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Introduction

Members and prospective members of the family Phy-
codnaviridae consist of a genetically diverse, but morpholog-
ically similar, group of large dsDNA-containing viruses (170–
560 kb) that infect eukaryotic algae from both fresh and marine 
waters (Kang et al., 2005 and Wilson et al., 2005b). The phy-
codnaviruses are among the virioplankton recognized as im-
portant ecological elements in aqueous environments (Suttle, 
2005). They, along with other viruses, play signifi cant roles in 
the dynamics of algal blooms, nutrient cycling, algal commu-
nity structure, and possibly gene transfer between organisms. 
The discovery phase of aquatic viruses, including the phycod-
naviruses, is just beginning with new viruses continually be-
ing discovered as more environmental samples are examined. 

The phycodnaviruses, together with the poxviruses, iridovi-
ruses, asfarviruses, and the 1.2-Mb Mimivirus are believed to 
have a common evolutionary ancestor (Iyer et al., 2001, Iyer 
et al., 2006 and Raoult et al., 2004). All of these viruses share 
9 gene products and at least two of these viral families encode 
an additional 41 homologous gene products (Iyer et al., 2006). 
Collectively, these viruses are referred to as nucleocytoplasmic 
large DNA viruses (NCLDV) (Iyer et al., 2001).

Currently, the phycodnaviruses are grouped into 6 genera, 
based initially on host range and subsequently supported by se-
quence comparison of their DNA polymerases (Wilson et al., 
2005b). Members of the genus Chlorovirus (chlorella virus-
es) infect fresh water algae, whereas members of the other fi ve 
genera (Coccolithovirus, Phaeovirus, Prasinovirus, Prymne-
siovirus, and Raphdovirus) infect marine algae. The genomes 
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Abstract: Viruses MT325 and FR483, members of the family Phycodnaviridae, genus Chlorovirus, infect the fresh water, unicellular, 
eukaryotic, chlorella-like green alga, Chlorella Pbi. The 314,335-bp genome of MT325 and the 321,240-bp genome of FR483 are the 
fi rst viruses that infect Chlorella Pbi to have their genomes sequenced and annotated. Furthermore, these genomes are the two smallest 
chlorella virus genomes sequenced to date, MT325 has 331 putative protein-encoding and 10 tRNA-encoding genes and FR483 has 335 
putative protein-encoding and 9 tRNA-encoding genes. The protein-encoding genes are almost evenly distributed on both strands, and 
intergenic space is minimal. Approximately 40% of the viral gene products resemble entries in public databases, including some that are 
the fi rst of their kind to be detected in a virus. For example, these unique gene products include an aquaglyceroporin in MT325, a potas-
sium ion transporter protein and an alkyl sulfatase in FR483, and a dTDP–glucose pyrophosphorylase in both viruses. Comparison of 
MT325 and FR483 protein-encoding genes with the prototype chlorella virus PBCV-1 indicates that approximately 82% of the genes are 
present in all three viruses. 
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of members of three Phycodnaviridae genera have been se-
quenced (Delaroque et al., 2001, Li et al., 1997 and Wilson 
et al., 2005a). Comparative analysis of the three genomes has 
revealed more than 1000 unique genes with only 14 genes in 
common among the three genera (Dunigan et al., 2006). Thus 
the gene diversity in the phycodnaviruses is enormous.

The chlorella viruses infect certain unicellular, eukary-
otic chlorella-like green algae that normally exist as endo-
symbionts in various protists, such as Paramecium bursaria 
(Kawakami and Kawakami, 1978 and Van Etten et al., 1982), 
Hydra viridis (Meints et al., 1981 and Van Etten et al., 1981) 
and Acanthocystis turfacea (Bubeck and Pfi tzner, 2005). P. 
bursaria chlorella virus (PBCV-1) is the type member of the 
group and has a 331-kb genome that was sequenced about 10 
years ago. The virus contains 366 putative protein-encoding 
genes and a polycistronic gene that encodes 11 tRNAs (Li et 
al., 1997).

