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Unusual Life Style of Giant Chlorella 
Viruses
James L. Van Etten
Nebraska Center for Virology and Department of Plant Pathology, University of Nebraska–
Lincoln, Lincoln, Nebraska 68583-0722; email jvanetten@unlnotes.unl.edu 

Abstract 
Paramecium bursaria chlorella virus (PBCV-1) is the prototype of a family of large, icosa-
hedral, plaque-forming, dsDNA viruses that replicate in certain unicellular, eukaryotic 
chlorella-like green algae. Its 330-kb genome contains ~373 protein-encoding genes and 
11 tRNA genes. The predicted gene products of ~50% of these genes resemble proteins of 
known function, including many that are unexpected for a virus, e.g., ornithine decarbox-
ylase, hyaluronan synthase, GDP-D-mannose 4,6 dehydratase, and a potassium ion chan-
nel protein. In addition to their large genome size, the chlorella viruses have other features 
that distinguish them from most viruses. These features include: (a) The viruses encode 
multiple DNA methyltransferases and DNA site-specific endonucleases. (b) The viruses 
encode at least some, if not all, of the enzymes required to glycosylate their proteins. (c) 
PBCV-1 has at least three types of introns, a self-splicing intron in a transcription factor-
like gene, a spliceosomal processed intron in its DNA polymerase gene, and a small intron 
in one of its tRNA genes. (d) Many chlorella virus-encoded proteins are either the smallest 
or among the smallest proteins of their class. (e) Accumulating evidence indicates that the 
chlorella viruses have a very long evolutionary history.

Keywords: chlorella viruses, PBCV-1, algal viruses, protein glycosylation, ion channel 
proteins

Contents

Introduction .................................................................................................................................. 154 
Classification of Chlorella Viruses and Their Hosts.................................................................156 
Structure of Chlorella Viruses .................................................................................................... 157 
PBCV-1 Genome ........................................................................................................................... 158 
PBCV-1 Attachment and Infection .............................................................................................159 
	 Cell Wall-Degrading Enzymes ..................................................................................................162 
PBCV-1 DNA Replication, Recombination, Repair, and Methylation ................................. 163 
	 DNA Methyltransferases and Site-Specific Endonucleases ......................................................164 
	 Nucleotide Metabolism Enzymes ..............................................................................................166 
PBCV-1 Transcription ...................................................................................................................167 
	 Set Domain-Containing Protein ...............................................................................................168 



154    Jame s L. Van Etten i n Ann u a l Revi e w of Gen et i c s  37 (2003)  

PBCV-1 Protein Synthesis, Modification, and Degradation .................................................. 168 
	 Protein Glycosylation ............................................................................................................... 169 
PBCV-1 Assembly and Release .................................................................................................. 171 
	 Host Cell Surface Changes ........................................................................................................172 
Additional PBCV-1 Genes .......................................................................................................... 173 
	 Fucose Synthesis ........................................................................................................................173 
	 Polyamine Biosynthetic Enzymes ............................................................................................ 174 
	 Ion Channel Proteins ................................................................................................................ 175 
PBCV-1 Gene Families and Gene Duplications.........................................................................176 
Diversity of Chlorella Virus Genomes .......................................................................................176 
Natural History of the Chlorella Viruses ..................................................................................178 
Other Phycodnaviruses and Putative Phycodnaviruses ........................................................ 181 
Final Comments ........................................................................................................................... 182 

Introduction 

Typically, one thinks of viruses as containing small genomes that encode only a 
few genes. However, several families of viruses have large dsDNA genomes that 
encode many proteins (Table 1). Examples include bacteriophage G that infects 
Bacillus megaterium and has a genome of ~670 kb (77), phycodnaviruses and puta-
tive phycodnaviruses that infect eukaryotic algae and have genomes up to 560 kb 

Table 1. Representative large dsDNA viruses

                                                                                                                                                 No. of
                                                                                                                           Minimum    protein-
                                                                                                       Genome          no. of      encoding
Virusa    	 Virus family              Host                                   size (bp)       codonsb       genes     Reference

Phage G 	 Myoviridae 	 Bacillus megaterium	 –670,000 	 — 	 — 	 (77)

PBCV-1 	 Phycodnaviridae 	 Chlorella NC64A	  330,744 	 65 	 373 	 (105)

WSV 	 Unclassified 	 Shrimp 	 292,967	  51	  184 	 (215)

MsEPV 	 Poxviridae 	 Grasshopper 	 236,120 	 60 	 267	  (1)

MCV 	 Poxviridae 	 Human 	 190,289	  60 	 182	  (173)

ASFV 	 Asfarviridae 	 Swine 	 170,101 	 60 	 151 	 (238)

Phage T4 	 Myoviridae 	 E. coli 	 168,903 	 29 	 289 	 (124)

HSV-2 	 Herpesviridae 	 Human 	 154,746 	 — 	 74c 	 (37)

AcNPV 	 Baculoviridae 	 Insects 	 133,894 	 50 	 154	  (4)

