250 mM Tris-HCl (pH 6.8), 4% SDS, 50% glycerol, 
2% β-mercaptoethanol, and 0.2% bromophenol blue] and heated 
at 100ºC for 10 min. After cooling, the samples were loaded 
onto a 15% polyacrylamide gel and electrophoresed with a con-
stant current of 250 mA for 1.5 h. The proteins were visualized 
by staining with Coomassie brilliant blue. The relative molecu-
lar weights of the proteins were determined by a comparison 
with the standard protein molecular weight marker (Bio-RAD, 
USA). 
 
Isolation and analysis of viral genomic DNA Isolated virus 
(400 µl) was mixed with 60 µl of 10× TEN buffer [100 mM 
Tris-HCl (pH 7.4), 10 mM EDTA, 1 M NaCl], 60 µl of 1% Na-
sarcosyl, 0.6 µl of 60% (w/w) CsCl, and a trace amount of 
ethidium bromide. After heating at 75°C for 15 min, the mixture 
was loaded on a pre-formed 40−60% (w/w) CsCl gradient and 
centrifuged in a Sorvall TH-641 rotor at 35,000 rpm for 18 h at 
25°C. The DNA bands were recovered from the gradient, and 
ethidium bromide was removed by butanol extraction. The DNA 
was precipitated with ethanol, dried, and resuspended in a 1× 
TE buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA]. The viral 
DNA was digested with 10 different DNA restriction endonu-
cleases that are listed in Table 2. The fragments were separated 
on a 0.7% agarose gel in a 0.5× TBE buffer [45 mM Tris-borate, 
1 mM EDTA (pH 8.0)].  
 
Production of recombinant major capsid protein (MCP)  The 
MCP gene of the HS-2 isolate was amplified with MCPEX-n 
(5′-ATGGATCCATGGCCGGAGGA-3′) and MCPEX-c primers 
(5′-ATCTCGAGTTAGTTCGCGTAAG-3′) that were cloned 
into the pGEM-T vector (Promega, USA) for a sequence con-
firmation. The insert was subcloned into a modified pGEX-2T 
vector to produce a glutathione-S-transferase (GST)-MCP fu-
sion protein. E. coli BL21 (DE3) was transformed with the plas-
mid. The protein expression was induced with 1 mM IPTG. The 
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overexpressed protein was gel purified and quantitated, as de-
scribed elsewhere (Eou et al., 2001). 
 
Production of polyclonal antibodies  The antibody against 
purified PBCV-1 was kindly provided by Dr. J. L. Van Etten. 
Polyclonal antibodies against the purified HS-2 virus and re-
combinant HS-2 MCP were prepared in mice. The antigens (25-
µg aliquots) were mixed with 50 µl of Freund’s complete adju-
vant (Sigma Chemical Co., USA). The emulsion was injected 
intradermally into 8-week-old female BALB/C mice. Booster 
injections that consisted of 25 µg of an antigen that was mixed 
with Freund’s incomplete adjuvant were given three times at 
weekly intervals. One week after the final booster, 1 ml contain-
ing 1 × 107 sarcoma cells was injected intraperitoneally into the 
mice. Ascetic fluid was collected after 10 to 15 d, clarified by 
overnight incubation at 4°C, and centrifuged at 3,000 × g for 15 
min. The supernatant was collected and stored at −20°C. 
 
Western blot analysis  Electrophoretically separated polypep-
tides were transferred to a nitrocellulose membrane at 30 mA 
for 16 h using a transfer buffer (120 mM glycine, 15.6 mM Tris, 
and 20% methanol). The membrane was washed in a TTBS 
buffer [0.8% NaCl, 0.2% KCl, and 0.05% Tween-20 in Tris-HCl 
(pH 7.4) ] and blocked for 30 min with a TTBS buffer that con-
tained 5% skim milk. After washing for 5 min in a TTBS buffer, 
the membrane was treated for 1.5 h with polyclonal antibodies 
that were diluted 1:10,000 in TTBS that contained 5% skim 
milk. After three washes for 5 min in TTBS, the membrane was 
treated for 1 h with alkaline phosphatase-conjugated anti-mouse 
IgG in TTBS that contained 5% skim milk. The membrane was 
washed three times for 5 min in TTBS and developed using 
NBT and BCIP in an alkaline phosphatase buffer [0.1 M Tris-
HCl (pH 9.5), 0.1 M NaCl, 5 mM MgCl2]. 
 