To investigate the diversity of the chlorella viruses, we are 
sequencing the genomes of several additional family mem-
bers. The proceeding manuscript described the sequence and 
annotation of the 369-kb genome from virus NY-2A and the 
345-kb genome from virus AR158, which, like PBCV-1, in-
fect Chlorella NC64A (NC64A viruses). The current man-
uscript describes the sequence and annotation of the 314-kb 
genome from virus MT325 and the 321-kb genome from vi-
rus FR483 that infect another chlorella species, Chlorella Pbi 
(Pbi viruses). Virus MT325 was sequenced fi rst and its se-
quence revealed a gene encoding a water channel, an aqua-
glyceroporin (AQPV), and a gene encoding a potassium ion 
channel protein (Kcv) whose predicted structure differed from 
Kcv proteins encoded by the NC64A viruses (Gazzarrini et 
al., 2006). Hybridization of the MT325 aqpv and kcv genes to 
DNA from 47 additional Pbi viruses produced signals with 46 
of them for both genes. However, a very weak signal was ob-
tained for both genes with virus FR483 DNA, suggesting that 
either the DNA sequences were very different for both genes, 
or that they might be absent in FR483. Therefore, FR483 was 
chosen for sequencing. As reported here, FR483 lacks both 
aqpv and kcv genes but it does encode a putative potassium 
ion transporter protein.

Results and discussion

As part of the chlorella virus genome sequencing effort, a 
project website has been created at http://greengene.uml.edu/. 
This site contains the genomic DNA sequence assemblies as 

well as the predicted amino acid sequences of all virus-encoded 
ORFs and is viewable in text format or through a graphical ge-
nome browser. This database also contains the complete anno-
tation for each chlorella virus-encoded ORF. The supplemental 
data fi les referenced below are also available at this site.

Description of the viral genomes
The MT325 and FR483 genomes were assembled into 

contiguous sequences of 314,335 bp and 321,240 bp (Table 
1), respectively, which agrees with their predicted sizes deter-
mined by pulse-fi eld gel electrophoresis (unpublished results). 
Since the presumed hairpin termini were not sequenced, the 
left most nucleotide of the assembled sequences was desig-
nated 1. 

To orient the MT325 and FR483 genomes relative to the 
prototype virus PBCV-1, plots of PBCV-1 proteins and either 
the MT325 or the FR483 proteins were compared. Unlike the 
dot plots that compared the three Chlorella NC64A-infecting 
viruses (Fitzgerald et al., 2007), there is only slight co-linear-
ity between the prototype PBCV-1 and the two Pbi genomes 
(Fig. 1). However, there is a high degree of co-linearity be-
tween MT325 and FR483. 

The average G + C content of the MT325 and FR483 ge-
nomes is 45.3% and 44.6%, respectively, higher than those in 
the NC64A viruses, PBCV-1, NY-2A, and AR158 (40–41%) 
(Fitzgerald et al., 2007).

Genes

A putative protein-coding region, or open-reading frame 
(ORF), was defi ned as a continuous stretch of DNA that trans-
lates into a polypeptide that is initiated by an ATG translation 
start codon and extends for 64 or more additional codons. Us-
ing this criterion, 845 ORFs were identifi ed in the 314-kb ge-
nome of MT325 and 849 ORFs were identifi ed in the 321-kb 
genome of FR483. The ORF names were based on three cri-
teria. First, the MT325 ORF name begins with either an “M” 
for a major ORF (predicted to be a protein-encoding gene) 
or an “m” for a minor ORF (unlikely to be a protein-encod-
ing gene). The names for the FR483 ORFs begin with either 
an “N” for a major ORF or an “n” for a minor ORF. Second, 
the ORFs were numbered consecutively in the order in which 
they appeared in the genome after alignment with the PBCV-
1 genome. Third, the letter R or L following the ORF number 
indicates that the putative transcript runs either left-to-right or 
right-to-left, respectively. The letters “M” or “m” were cho-
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sen to name the MT325 ORFs, which was the fi rst Pbi virus 
genome sequenced and “N” or “n” was chosen to name the 
FR483 ORFs, which was the second Pbi virus genome se-
quenced, thus avoiding confusion between the different chlo-
rella virus genomes. The letters serve to distinguish these virus 
ORFs from those that infect Chlorella NC64A [i.e., PBCV-1, 
NY-2A, and AR158 (designated with upper and lower case 
“A,” “B,” and “C,” respectively)] (Fitzgerald et al., 2007).