LCDV 	 Iridoviridae	  Flounder 	 102,653	  40 	 110	  (198)

a G, Giant; PBCV-1, Paramecium bursaria chlorella virus 1; WSV, white spots virus; MsEPV, Melanoplus 
sanguinipes entomopoxvirus; MCV, Molluscum contagiosum virus; ASFV, African swine fever virus; 
HSV-2, Herpes simplex virus type 2; AcNPV, Autographa californica multinucleocapsid nuclear poly-
hedroses virus; LCDV, lymphocystis disease virus. 

b Minimum number of codons used by the authors to calculate an open reading frame (ORF). 
c HSV-2 has 473 met-initiated ORFs of 50 codons or longer of which 74 are known to be functional 

genes. 
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(203, 207), and some insect poxviruses with genomes as large as 365 kb (96). Other 
large, dsDNA-containing viruses, such as white spot virus (WSV) (215), herpesvi-
ruses (37), African swine fever virus (ASFV) (238), coliphage T4 (124), baculovi-
ruses (4), and iridoviruses (198), have genomes ranging from 100 to 235 kb. With 
the exception of bacteriophage G, the genome of at least one representative from 
each of these dsDNA-containing viruses has been sequenced. The number of pu-
tative protein-encoding genes in these viruses range from 74 for the 154-kb her-
pes simplex virus-2 (HSV-2) to ~373 for the 330-kb phycodnavirus Paramecium 
bursaria chlorella virus (PBCV-1).

To put the size of these viral genomes into perspective, the smallest bacterium, 
Mycoplasma genitalium, encodes 470 proteins and estimates of the minimum genome 
size required to support life are ~250 protein-encoding genes (78, 133). A recent 
comparative analysis of protein sequences encoded by poxviruses, ASFV, iridovi-
ruses, and phycodnaviruses identified 9 genes that are shared by all of these vi-
ruses and 19 more genes that are present in at least three of these viral families (79). 
Cladistic analysis, using the genes shared by at least two viral families as evolution-
ary characters, led Iyer et al. (79) to propose that viruses in all four families arose 
from a common ancestor. However, there are significant differences among these 
four groups of viruses (207), and the common ancestor would have been ancient.

In addition to their large genomes, chlorella viruses have other distinctive fea-
tures: (a) they encode multiple type II DNA methyltransferases and DNA site-
specific (restriction) endonucleases (142, 143). (b) Unlike other glycoprotein-
containing viruses, chlorella viruses encode most, if not all, of the components 
required to glycosylate their proteins (58, 219). (c) Chlorella viruses are the first 
viruses discovered with more than one type of intron. Three types of introns have 
been described in PBCV-1: a self-splicing intron in a transcription factor TFIIS-
like gene (104, 236), a spliceosomal-processed intron in the DNA polymerase 
gene (57, 239), and a small intron in one of the tRNA genes (145). (d) Many chlo-
rella virus-encoded proteins are either the smallest or among the smallest pro-
teins of their class and some may represent the minimal catalytic unit. In addi-
tion, genes shared by chlorella virus isolates can differ in nucleotide sequence by 
as much as 40%; proteins can differ in amino acid sequence by 35%. Therefore, 
comparative gene sequence analyses can identify conserved amino acids in pro-
teins, as well as regions that tolerate amino acid changes. The small sizes and the 
finding that many virus-encoded recombinant proteins are “laboratory friendly” 
have resulted in the biochemical and structural characterization of several PBCV-
1 enzymes. Examples include: (a) The smallest known eukaryotic ATP-depen-
dent DNA ligase (75), which is the subject of intensive mechanistic and structural 
studies (183 and references cited therein). (b) The smallest known type II DNA 
topoisomerase (99). The PBCV-1 enzyme cleaves dsDNAs ~30 times faster than 
the human type II DNA topoisomerase (46, 47); consequently, the virus enzyme 
is a model to study topoisomerase II DNA cleavage. (c) An RNA capping guanyl-
yltransferase (74) that was the first enzyme of its type to have its crystal structure 
resolved (62, 63). (d) The smallest known protein (94 amino acids) to form a func-
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tional K+ channel (153). (e) The smallest enzyme (120 amino acids) known to post-
translationally modify histone proteins by methylating histone H3 at Lys27 (115). 

The history and ecological aspects of algal viruses can be found in other re-
views (35, 101, 132, 178, 190, 207–209, 224). This review focuses mainly on the 
properties of the chlorella viruses, primarily PBCV-1. More information, includ-
ing a complete list of chlorella virus publications and additional images of the vi-
ruses, is available on the “World of Chlorella Viruses” web page at http://www.
ianr.unl.edu/plantpath/facilities/Virology .