Cloning and sequencing of the tRNA-coding regions from 
Chlorella viruses  The tRNA-coding regions from eight Chlor-
ella viruses were PCR amplified with primers that were derived 
from the published DNA sequence of PBCV-1 (GenBank acces-
sion No. NC-000852). The forward (5′-GATAGGGTATGCA-
AGTGGTC-3′) and reverse primers (5′-GATCCCTGCAGGT-
TTCGATC-3′) corresponded to the 5′-end of the first leucine 
tRNA gene, and the 3′-end of the last valine tRNA gene of the 
PBCV-1 gene cluster, respectively. The lle-c (5′-TTGGCTCA-
TAAGACCAATGC-3′) and val-n primers (5′-GATCGAAAC-
CTGCAGGGATC-3′) were designed to confirm the 5′- and 3′- 
flanking regions of the tRNA region, respectively. The Gly-N 
(5′-TAACAGCCTTCCAAGCTGTA-3′) and Arg-N primers (5′-
GCGACAGACTTCTAATCTGT-3′) were used for sequencing 
of the internal region of the tRNA gene cluster. The tRNA re-
gions from the viral genomic DNA were amplified in 50 µl of a 
PCR mixture that contained 5 µl of a 10× PCR buffer [100 mM 
Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl2], 2.5 mM 
dNTP mixture, 2.5 units of Taq DNA polymerase, and 100 pmol 
each of the forward and reverse primers. PCR involved an initial 
denaturation at 95°C for 5 min, followed by 35 cycles of 1 min 

denaturation at 94°C, 1 min annealing at 55°C, and 1.5 min 
extension at 72°C, and finally a 7 min post-extension step at 
72°C. The PCR products were analyzed by electrophoresis on 
1% agarose gels, stained with ethidium bromide, and visualized 
by UV irradiation. The PCR products were subsequently cloned 
into the pGEM-T vector (Promega, USA). The recombinant 
plasmids were purified using a Wizard Plus SV Miniprep DNA 
Purification System (Promega), then sequenced with an ABI 
PRISMTM 310 Analyzer (Perkin Elmer, USA).  
 
Southern blot analysis of the SS-1 spacer gene The tRNA 
genes of the PBCV-1 and SS-1 viruses, and the A478L ORF of 
PBCV-1 were amplified by PCR and used as probes in Southern 
blots. The probes were synthesized using a digoxigenin (DIG) 
oligonucleotide 3′-end labeling kit (Boehringer Mannheim, 
Germany). Purified viral genomic DNA that had been digested 
with BamHI and XhoI and electrophoresed on a 0.7% agarose 
gel was used as the template. A Southern blot analysis was per-
formed as described previously (Sambrook et al., 1989). 
 
 
Results and Discussion 
 
Isolation of Chlorella viruses  Although viruses or virus-
like particles are present in natural environments at con-
centrations as high as 106−108 particles/ml (Noble et al., 
1998), these viruses are mostly bacteriophages. A typical 
Chlorella virus titer in nature is between 1 and 100 
plaque-forming units per ml (PFU/ml) with seasonal fluc-
tuations (Van Etten et al., 1985a; Yamada et al., 1991). 
No viral plaques were recovered when the filtered water 
was used directly in a plaque-isolation assay. This is an 
acceptable result when considering how low the virus 
titers are in nature. Therefore, the samples were enriched 
for viruses by inoculating a culture of Chlorella NC64A 
with the filtered water samples. The infected Chlorella 
cells were completely lysed after 5 d. The life cycle of a 
typical Chlorella virus is 480−600 min; the burst size is 
200−350 PFU per cell (Van Etten et al., 1983a). A rapid 
lysis of the Chlorella cells in our experiment indicated 
that there was some Chlorella viruses in the collected 
water samples, although it seems unlikely that the original 
viral titer exceeded 10 PFU/ml.  
   Twenty-three viruses from 9 cities in Korea formed 
plaques on the Chlorella strain NC64A and were single-
plaque isolated (Table 1). As shown in the Table 1, the 
source of these viruses included ponds, streams, and riv-
ers. Although most of the sampling sites were greenish in 
appearance, the collected samples were not very turbid. 
To date, the only known hosts for Chlorella viruses are 
the Chlorella strain NC64A and the Chlorella strain Pbi 
(Van Etten et al., 1991). Strain NC64A exists as a heredi-
tary endosymbiont in green isolates of the protozoan P. 
bursaria (Van Etten et al., 1985a). The detection of NC64A- 
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Table 1. Locations and sources of Chlorella viruses isolated in 
Korea. 