The 845 MT325 ORFs and 849 FR483 ORFs were clas-
sifi ed as either major or minor ORFs based on the following 
criteria. When an ORF, of either the same or opposite polari-
ty, resided within or signifi cantly overlapped another ORF, the 
larger ORF was classifi ed as a major ORF; the smaller ORFs 
were classifi ed as minor. All of the ORFs were analyzed using 
the non-redundant, Pfam, and COG databases and ORFs pre-
dicted to encode a functional protein were classifi ed as ma-
jor. These conditions led to the prediction that 331 of the 845 
MT325 ORFs and 335 of the 849 FR483 ORFs probably en-
code proteins.

The NC64A viruses have three types of introns in their 
protein-encoding genes. PBCV-1 and NY-2A have a self-splic-
ing intron in a transcription factor TFIIS-like gene (Fitzgerald 
et al., 2007, Li et al., 1997 and Yamada et al., 1994). A splic-
esomal-processed intron is present in the DNA polymerase 
gene from all three sequenced NC64A viruses (Grabherr et 
al., 1992 and Zhang et al., 2001) and an 81-nucleotide splic-
esomal-processed intron exists in the pyrimidine dimer-specif-
ic glycosylase gene from some of the viruses (Fitzgerald et 

al., 2007 and Sun et al., 2000). However, initial analyses of 
the MT325 and FR483 genomes did not reveal any introns in 
their protein-encoding genes including the DNA polymerase, 
TFIIS, and pyrimidine dimer-specifi c glycosylase gene homo-
logs. Like PBCV-1, one of the MT325 and one of the FR483 
tRNA genes are predicted to contain an intron (see below). No 
inteins were detected in the two Pbi viruses.

GCG software was used to determine several general char-
acteristics and properties for each ORF, including the nucleo-
tide composition of the ORF, the A + T content of the 50 nucle-
otides upstream of the ORF that is likely to contain promoter 
elements, the frame in which the putative protein is encoded, 
the number of amino acids in the encoded protein, the predict-
ed protein molecular weights, and the isoelectric points. These 
properties are listed in Supplements 1 and 2. Fig. 2 reports 
some general characteristics of both the MT325 and FR483 
major ORFs, including the relative orientation of the ORFs 
(Figs. 2A, B). The directions in which the MT325 ORFs are 
encoded are slightly skewed in the reverse (54%) orientation. 
In contrast, the FR483 genes are evenly distributed on both 
strands. The average size of all putative MT325 proteins is 
284 amino acids (Fig. 2C), while the average size of all puta-
tive FR483 proteins is 290 amino acids (Fig. 2D); nearly half 
of these proteins are in the 65 to 200-amino-acid size range. 
The predicted isoelectric points of the proteins are depicted 
in Figs. 2E, F. Despite a trend for the proteins to have a pI in 
the 10–11 pH range, a peak also occurs at pH 4.5. Basic pro-
teins are probably associated with the virion where they pre-

Figure 1. Comparison of three sequenced chlorella viruses, PBCV-1, MT325, and FR483, major ORFs with blastp dot plots. The dots represent 
ORF homology between two viruses with an E-value of less than 0.001. 



462 FITZGERALD ET AL. IN VIROLOGY 358 (2007)

sumably help neutralize the positively charged genomic DNA. 
However, the functions of the proteins that have pIs in the 4.5 
range vary [e.g., the small subunit of ribonucleotide reductase 
(M653L and N651L), a Ser/Thr protein kinase (M221L and 
N223L), and a β-1,3 glucanase (M124L and N119L)]. Figs. 
2G and H indicate the intergenic space between the major 
ORFs. In both MT325 and FR483, approximately 70% of the 
ORFs are separated by less than 100 nucleotides. 

Annotation of the MT325 and FR483 genomes

Every ORF was compared with the non-redundant data-
base at NCBI using the criteria described in the Materials and 
methods section. The Pfam and COG databases were used to 

identify conserved domains and proteins within the MT325 
and FR483 ORFs (Supplements 1 and 2). Gene maps of the 
MT325 and FR483 genomes illustrate the location of the pu-
tative genes (Fig. 3) and some of the ORFs are listed by their 
predicted metabolic function (Table 2). With the exception of 
the MT325-encoded potassium ion channel protein and the 
aquaglyceroporin protein (see below), none of the MT325 and 
FR483 proteins have been tested for function. However, we as-
sume that any of the MT325- and FR483-encoded proteins that 
have functional PBCV-1 homologs are probably functional. 