Classification of Chlorella Viruses and Their Hosts

It is difficult to credit the first person to mention chlorella viruses. A few pa-
pers in the Russian literature more than 40 years ago describe a lytic activity in 
cultures of Chlorella pyrenoidosa (see 208). However, the cultures were contami-
nated with bacteria and the viruses pictured have bacteriophage morphology. 
In 1978, Kawakami & Kawakami (86) described the appearance of large, lytic vi-
ruses in chlorella after the algae were released from the protozoan Paramecium 
bursaria, but no virus particles were detected in chlorella growing symbiotically 
inside the paramecium. Independently, lytic viruses were described in chlorella 
isolated from the green coelenterate Hydra viridis (122, 210) and also from P. bur-
saria (211). As in the 1978 report, viruses appeared only after the chlorella were 
separated from their hosts. Fortunately for the experimental biologist, the chlo-
rella from P. bursaria can be grown free of the paramecium in culture, and ensu-
ing experiments have revealed that these cultured algae are hosts for what have 
become known as the chlorella viruses. The one disadvantage to studying these 
viruses has been the inability to develop molecular procedures to manipulate 
the virus genome. To date all attempts to transform the host chlorella have been 
unsuccessful. 

Chlorella viruses are large (1900 Å along the fivefold axes), icosahedral, 
plaque-forming, dsDNA viruses that infect certain unicellular, chlorella-like 
green algae. The chlorella viruses are included in the genus Chlorovirus that con-
sists of three species (203). (a) Viruses that infect Chlorella isolate NC64A (NC64A 
viruses). (b) Viruses that infect Chlorella Pbi (Pbi viruses). (c) Viruses that infect 
symbiotic chlorella in the coelenterate Hydra viridis. This latter chlorella host has 
not been cultured free of the virus and consequently, the virus can be isolated 
only from chlorella cells freshly released from hydra.

Algae included in the genus Chlorella are small spherical or ellipsoidal, uni-
cellular, nonmotile, asexually reproducing green algae and are among the most 
widely distributed and frequently encountered algae on earth (148, 177). Chlo-
rella species have a rigid cell wall and typically have a single chloroplast, which 
sometimes contains a pyrenoid body. They have a simple developmental cycle 
and reproduce by mitotic division. Vegetative cells increase in size and, depend-
ing on the species and environmental conditions, divide into two, four, eight, or 
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more progeny, which are released by rupture or enzymatic digestion of the pa-
rental walls. Electrophoretic karyotyping of several chlorella isolates, including 
Chlorella NC64A, indicates that the algae have multiple chromosomes ranging in 
size from ~1 mb to ~6.5 mb, with a total genome size of ~40 mb (70, 116). 

However, algae assigned to the genus Chlorella are more heterogeneous than 
their simple morphology suggests. Because of this diversity, properties discovered 
in one Chlorella species or isolate may not apply to another species. Two examples 
illustrate the degree of heterogeneity. (a) The G+C contents of the nuclear DNAs of 
Chlorella species range from 43% to 79% (67). However, most isolates assigned to 
the same species have similar G+C contents. The PBCV-1 host, Chlorella NC64A, has 
a G+C content of 67%. The genome of Chlorella NC64A also contains methylated 
nucleotides; 21% of the cytosines are 5-methylcytosine (m5C) and 0.6% of the ade-
nines are N6-methyladenine (m6A) (212). (b) The cell wall polysaccharides of Chlo-
rella species vary widely (108, 194, 235), even among isolates assigned to the same 
species (235). Unexpectedly, lipopolysaccharide (LPS)-like components were dis-
covered recently in the cell walls of some chlorella isolates (167). This finding was a 
surprise because LPS is typically only found in Gram-negative bacteria. 

Most chlorella species are naturally free-living. However, some live as hered-
itary endosymbionts (also referred to as zoochlorella) within freshwater and, to 
lesser extent, marine animals (160, 200). The only known hosts for the chlorella 
viruses are symbiotic chlorella, some of which can be cultured. 

Structure of Chlorella Viruses

Chlorella virus particles are complex (molecular weight ~1 × 109 Da) and the 
PBCV-1 virion contains ~50 different proteins (180), including several that bind 
DNA (231). The PBCV-1 54-kDa major capsid protein Vp54 is a glycoprotein and 
comprises ~40% of the virus protein. Vp54 consists of two eight-stranded, anti-
parallel β-barrel, jelly-roll domains related by a pseudo-sixfold rotation (140). The 
major capsid proteins from many viruses have a similar jelly-roll structure in-
cluding those from dsDNA bacterial (e.g., PRD1) and animal viruses (e.g., adeno-
viruses) (140, 166). This structural similarity belies a lack of amino acid identity in 
many of these capsid proteins.

Cryo-electron microscopy (cryoEM) and three-dimensional (3D) image recon-
struction of PBCV-1 (26 Å resolution) indicate that the outer glycoprotein capsid 
is icosahedral and surrounds a lipid bilayer membrane (Figure 1A,B [page 197]) 
(237). The membrane, which contains phosphatidyl choline and phosphatidyl 
ethanolamine, is required for infectivity because the virus loses infectivity rapidly 
in chloroform and more slowly in ethyl ether or toluene (180). The membrane is 
connected to the outer shell by regularly spaced proteins (Figure 1C). The outer 
diameter of the viral capsid varies from a minimum of 1650 Å along the two- and 
threefold axes to a maximum of 1900 Å along the fivefold axes. The capsid shell 
consists of 1680 donut-shaped trimeric capsomers plus 12 pentameric capsomers 
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at each icosahedral vertex. The trimeric capsomers are arranged into 20 triangu-
lar facets (trisymmetrons, each containing 66 trimers) and 12 pentagonal facets 
(pentasymmetrons, each containing 30 trimers and one pentamer at the icosahe-
dral vertices) (Figure 1A). Assuming all the trimeric capsomers are identical (but 
see below), the outer capsid of the virus contains 5040 copies of the major capsid 
protein Vp54. The triangulation number (T) for the virus is 169 and the virus has 
a right-handed, skew class of T lattice (16). 