       Location   Water source             Virus name 

Busan 
  
  
Daegu 
Seosan 
Buyeo 
Boryung 
Hongsung 
Changwon 
Namwon 
Suwon 

Lake 
Stream 
Pond 
Lake 
Pond 
Lake 
Pond 
Pond 
Pond 
Pond 
Pond 

DJ, YK 
HS-1, HS-2 
HD-1, HD-2 
KH-1, KH-2 
SS-1, SS-2 
BM-1, BM-2 
BL-1, BL-2 
HOS-1, HOS-2 
JN-1, JN-2 
NW-1, NW-2, ES-1, ES-2 
SW 

 
 
infecting viruses at different sites indicates the presence 
of similar or related Chlorella strains in freshwater 
throughout Korea.  
   Although several molecular characteristics have been 
used for the classification of Chlorella viruses, such as 
genome size, G + C content, and resistance to restriction 
enzyme digestion (Van Etten et al., 1991), the plaque size 
under standard conditions has been used for the primary 
grouping of these viruses (Van Etten and Meints, 1999; 
Van Etten et al., 1983a). The plaque size of the Korean 
Chlorella virus was compared with that of PBCV-1. The 
plaques ranged in diameter from 2 to 5 mm after 7 d at 
25°C in a sealed agar plate. The plaque size of PBCV-1 
was about 3 mm. The Korean Chlorella viruses could be 
separated into three groups. The first group produced 
plaques that were smaller than those made by PBCV-1 
(YK, HD-2, KH-2, SS-2, BM-2, BL-2, HOS-2, JN-2). 
The second group produced plaques that were the same 
size as those of PBCV-1 (BM-1, NW-2, SW). The third 
group produced larger plaques (DJ, HS-1, HS-2, HD-1, 
KH-1, SS-1, BL-1, HOS-1, JN-1, NW-1, ES-1, ES-2, data 
not shown). It has been reported that the plaque size of 
Chlorella virus is related to the time that is required for 
replication of the virus. Therefore, fast-replicating viruses 
produce larger plaques (Van Etten et al., 1991).  
   The structure of the isolated DJ virus was observed with 
an electron microscope (Fig. 1). The virus particles in 
infected Chlorella cells were polyhedral and 150−190 nm 
in diameter, which are typical features of Phycodnaviri-
dae viruses. Virus particles with thin outer shells and 
electron-dense cores were observed using thin sections 
and negative staining. The host range and morphological 
characteristics indicate that the isolated viruses belong to 
the Phycodnaviridae family. These viruses were charac-
terized further.  
 
Analyses of viral structural proteins and genomic 
DNA  The structural proteins of the purified viruses 

                 A 
 
 
 
 
 
 
 
 
 
 
 
 
B                                            C 
                  
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Electron micrographs of virus-infected cells and nega-
tively-stained purified Chlorella virus DJ. A. Cells at the initial 
stage of virus infection. B. Virus particles that accumulated in 
the cytoplasm. C. Negatively-stained purified virus. Scale bars 
represent 100 nm.  
 