Seventy-nine to eighty-four percent of the major ORFs are 
homologous between any two of the Pbi viruses and the pro-
totype virus, PBCV-1. However, approximately 95% of the 
genes are homologous between MT325 and FR483. This fi nd-

Figure 2. General characteristics of MT325 and FR483 major ORFs. Direction of the MT325 (A) and FR483 (B) ORFs. Size of the major 
MT325 (C) and FR483 (D) ORFs. Predicted isoelectric points of the major MT325 (E) and FR483 (F) ORFs. Intergenic space between major 
MT325 (G) and FR483 (H) ORFs. 
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ing suggests that most of the major ORFs from the chlorella vi-
ruses are essential for virus replication in nature and the genes 
are more conserved between the Pbi viruses. The average ami-
no acid identity between homologous proteins from PBCV-1 
and either MT325 or FR483 is 50%. There is an average of 
86% amino acid identity between MT325 and FR483 homo-
logs. MT325 and FR483 contain the 9 genes that are shared by 
all the NCLDV viruses (Iyer et al., 2001 and Iyer et al., 2006).

DNA replication and repair-associated proteins
MT325 and FR483 have several ORFs that are involved 

in either DNA replication, recombination, or repair, such as 
δ-DNA polymerase (M019L and N023L), superfamily III he-
licase (M674R and N674R), two ORFs resembling sliding 
clamp processivity factor (PCNA) proteins (M014R, M697L, 
N019R, and N687L), DNA primase (M664L and N662L), 
RNase H (M570L and N575L), type II DNA topoisomerase 
(M546R and N549R), replication factor C protein (M430L 
and N441L), and pyrimidine-specifi c glycosylase (M627L 
and N629L). Interestingly, both MT325 and FR483 lack an 
ATP-dependent ligase that is present in the NC64A viruses 
(Fitzgerald et al., 2007).

The MT325 and FR483 type II DNA topoisomerases have 
approximately 40% amino acid identity with type II topoi-

somerases from several eukaryotic organisms. This enzyme 
is ATP-dependent and functions by threading a double-strand-
ed DNA segment through a transient double-stranded break 
in the DNA (Roca, 1995). PBCV-1 encodes one of the small-
est known type II DNA topoisomerases of 1061 amino acids 
(Lavrukhin et al., 2000). It cleaves double-stranded DNAs 
approximately 30 times faster than the human type II DNA 
topoisomerase (Fortune et al., 2001). However, the smallest 
characterized topoisomerase II enzyme is encoded by Pbi vi-
rus CVM-1 (Dickey et al., 2005). The CVM-1 type II enzyme 
is 1058 amino acids in length and displays DNA cleavage 
activity that is approximately 50-fold faster than the human 
topoisomerase II. The MT325 and FR483 type II DNA topoi-
somerases are the same size as the CVM-1 enzyme (1058 ami-
no acids) and have 96% and 67% amino acid identities to the 
CVM-1 and PBCV-1 topoisomerases, respectively.

Like PBCV-1, MT325 and FR483 encode two proteins 
that resemble PCNA-like proteins from other organisms. The 
MT325 and FR483 proteins are more similar to their homo-
logs from other organisms than they are to each other. This 
fi nding suggests that the viral PCNA genes did not arise re-
cently by gene duplication. PCNA interacts with proteins in-
volved in not only DNA replication but also in DNA repair 
and post-replicative processing, such as DNA methylases and 

Figure 3. Map of the MT325 and FR483 genomes arranged in a circle. However, the genomes are linear molecules and the ends are depicted 
at the top of the fi gures as green lines (L and R represent the left and right ends of the genomes, respectively. The predicted ORFs are shown in 
both orientations and colored according to their fuctional category. The inner green circle represents the percent A + T across the genome using 
a 25-bp window. 
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DNA transposases (Warbrick, 2000). Because the chlorella vi-
ruses encode proteins involved in both DNA repair and DNA 
methylation, their two PCNAs may serve different functions 
in their respective viral life cycles.