Most of the trimeric capsomers have a central, concave depression surrounded 
by three protruding towers. The trimeric capsomers are 72 Å in diameter and ~75 
Å high. The prominent, cylinder portion of each trimer extends ~50 Å above the 
surface of the capsid shell. The capsomers interconnect at their bases in a contigu-
ous shell that is 20–25 Å thick. Within each trimer, the three monomers connect in 
the middle; thus each trimer has the appearance of the letter “H” when viewed in 
cross section (Figure 1D). This structure agrees with the Vp54 structural studies 
(140). Cross-sectional views of 3D reconstructions at 20 Å resolution reveal a “ce-
ment” protein(s) that connects the bases of the trimeric capsomers (arrow in Fig-
ure 1D) (X. Yan, V. Bowman, N. H. Olson, M. V. Graves, L. C. Lane, M. G. Ross-
mann, J. L. Van Etten & T. S. Baker, manuscript in preparation). 

Twelve pentamer capsomers, each ~70 Å in diameter, exist at the fivefold ver-
tices of the virus and probably consist of a different protein. Each pentamer is 
surrounded by radially distributed trimers, and the axis of each of these trimers 
tilts away from the pentamer. Each pentamer has a cone-shaped, axial channel 
at its base (Figure 1E). One or more proteins appear below the axial channel and 
outside the inner membrane (Figure 1E). This protein(s) may digest the host cell 
wall during infection. Presumably, contact between the virus and its host recep-
tor alters the channel sufficiently to release the cell wall-degrading enzyme(s). 

Stereo views indicate that PBCV-1 attaches to the host cell wall by hair-like fi-
bers that originate from the virus particle (208). Similar views of isolated virus 
particles suggest that the fibers are flexible with terminal swollen structures. Al-
though 3D reconstructions of PBCV-1 at 26 Å resolution suggested that all the 
capsomers in the virion trisymmetrons were identical (237), more refined PBCV-1 
3D reconstructions reveal additional surface features (Figure 1F). Three regularly 
spaced trimeric capsomers in each PBCV-1 trisymmetron have an oval-shaped 
structure that resembles the top of a mushroom (Figure 1D,F). We suspect that 
these structures and the hair-like fibers mentioned above are related. Our inter-
pretation of these results is that the hair-like fibers exist as coiled “springs” in the 
virion and that the fibers extend when they contact the host. 

PBCV-1 Genome

The PBCV-1 genome consists of a linear 330,744-bp, nonpermuted dsDNA 
molecule with covalently closed hairpin termini (154, 165). The termini consist of 
35-nucleotide-long, incompletely base-paired, covalently closed hairpin loops that 
exist in one of two forms; the two forms are complementary when the 35-nucleo-
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tide sequences are inverted (flip-flop) (243). Identical 2221-bp inverted repeats are 
adjacent to each hairpin end (184). The remainder of the PBCV-1 genome contains 
primarily single-copy DNA (54). PBCV-1 and all other NC64A virus genomes are 
~40% G + C. Yamada & Higashiyama (232) suggested that the inverted repeat re-
gion of another chlorella virus, CVK1, contains a site-specific nick. If so, this nick 
could serve as an initiation point for DNA replication. 

The PBCV-1 genome contains methylated nucleotides. For example, 1.9% of 
the cytosines are m5C and 1.5% of the adenines are m6A (212). In fact, the ge-
nomes of all the chlorella viruses have methylated bases and the viruses can be 
distinguished from one another by the site-specificity and amount of DNA meth-
ylation (142, 143, 208). 

The sequence of the PBCV-1 genome revealed 697 ORFs of 65 codons or larger. 
About 373 of these ORFs probably encode proteins (92, 104, 105, 110, 111). Ini-
tially, PBCV-1 protein-encoding genes were identified by the following criteria: 
(a) A minimal size of 65 codons initiated by an ATG codon. (b) The largest ORF 
was chosen when competing ORFs overlapped. (c) ORFs with AT-rich (>70%) se-
quences in the 50 nucleotides upstream of the putative initiation codons. To date, 
all protein-encoding genes have met these criteria. 