 
ranged in size from 10 kDa to over 200 kDa, according to 
the SDS-PAGE analysis (Fig. 2). The PBCV-1 virus par-
ticles contained more than 50 polypeptides, which ranged 
in size from 10 to 280 kDa (Skrdla et al., 1984). Along 
with a number of minor proteins, the 54-kDa major capsid 
protein, which constitutes about 40% of all viral proteins, 
was distinctive. The protein sizes and relative content 
were similar in all of the tested isolates. Nevertheless, the 
viruses could be divided into several groups, based on a 
comparison of the proteins with molecular weights of 
25−35 kDa. The PBCV-1, DJ, SS-1, and HS-2 viruses had 
two proteins within this range, but the HS-2 isolate pro-
duced larger proteins than the rest of the isolates. The HS-
1, YK, SS-2, KH-1, and KH-2 isolates had three proteins 
within this range, but the KH-2 isolate showed a different 
band pattern than the other isolates. The Phycodnaviridae 
family encompassed a large number of heterologous vi-
ruses. Recent molecular studies have shown that some 
members of this family lack genes that are present in 
other Chlorella-infecting viruses (Graves et al., 1999; 
2001). Also, mutant strains exist that have large deletions 
in their genomes (Landstein et al., 1995). Therefore, dif- 
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Table 2. Sensitivity of Chlorella virus genomic DNAs to restric-
tion endonucleases. 

Restriction 
endonuclease 

PBCV-1 DJ HS-1 HS-2 YK SS-1 SS-2 KH-1 KH-2 

BamHI 

EcoRI 

HindIII 

PstI 

AluI 

XhoI 

ClaI 

PvuII 

KpnI 

HaeIII 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

− 

+ 

− 

+ 

+ 

− 

+ 

− 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+, indicates digestion by specified enzymes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SDS-PAGE analysis of structural proteins of selected 
Chlorella viruses. The proteins were analyzed on a 15% poly-
acrylamide gel. M, broad-range size marker; lane 1, PBCV-1; 
lane 2, YK; lane 3, SS-1; lane 4, SS-2; lane 5, KH-1; lane 6, 
KH-2; lane 7, HS-2. 
 
 
ferences in the structural protein profiles may or may not 
reflect molecular diversity. Further characterization of the 
genomic DNA is necessary for a detailed classification of 
these viruses. 
   The genomic DNAs of 8 Korean isolates were digested 
with 10 different restriction enzymes (Table 2). In addi-
tion to differences in sensitivity to digestion, there were 
significant differences in the DNA fragment patterns 
among these isolates (Fig. 3). However, as is the case 
with the protein profiles, the restriction fragment length 
polymorphism (RFLP) analysis was not applied to the 
sub-grouping of these viruses. However, specific bands 
that were derived from the restriction enzyme digestion 
were used as markers for the recombinant viruses (Graves 
et al., 2001). One of the unusual features of the Chlorella 
virus DNA is that it contains relatively high levels of me-
thylated bases (Van Etten et al., 1985b). As shown in Ta-
ble 2, the genomic DNA of the SS-1 isolate was resistant 

   A 
 
 
 
 
 
 
 
 
 
 
 
 
 
  B 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Restriction fragment length polymorphism analysis of 
Chlorella virus genomic DNAs that were digested with BamHI 
(A) and HindIII (B). M, DNA size marker; lane 1, PBCV-1; lane 
2, DJ; 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. 
 
 
to digestion with the restriction enzymes HindIII, AluI, 
and PvuII, These restriction endonucleases all recognize 
the sequence AGCT. Also, all of them are inhibited by the 
methylation of the first cytosine residue. The SS-1 DNA 
was also resistant to HaeIII, which recognizes and cleaves 
GGCC motifs, but which is also inhibited by the methyla-
tion of the cytosine residue. The gene that encodes the 
GpC methylase was cloned from the Chlorella virus (Xu 
et al., 1998). The gene that encodes the AGCT methylase 
was cloned from Arthrobacter luteus (Zang et al., 1993), 
but not from any Chlorella virus. The fact that all of the 
these enzymes are inhibited by the methylation of the 
cytosine residue suggests that SS-1 encodes the GC or the 
AGCT methylase or both. Although the isolated viruses 
were morphologically similar and shared a common host, 
the observed protein patterns and sensitivities of the ge-
nomic DNAs to the restriction enzymes suggest that there 
are several distinct Chlorella viruses in Korea. 
 
Analysis of the major capsid proteins (MCPs)  Western 
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                 A 
 
 
 
 
 
 
 
 
 
 
B                                 C 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Western blot analysis of purified Chlorella virus proteins. 
Total viral proteins of selected isolates were analyzed with an-
tiserum against purified PBCV-1 (A), HS-2 (B), and recombi-
nant HS-2 MCP (C). 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; lane 8, purified recombinant GST-
MCP fusion protein of HS-2. 
 