Unlike the poxviruses, in which genes near the terminal regions are tran-
scribed toward the termini (130), the 373 putative protein-encoding genes are 
evenly distributed on both strands and, with one exception, intergenic space is 
minimal. In fact, 275 ORFs are separated by less than 100 nucleotides. The excep-
tion is a 1788-nucleotide sequence near the middle of the genome. This DNA re-
gion, which contains many stop codons in all reading frames, encodes 11 tRNA 
genes. In addition, 900 nucleotides in this region have two properties character-
istic of CpG islands (2). (a) The region has greater than 60% G + C, whereas the 
flanking regions contain less than 40% G + C. (b) The observed-to-expected ratio 
of CpG dinucleotides is 1.45 (50, 98). The 2.2-kb inverted terminal repeat region of 
the PBCV-1 genome contains 4 ORFs; these 4 ORFs are duplicated (111, 184). 

Approximately 50% of the 373 PBCV-1 gene products have been tentatively 
identified, including some that seem irrelevant to virus replication. Some PBCV-
1 genes are closely related to genes of bacteria and their viruses, whereas other 
PBCV-1 genes appear eukaryotic in origin. Some PBCV-1-encoded enzymes can be 
assembled into metabolic pathways, e.g., hyaluronan synthesis (Figure 2A), fucose 
synthesis (Figure 2B), and polyamine synthesis (Figure 2C). Surprisingly, given the 
large number of PBCV-1 genes, the virus lacks a recognizable RNA polymerase 
gene. Therefore, PBCV-1 must depend on host enzymes for transcription. 

PBCV-1 Attachment and Infection

PBCV-1 infects its host Chlorella NC64A by attaching rapidly, possibly by the 
hairlike fibers mentioned above, to the algal cell wall (120). The virus then con-
tacts the cell wall via one of its vertices, presumably producing a conformational 
change in the virus, which leads to the release of a precise amount of cell wall-
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digesting enzyme(s). Following digestion of the wall, the internal membrane of 
PBCV-1 presumably fuses with the host membrane to translocate virus DNA and 
probably associated proteins (e.g., transcription factors?) to the inside of the host, 
leaving an empty capsid on the surface. 

The virus also attaches to and digests cell-free wall fragments that have been 
boiled or extracted by harsh procedures, supporting the conclusion that the wall-
degrading enzymes(s) are packaged in the virus particles (120, 163). Release of vi-
rus DNA requires a host function because virus attachment and digestion of iso-
lated walls does not release DNA. Experiments to identify the virus receptor in 
Chlorella NC64A indicate that it is probably a carbohydrate (119). 

Two observations suggest that the infecting PBCV-1 DNA and probably 
DNA-associated proteins quickly move to the nucleus and commandeer at least 
some of the host transcription machinery to initiate early viral RNA synthesis; 
early virus transcripts can be detected within 5–10 min post infection (p.i.). (a) 
PBCV-1 does not encode a recognizable RNA polymerase gene(s) nor were we 
able to detect RNA polymerase activity in isolated virions (J. Rohozinski & J. L. 
Van Etten, unpublished results). (b) A small intron with splice-site sequences 
characteristic of nuclear-spliced mRNAs exists in the PBCV-1 DNA polymerase 
gene (57). Presumably, this intron would need to be excised in the infected cell 
nucleus. 

Ultrastructural studies indicate that an apparently intact nuclear membrane 
often can be seen in infected cells, at least during early stages of virus replication 
(121). However, virus replication does not require a functional host nucleus be-
cause PBCV-1 replicates, albeit slowly and with a small burst size, in UV-irradi-
ated cells; such cells are unable to form colonies and endogenous RNA and DNA 

Figure 2. (page 160) Unexpected biosynthetic pathways encoded by chlorella vi-
rus PBCV-1. A. Hyaluronan: PBCV-1 contains genes that encode three enzymes in-
volved in hyaluronan biosynthesis, glucosamine synthase (GFAT), UDP-glucose de-
hydrogenase (UDP-GlcDH), and hyaluronan synthase (HAS). B. GDP-L-fucose and 
GDP-D-rhamnose: The virus encodes GDP-D-mannose 4,6 dehydratase (GMD), 
which catalyzes both the dehydration of GDP-D-mannose to the intermediate 
GDP-4-keto-6-deoxy-D-mannose and the NADPH-dependent reduction of this lat-
ter compound to GDP-D-rhamnose. GDP-4-keto-6-deoxy-D-mannose epimerase/
reductase(GMER)catalyzes the final two steps to GDP-L-fucose. C. Polyamines: PBCV-
1 encodes the enzymes for two pathways to make putrescine. Ornithine decarboxyl-
ase (ODC) converts ornithine directly to putrescine. However, the same ODC also de-
carboxylates arginine to agmatine (A. E. Pegg, personal communication). PBCV-1 also 
encodes the two enzymes [agmatine iminohydrolase (AIH) and N-carbamoylputres-
cine amidohydrolase (CPA)], that convert agmatine to putrescine (M. Piotrowski, per-
sonal communication). Finally, the virus encodes homospermidine synthase that con-
verts two putrescines to homospermidine. The PBCV-1-encoded enzymes are in bold. 
Recombinant proteins have been produced for each of these enzymes and shown to 
be biochemically active. 
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syntheses are reduced to background levels (205). PBCV-1 replication also does 
not require labile host factors since the virus replicates in UV-inactivated cells in-
cubated in the dark for up to 8 h before infection. 

PBCV-1 DNA replication begins 60–90 min p.i., presumably in the nucleus, and 
is followed by transcription of late virus genes (170, 204). Progeny viruses are first 
released 4-5 h p.i. and the majority of infectious virus particles are released by 8 h 
p.i. via localized lysis of the cell wall. The virus has a burst size of 200 to 350 plaque-
forming units (PFU); 25% to 50% of the released virions form plaques (206). 

Mechanical disruption of the cells releases infectious virus 30 to 50 min prior 
to spontaneous lysis. Thus, infectious PBCV-1 is assembled inside the host and 
does not acquire its membrane and glycoprotein capsid by budding through an 
exterior host membrane. PBCV-1 also replicates in dark-grown chlorella cells or in 
light-grown cells treated with the photosynthetic inhibitor DCMU prior to virus 
infection (206). In both situations the time course of virus release is similar to that 
of untreated light-grown cells, which implies that PBCV-1 replication does not 
require host photosynthesis. However, the burst size is reduced ~50% in dark-
grown cells. PBCV-1 infection rapidly inhibits host CO2 fixation (172, 206). Like 
most bacterial viruses (64), PBCV-1 replicates most efficiently in actively growing 
host cells and poorly in stationary-phase cells. 

The infection process of the chlorella viruses differs from that of all DNA vi-
ruses known to infect eukaryotes, but resembles that of bacterial viruses in that 
uncoating occurs at the cell surface. In terms of structure (e.g., an internal mem-
brane and the major capsid protein), attachment, and penetration, the chlorella 
viruses resemble bacteriophages of the Tectiviridae family (5, 125). However, tecti-
viruses are much smaller (~650 Å in diameter) with a 40-kd genome.

Cell Wall-Degrading Enzymes

PBCV-1 and another NC64A virus (CVK2) encode several enzymes that could 
aid in host cell wall degradation either during virus infection or virus release. 
These enzymes include two chitinases, a chitosanase, a β-1,3-glucanase, and an-
other enzyme that partially degrades NC64A cell walls. Recombinant proteins pro-
duced from these five genes have the expected enzyme activities (71, 72, 185–188, 
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Chlorella NC64A cell walls (119; R. H. Meints, unpublished results). 

The chitosanase gene, which is expressed late in infection, has been charac-
terized from virus CVK2 (234). The CVK2 gene encodes two proteins with chi-



Un u s u a l Li f e Sty l e o f Gi a n t Ch l o r ell a Vi ru s es     193

192. Suttle CA, Chen F. 1992. Mechanisms and rates of decay of marine viruses in seawa-
ter. Appl. Environ. Microbiol. 58:3721–29 

193. Swaminathan N, George D, McMaster K, Szablewski J, Van Etten JL, Mead DA. 1994. 
Restriction generated oligonucleotides utilizing the two base recognition endonucle-
ase CviJI*. Nucleic Acids Res. 22:1470–75 

194. Takeda H. 1988. Classification of chlorella strains by cell wall sugar composition. Phy-
tochemistry 27:3822–26 

195. Takeda H. 1995. Cell wall composition and taxonomy of symbiotic chlorella from par-
amecium and acanthocystis. Phytochemistry 40:457–59 

196. Tanner NK, Linder P. 2001. DexD/H box RNA helicases: from generic motors to spe-
cific dissociation functions. Mol. Cell 8:251–62 

197. Tessman I. 1985. Genetic recombination of the DNA plant virus PBCV-1 in a chlorella-
like alga. Virology 145:319–22 

198. Tidona CA, Darai G. 1997. The complete DNA sequence of lymphocystis disease vi-
rus. Virology 230:207–16 

199. Tonetti M, Zanardi D, Gurnon JR, Fruscione F, Armirotti A, et al. 2003. Paramecium 
bursaria Chlorella virus encodes two enzymes involved in the biosynthesis of GDP-L-
frucose and GDP-Drhamnose. J. Biol. Chem. 278:21559–65 

200. Trench RK. 1979. The cell biology of plant-animal symbiosis. Annu. Rev. Plant Physiol. 
30:485–531 

201. Turner PC,MoyerRW. 1990. The molecular pathogenesis of poxviruses. Curr. Top. Mi-
crobiol. Immunol. 163:125–51 

202. Tyms AS, Clarke JR, Ford L, Edoranta T. 1990. Polyamines and the growth of patho-
genic viruses. In The Biology and Chemistry of Polyamines. ed. SH Goldenberg, JD Algar-
anti, pp. 121–33. Oxford: IRL Press 

203. Van Etten JL. 2000. Phycodnaviridae. In Virus Taxonomy, Classification and Nomencla-
ture of Viruses, 7th Rep., ed. MHV Van Regenmortel, CM Fauquet, DHL Bishop, EB 
Carstens, MK Estes, SM Lemon, J Maniloff, MA Mayo, DJ McGeoch, CR Pringle, RB-
Wickner, pp. 183–93. San Diego: Academic 