 

blot analyses of the proteins of seven virus isolates, in-
cluding the prototype virus PBCV-1, were performed with 
polyclonal antisera that was prepared against the purified 
virions of the Chlorella virus PBCV-1 and a Korean iso-
late HS-2. Among the six Korean isolates that were tested, 
MCPs of three isolates reacted with the antiserum against 
PBCV-1 virions (Fig. 4A). Western blots were performed 
with a polyclonal antibody against the purified HS-2 viri-
ons to determine whether the three PBCV-1 antibody-
non-reacting isolates were related to each other. As shown 
in Fig. 4B, the MCPs of the three isolates that did not 
react with the antiserum against PBCV-1 did react with 
the antiserum against HS-2. It is known that the immu-
nological characteristics of the Chlorella virus MCP are 
determined, not by the amino acid sequence, but by the 
polysaccharide that is attached to the MCP (Graves et al., 
2001). The major capsid protein of PBCV-1 contains 
seven neutral sugars as follows: glucose, fucose, galactose, 
mannose, xylose, rhamnose, and arabinose (Wang et al., 
1993). These are glycosylated by a virus-encoded gly-
cosyltransferase, rather than by a host-encoded glycosyl-
transferase (Graves et al., 2001). In order to verify that 
this phenomenon is related to the Korean isolates, a poly- 

A 
 
 
B 
 
 
 
 
 
 
 
Fig. 5. Arrangement of tRNA genes in different Chlorella vi-
ruses. A. The relative location and orientations of primers used 
for PCR and sequencing. B. The arrangement of the tRNA genes 
of selected viruses that were isolated in Korea. 
 
 
clonal antiserum was prepared against the recombinant 
MCP of the HS-2 that is expressed in E. coli. As shown in 
Fig. 4C, MCPs from all of the isolates reacted with this 
antiserum, which indicates that these proteins have high 
levels of sequence homology. This was further confirmed 
by nucleotide sequencing of the MCP genes of selected 
isolates. The N-terminal amino acid sequence of the MCP 
of the HS-2 isolate was determined using gel-purified 
protein. One interesting feature of the Chlorella virus 
MCP is the absence of the N-terminal methionine residue, 
which is supposedly removed by the methionine amin-
opeptidase (Van Etten and Meints, 1999). The N-terminal 
sequence of HS-2 MCP consists of AGGLSQ, where the 
first methionine residue is deleted. A sequencing primer 
was designed that was based on this amino acid sequence; 
the MCP gene sequences of the HS-2, SS-1, KH-1, and 
KH-2 viruses were then determined (data not shown). 
Multiple alignments of these sequences revealed an over 
98% sequence identity, which coincides with the Western 
blot analysis results. Therefore, the six Korean isolates 
could be grouped into two groups, based on the polysac-
charides that are attached to the MCP rather than the 
amino acid sequence. 
 
Analysis of the tRNA gene clusters  Functional tRNA 
genes have been described from the Chlorella virus 
CVK2 that suggest the adaptation of this virus to a wide 
host range in nature (Nishida et al., 1999b). However, the 
number and arrangement of the tRNA genes were differ-
ent in each virus that could be used in the grouping of 
these viruses. Therefore, the tRNA-encoding regions of 
eight Chlorella viruses that were isolated in Korea were 
PCR amplified with primers that were based on the 
PBCV-1 sequence. The primers were located in the first 
leucine tRNA and the last valine tRNA of PBCV-1. How-
ever, there was another leucine tRNA gene in the PBCV-1 
tRNA gene cluster at the third position, and two PCR 
products of 1.2−2 kb were detected in all of the tested
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Fig. 6. Comparison of the amino acid sequences of PBCV-1 ORF A478L and the tRNA spacer of SS-1 virus. Identical amino acids are 
depicted in gray. Dashed lines indicate gaps in the alignment. 
 