204. Van Etten JL, Burbank DE, Joshi J, Meints RH. 1984. DNA synthesis in a chlorella-like 
alga following infection with the virus PBCV-1. Virology 134: 443–49 

205. Van Etten JL, Burbank DE, Meints RH. 1986. Replication of the algal virus PBCV-1 in 
UV-irradiated chlorella. Intervirology 26:115–20 

206. Van Etten JL, Burbank DE, XiaY, Meints RH. 1983. Growth cycle of a virus, PBCV-1, 
that infects chlorella-like algae. Virology 126:117–25 

207. Van Etten JL, Graves MV, Muller DG, Boland W, Delaroque N. 2002. Phycodnaviridae 
—large DNA algal viruses. Arch. Virology 147:1479–516 

208. Van Etten JL, Lane LC, Meints RH. 1991. Viruses and viruslike particles of eukaryotic 
algae. Microbiol. Rev. 55: 586–620 

209. Van Etten JL, Meints RH. 1999. Giant viruses infecting algae. Annu. Rev. Microbiol. 
53:447–94 

210. Van Etten JL, Meints RH, Burbank DE, Kuczmarski D, Cuppels DA, Lane LC. 1981. 
Isolation and characterization of a virus from the intracellular green alga symbiotic 
with Hydra viridis. Virology 113:704–11 

211. Van Etten JL, Meints RH, Kuczmarski D, Burbank DE, Lee K. 1982. Viruses of symbi-
otic chlorella-like algae isolated from Paramecium bursaria and Hydra viridis. Proc. Natl. 
Acad. Sci. USA 79:3867–71 



194    Jame s L. Van Etten i n Ann u a l Revi e w of Gen et i c s  37 (2003)  

212. Van Etten JL, Schuster AM, Girton L, Burbank DE, Swinton D, Hattman S. 1985. DNA 
methylation of viruses infecting a eukaryotic chlorella-like alga. Nucleic Acids Res. 
13:3471–78 

213. Van Etten JL, Schuster AM, Meints RH. 1988. Viruses of eukaryotic chlorellalike algae. 
In Viruses of Fungi and Simple Eukaryotes, ed. Y Koltin, MJ Leibowitz, pp. 411–28. New 
York: Marcel Dekker 

214. Van Etten JL,Van Etten CH, Johnson JK, Burbank DE. 1985. A survey for viruses from 
fresh water that infect a eukaryotic chlorella-like green alga. Appl. Environ. Microbiol. 
49:1326–28 

215. van Hulten MC, Witteveldt J, Peters S, Kloosterboer N, Tarchini R, et al. 2001. The 
white spot syndrome virus DNA genome sequence. Virology 286:7–22 

216. Villarreal LP. 1999. DNA viruses: their influence on host evolution. In Origin and Evo-
lution ofViruses, ed,EDomingo, R Webster, JJ Holland, T Pickett, pp. 391–410. London: 
Academic 

217. Villarreal LP, DeFilippis VR. 2000. A hypothesis for DNA viruses as the origin of eu-
karyotic replication proteins. J. Virol. 74:7079–84 

218. Wang I-N, Smith D, Young R. 2000. Holins: the protein clocks of bacteriophage infec-
tions. Ann. Rev. Microbiol. 54:799–825. 

219. Wang I-N, Li Y, Que Q, Bhattacharya M, Lane LC, et al. 1993. Evidence for virusen-
coded glycosylation specificity. Proc. Natl. Acad. Sci. USA 90:3840–44 

220. Warbrick E. 2000. The puzzle ofPCNA’s many partners. BioEssays 22:997–1006 
221. Wiggins BA, Alexander M. 1985. Minimum bacterial density for bacteriophage repli-

cation: implications for significance of bacteriophages in natural ecosystems. Appl. En-
viron. Microbiol. 49:19–23 

222. Wilson GG, Murray NE. 1991. Restriction and modification systems. Annu. Rev. Genet. 
25:585–627 

223. Wolf S, Maier I, Katsaros C,Müller DG. 1998. Virus assembly in Hincksia hincksiae (Eco-
carpales, Phaeophyceae). An electron and fluorescence microscopic study. Protoplasma 
203:153–67 

224. Wommack KE, Colwell RR. 2000. Virioplankton: viruses in aquatic ecosystems. Micro-
biol. Mol. Biol. Rev. 64:69– 114 

225. Xia Y, Burbank DE, Uher L, Rabussay D, Van Etten JL. 1986. Restriction endonucle-
ase activity induced by PBCV-1 virus infection of a chlorella-like green alga. Mol. Cell. 
Biol. 6:1430–39 

226. Xia Y, Burbank DE, Uher L, Rabussay D, Van Etten JL. 1987. IL-3A virus infection of a 
chlorella-like green alga induces a DNA restriction endonuclease with novel sequence 
specificity. Nucleic Acids Res. 15:6075–90 

227. Xia Y, Morgan R, Schildkraut I, Van Etten JL. 1988.Asite-specific single strand endo-
nuclease activity induced by NYs-1 virus infection of a chlorella-like green alga. Nu-
cleic Acids Res. 16:9477–87 

228. Xia Y, Van Etten JL. 1986. DNA methyltransferase induced by PBCV-1 virus infection 
of a chlorella-like green alga. Mol. Cell. Biol. 6:1440–45 

229. Xu M, Kladde MP, Van Etten JL, Simpson RT. 1998. Cloning, characterization, and ex-
pression of the gene coding for a cytosine-5-DNA methyltransferase recognizing GpC 
sites. Nucleic Acids Res. 26:3961–66 

230. Yamada T, Fukuda T, Tamura K, Furukawa S, Songsri P. 1993. Expression of the gene 
encoding a translational elongation factor 3 homolog of chlorella virus CVK2. Virol-
ogy 97:742–50 



Un u s u a l Li f e Sty l e o f Gi a n t Ch l o r ell a Vi ru s es     195

231. Yamada T, Furukawa S, Hamazaki T, Songsri P. 1996. Characterization of DNA-
binding proteins and protein kinase activities in chlorella virus CVK2. Virology 
219:395–406 

232. Yamada T, Higashiyama T. 1993. Characterization of the terminal inverted repeats 
and their neighboring tantem repeats in the chlorella CVK1 virus genome. Mol. Gen. 
Genet. 241:554– 63 

233. Yamada T, Higashiyama T, Fukuda T, 1991. Screening of natural waters for viruses 
which infect chlorella cells. Appl. Environ. Microbiol. 57:3433–37 

234. Yamada T, Hiramatsu S, Songsri P, Fujie M. 1997. Alternative expression of a chi-
tosanase gene produces two different proteins in cells infected with chlorella virus 
CVK2. Virology 230:361–68 

235. Yamada T, Sakaguchi K. 1982. Comparative studies on chlorella cell walls: induction 
of protoplast formation. Arch. Microbiol. 132:1013 

236. Yamada T, Tamura K, Aimi T, Songsri P. 1994. Self-splicing group I introns in eukary-
otic viruses. Nucleic Acids Res. 22:2532–37 

237. Yan X, Olson NH, Van Etten JL, Bergoin M, Rossmann MG, Baker TS. 2000. Structure 
and assembly of large, lipidcontaining, dsDNA viruses. Nat. Struct. Biol. 7:101–3 

238. Yanez RJ, Rodriguez JM, Nogal ML, Yuste L, Enriquez C, et al. 1995. Anaylsis of the 
complete nucleotide sequence of African swine fever virus. Virology 208:249–78 

239. Zhang Y, Adams B, Sun L, Burbank DE, Van Etten JL. 2001. Intron conservation in the 
DNA polymerase gene encoded by chlorella viruses. Virology 285:313– 21 

240. Zhang Y, Nelson M, Nietfeldt JW, Burbank DE, Van Etten JL. 1992. Characterization 
of chlorella virusPBCV-1 CviAII restriction and modification system. Nucleic Acids 
Res. 20:5351–56 

241. Zhang Y, Nelson M, Nietfeldt J, Xia Y, Burbank DE, et al. 1998. Chlorella virus NY-
2A encodes at least twelve DNA endonuclease/ methyltransferase genes. Virology 
240:366–75 

242. Zhang Y, Nelson M, Van Etten JL. 1992. A single amino acid change restores DNAcy-
tosine methyltransferase activity in a cloned chlorella virus pseudogene. Nucleic Acids 
Res. 20:1637–42 

243. Zhang Y, Strasser P, Grabherr R, Van Etten JL. 1994. Hairpin loop structure at the ter-
mini of the chlorella virus PBCV- 1 genome. Virology 202:1079–82 



196    Jame s L. Van Etten i n Ann u a l Revi e w of Gen et i c s  37 (2003)  

Figure 1. (page 197) Three-dimensional image reconstruction of chlorella virus PBCV-
1 from cryoelectron micrographs. A. The virion capsid consists of 12 pentasymme-
trons and 20 trisymmetrons. Five trisymmetrons are highlighted in the reconstruc-
tion (blue) and a single pentasymmetron is colored yellow. A pentavalent capsomer 
(white) lies at the center of each pentasymmetron. Each pentasymmetron consists of 
one pentamer plus 30 trimers. Eleven capsomers form the edge of each trisymmetron 
(black dots) and therefore each trisymmetron has 66 trimers. B. Cross-sectional view 
of PBCV-1 along the twofold axis. A lipid bilayer, like a railway track, exists beneath 
the capsid shell (magenta arrows). Magnified views at two- and fivefold axes (out-
lined in B are shown in C and E, respectively.) C. Connections occur between the cap-
sid shell and the lipid bilayer (green arrows). D. The capsomers are interconnected by 
“cement” proteins (yellow arrows). The red arrow indicates the fiber-like structure in 
one trimeric capsomer. E. Dense material (blue arrow) (cell wall-digesting enzyme(s)?) 
is present at each vertex (red arrow) between the vertex and the membrane. F. Close-
up view of a portion of a trisymmetron. Three of the 66 capsomers that comprise a tri-
symmetron have a kidney-shaped structure (green arrows). A cross section of one of 
these structures is seen in D (red arrow).
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