 
viruses. This indicates the presence of more than one leu-
cine or valine tRNA species in this region. Both PCR 
products were cloned into the pGEM-T vector and their 
sequences determined. The sequence analysis revealed the 
presence in this region of 11 to 16 tRNA genes, which 
were separated by small spacers (Fig. 5). Genes that en-
code tRNA have also been identified in the genomes of 
murine gamma herpesvirus 68 (Bowden et al., 1997) and 
bacteriophages T4 and T5 (Calendar, 1988; Desai et al., 
1986). Nonetheless, the presence of tRNA genes in viral 
genomes is unusual when one considers the general de-
pendence of viral translation processes on the host trans-
lational machinery. However, the presence of viral tRNA 
genes can be explained by the codon usage bias of the 
Chlorella viruses and their hosts (Van Etten et al., 1991). 
This bias was predicted from the differences in the G + C 
contents of the two organisms, i.e., 40% G + C for PBCV-
1 genome and 67% G + C content for the genome of 
Chlorella NC64A (Van Etten and Meints, 1999). In addi-
tion, Nishida et al. (1999b) identified 14 tRNA genes in 
the Chlorella virus CVK2, and showed that these tRNAs 
were expressed and aminoacylated, which indicates that 
they are involved in the viral protein synthesis.  
   An interesting feature of the tRNA regions is the pres-
ence of a 1,039-bp spacer between the arginine (UCU) 
tRNA and valine (AAC) tRNA of the SS-1 virus. This 
spacer comprises an 885-bp ORF that encodes a putative 
protein of 294 amino acids with a molecular mass of 
about 29 kDa. Sequence comparisons showed a 51% 
amino acid sequence similarity between the spacer ORF 
and PBCV-1 ORF A478L (Fig. 6). It has been suggested 
that re-arrangements of the Chlorella virus genomes occur 
dynamically and frequently during replication in natural 
environments (Nishida et al., 1999a). For example, a total 
of 29 of the PBCV-1 ORFs resemble one or more of the 
other PBCV-1 ORFs, suggesting that they belong to gene 
families or that they may have arisen by gene duplication 
(Van Etten and Meints, 1999). Although the level of se-
quence homology between the identified spacer and the 
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Fig. 7. Southern blot analysis of the tRNA gene clusters. Puri-
fied genomic DNA of PBCV-1 (P) and SS-1 virus (S) was di-
gested with EcoRI and XhoI, and hybridized with the PBCV-1 
tRNA probe (A), SS-1 tRNA probe (B), or PBCV-1 A478L 
probe (C). 
 
 
PBCV-1 A478L ORF was low, possible duplication or 
translocation of the A478L ORF in the SS-1 genome was 
investigated by a Southern blot analysis (Fig. 7). Hybridi-
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zation of the restriction-enzyme-digested genomic DNA 
of both PBCV-1 and SS-1 with PBCV-1 tRNA probes 
(Fig. 7A) identified a single common band, which indi-
cates the presence of only one tRNA gene cluster in these 
two viruses. Hybridization of the same DNA with an SS-1 
tRNA probe (Fig. 7B) gave similar results. Hybridization 
of the DNA with a PBCV-1 A478L probe revealed that 
both viruses contained a single hybridizing band that was 
located outside the tRNA region (Fig. 7C). These results 
indicate that the SS-1 genome contains a gene that corre-
sponds to the PBCV-1 A478L ORF, and that this gene is 
not at the same location as the tRNA-coding region. The 
low level of sequence homology between the SS-1 tRNA 
spacer and PBCV-1 A478L ORF, and the presence of a 
DNA fragment that corresponds to the PBCV-1 A478L 
ORF in both viruses, indicate that the SS-1 tRNA spacer 
is a novel gene that lacks a homologue in the PBCV-1 
genome.  
 
 
Acknowledgments  The authors thank Dr. James L. Van Etten 
for providing the Chlorella NC64A strain and antisera. A Korea 
Research Foundation Grant (KRF-2000-015-HP0002) supported 
this work. 

 
 
References 
 
Bowden, R. J., Simas, J. P., Davis, A. J., and Efstathiou, S. 

(1997) Murine gammaherpesvirus 68 encodes tRNA-like se-
quences which are expressed during latency. J. Gen. Virol. 78, 
1675−1687. 

Calendar, R. (1988) The bacteriophages; in The Viruses, Fraen-
kel-Conrat, H. and Wagner, R. R. (eds.), p. 562, Plenum 
Press, NY. 

Castberg, T., Larsen, A., Sandaa, R. A., Brussaard, C. P. D., 
Egge, J. K., Heldel, M., Thyrhaug, R., van Hannen, E. J., and 
Bratbak, G. (2001) Microbial population dynamics and di-
versity during a bloom of the marine coccolithophorid Emil-
iana huxleyi (Haptophyta). Mar. Ecol. Prog. Ser. 221, 39−46. 

Cottrell, M. T. and Suttle, C. A. (1991) Wide spread occurrence 
and clonal variation in viruses which cause lysis of a cosmo-
politan, eukaryotic marine phytoplankter, Micromonas pu-
silla. Mar. Ecol. Prog. Ser. 78, 1−9.  

Desai, S. M., Vaughan, J., and Weiss, S. B. (1986) Identification 
and location of nine T5 bacteriophage tRNA genes by DNA 
sequence analysis. Nucleic Acids Res. 14, 4197−4205.  

Eou, J.-I., Oh, M.-J., Jung, S.-J., Song, Y.-H., and Choi, T.-J. 
(2001) The protective effect of recombinant glycoprotein 
vaccine against HIRRV infection. Fish Pathol. 36, 67−72. 

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

Graves, M. V., Bernadt, C. T., Cerny, R., and Van Etten, J. L. 
(2001) Molecular and genetic evidence for a virus-encoded 
glycosyltransferase involved in protein glycosylation. Virol-

ogy 285, 332−345. 
Henry, E. C. and Meints, R. H. (1992) A persistent virus infec-

tion in Feldmannia (Phaeophyceae). J. Phycol. 28, 517−526.  
Kutish, G. F., Li, Y., Lu, Z., Furuta, M., Rock, D. L., and Van 

Etten, J. L. (1996) Analysis of 76 kb of the Chlorella virus 
PBCV-1 330-kb genome: map positions 182 to 258. Virology 
223, 303−317. 

Landstein, D., Burbank, D. E., Nietfeldt, J. W., and Van Etten, J. 
L. (1995) Large deletions in antigenic variants of the Chlor-
ella virus PBCV-1. Virology 214, 413−420.  

Lavrukhin, O. V., Fortune, J. M., Wood, T. G., Burbank, D. E., 
Van Etten, J. L., Osheroff, N., and Lloyd, R. S. (2000) Topoi-
somerase II from Chlorella virus PBCV-1. Characterization 
of the smallest known type II topoisomerase. J. Biol. Chem. 
275, 6915−6921. 

Li, Y., Lu, Z., Burbank, D. E., Kutish, G. F., Rock, D. L., and 
Van Etten, J. L. (1995) Analysis of 43 kb of the Chlorella vi-
rus PBCV-1 330 kb genome: map position 45 to 88. Virology 
212, 134−150. 

Li, Y., Lu, Z., Sun, L., Ropp, S., Kutish, G. F., Rock, D. L., and 
Van Etten, J. L. (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. 

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

Lu, Z., Li, Y., Que, Q., Kutish, G. F., Rock, D. L., and Van Etten, 
J. L. (1996) Analysis of 94 kb of the Chlorella virus PBCV-1 
330 kb genome: map position 88 to 182. Virology 216, 
102−123. 

Mayer, J. A. and Tayer, F. J. R. (1979) A virus which lyses the 
marine nanoflagellate Microsomonas pusilla. Nature 281, 
299−301. 

Mitra, A. and Higgins, D. W. (1994) The Chlorella virus ade-
nine methyltransferase gene promoter is a strong promoter in 
plants. Plant Mol. Biol. 26, 85−93. 

Muller, D. G., Kapp, M., and Knippers, R. (1998) Viruses in 
marine brown algae. Adv. Virus Res. 50, 49−67. 

Nagasaki, K., Tarutani, K., and Yamaguchi, M. (1999) Growth 
characteristics of Heterosigma akashiwo virus and its possi-
ble use as a microbial agent for red tide control. Appl. Envi-
ron. Microbiol. 65, 898−902. 

Nishida, K., Kimura, Y., Kawasaki, T., Fujie, M., and Yamada, T. 
(1999a) Genetic variation of Chlorella viruses: variable re-
gions localized on the CVK2 genomic DNA. Virology 255, 
376−384. 

Nishida, K., Kawasaki, T., Fujie, M., Usami, S., and Yamada, T. 
(1999b) Aminoacylation of tRNAs encoded by Chlorella vi-
rus CVK2. Virology 263, 220−229. 

Noble, R. T. and Fuhrman, J. A. (1998) Use of SYBR green I 
for rapid epifluorescence counts of marine viruses and bacte-
ria. Aquat. Microb. Ecol. 14, 113−118.  

Sambrook, E. (1989) Analysis and cloning of eukaryotic ge-
nomic DNA; in Molecular Cloning: A Laboratory Manual, 
Fritsch, F. and Maniatis, T. (eds.), pp. 9.31−9.59, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY. 

Skrdla, M. P., Burbank, D. E., Xia, Y., Meints, R. H., and Van 
Etten, J. L. (1984) Structural proteins and lipids in a virus, 
PBCV-1, which replicates in a chlorella-like alga. Virology 



176 Chlorella Virus from Korea 
 

 

135, 308−315. 
Sun, L., Adams, B., Gurnon, J. R., Ye, Y., and Van Etten, J. L. 

(1999) Characterization of two chitinase genes and one chi-
tosanase gene encoded by Chlorella virus PBCV-1. Virology 
263, 376−387. 

Van Etten, J. L. (1995) Giant Chlorella Viruses. Mol. Cells 5, 
99−106. 

Van Etten, J. L. (2000) Phycodnaviridae; in Virus Taxonomy, 
Classification and Nomenclature of Viruses, Seventh Report, 
Van Regenmortel, M. H. V., Fauquet, C. M., Bishop, D. H. L., 
Carsten, E. B., Estes, M. K., Lemon, S. M., Maniloff, J., 
Mayo, M. A., McGeoch, D. J., Pringle, C. R., and Wickner, R. 
B. (eds.), pp. 183−193, Academic Press, USA. 

Van Etten, J. L. and Meints, R. H. (1999) Giant viruses infecting 
algae. Ann. Rev. Microbiol. 53, 447−494. 

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

Van Etten, J. L., Burbank, D. E., Kuczmarski, D., and Meints, R. 
H. (1983b) Virus infection of culturable chlorella-like algae 
and development of a plaque assay. Science 219, 994−996. 

Van Etten, J. L., Burbank, D. E., Schuster, A. M., and Meints, R. 
H. (1985a) Lytic viruses infecting a chlorella-like alga. Vi-
rology 140, 135−143. 

Van Etten, J. L., Schuster, A. M., Girton, L., Burbank, D. E., 
Swinton, D., and Hattman, S. (1985b) DNA methylation of 
viruses infecting a eukaryotic chlorella-like alga. Nucleic Ac 
ids Res. 13, 3471−3478. 

Van Etten, J. L., Lane, L. C., and Meints, R. H. (1991) Viruses

and virus-like particles of eukaryotic algae. Microbiol. Rev. 
55, 586−620. 

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

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

Xu, M., Kladde, M. P., Van Etten, J. L., and Simpson, R. T. 
(1998) Cloning, characterization and expression of the gene 
coding for a cytosine-5-DNA methyltransferase recognizing 
GpC sites. Nucleic Acids Res. 26, 3961−3966. 

Yamada, T., Higashiyama, T., and Fukuda, T. (1991) Screening 
of natural waters for viruses which infect Chlorella cells. 
Appl. Environ. Microbiol. 57, 3433−3437. 

Yamada, T., Fukuda, T., Tamura, K., Furukawa, S., and Songsri, 
P. (1993) Expression of the gene encoding a translational 
elongation factor 3 homolog of Chlorella virus CVK2. Virol-
ogy 197, 742−750. 

Zang, B., Tao, T., Wilson, G. G., and Blumenthal, R. M. (1993) 
The M⋅AluI DNA-(cytosine C5)-methyltransferase has an 
unusually large, partially dispensable, variable region. Nu-
cleic Acids Res. 21, 905−911. 

Zhang, Y., Nelson, M., Nietfeldt, J., 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. 

 