Transcription-associated proteins
No recognizable RNA polymerase or RNA polymerase 

components have been detected in any of the chlorella virus-
es that have been sequenced to date, including MT325 and 
FR483. This observation supports the idea that infectious vi-
ral DNAs are targeted to the nucleus and that host RNA 
polymerase(s) initiates viral transcription, possibly in conjunc-
tion with virion-packaged transcription factors. MT325 and 
FR483 encode at least four putative transcription factor-like 
elements: TFIIB (M139L and N135L), TFIID (M266R and 
N271R), TFIIS (M163L and N165L), and VLT2-type tran-
scription factor (M635R and N640R). However, none of these 
factors are packaged in the PBCV-1 virion (Dunigan et al., 
manuscript in preparation) and are unlikely to be packaged in 
the MT325 or FR483 virions. MT325 and FR483 encode two 
proteins that are involved in creating a mRNA cap structure, a 
mRNA guanylyltransferase (M133R and N128R) and an RNA 
triphosphatase (M399L and N416L). These two viruses also 
encode an RNase III (M672L and N670L) that presumably is 
involved in the processing of viral mRNAs and/or tRNAs.

In the immediate-early phase of infection, the host is re-
programmed to transcribe viral RNAs, which in the case of 
PBCV-1, begins 5–10 min p.i. (Schuster et al., 1986). It is 
not known how this process occurs, but histone methylation 
may be involved in inhibiting host transcription. PBCV-1 en-
codes a 119-amino acid protein with a SET domain (named 
vSET) that di-methylates Lys27 in histone 3 (Manzur et al., 
2003). vSET is packaged in the PBCV-1 virion and accumu-
lating evidence indicates that vSET may be involved in re-
pressing host transcription after PBCV-1 infection (Manzur et 
al., manuscript in preparation). MT325 and FR483 each con-
tain a PBCV-1 vSET gene homolog (M727L and N719L). In 
addition to the histone methyltransferase, MT325 and FR483 
encode a putative SWF/SNF family helicase (M272L and 
N277L) and a SWI/SNF chromatin-remodeling complex sub-
unit, OSA2 (M015L and N020L). Both proteins are also im-
plicated in chromatin remodeling (e.g., Kim and Clark, 2002).

Finally, MT325 and FR483, as well as all the chlorel-
la viruses, encode a putative cytidine deaminase (M010L and 
N014L). This observation suggests that either some of the vi-
ral transcripts or host transcripts may undergo some post-tran-
scriptional editing (Gerber and Keller, 2001).

Protein synthesis, modifi cation and degradation
The chlorella viruses are the fi rst viruses to encode a trans-

lation elongation factor (EF) (Yamada et al., 1993). The vi-
ral proteins have approximately 45% amino acid identity to 
an EF-3 protein from fungi (Belfi eld and Tuite, 1993 and 
Chakraburtty, 2001). The fungal protein stimulates EF-1 GTP-
dependent binding of an amino acyl-tRNA to the A site of the 
ribosome. Like fungal EF-3 proteins, the chlorella virus pro-
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teins have an ABC transporter family signature and two ATP/
GTP-binding site motifs.

MT325 contains two ORFs that encode proteins homolo-
gous to EF-3 from chlorella viruses, whereas the FR483 ge-
nome contains one EF-3-like ORF. The 901-amino-acid 
MT325 and FR483 EFs (M742R and N733R) are similar in 
size and have 65% amino acid identity to their PBCV-1 ho-
molog. MT325 also encodes a smaller EF (M375R, 179 ami-
no acids) that is similar to the N-terminus of a chlorella virus 
CVK2 EF-3 homolog (39% amino acid identity) (Yamada et 
al., 1993). This small ORF does not resemble any other pro-
teins in the databases, including the MT325 M742R ORF and 
its function is unknown.

MT325 and FR483 have genes that encode proteins sim-
ilar to those involved in post-translational modifi cation, in-
cluding prolyl-4-hydroxylase (M401R and N418R), protein 
kinases (see below), and glycosyltransferases (see below). 
MT325 and FR483 also encode a protein disulfi de isomerase 
(M403R and N420R), a SKP-1 protein (M807R and N799R) 
and a thiol oxidoreductase (M670R and N668R). Additionally, 
the two viruses encode proteins involved in protein degrada-
tion including an ubiquitin C-terminal hydrolase (M137L and 
N132L), a ring fi nger ubiquitin ligase (M629L and N633L), 
and a Zn metallopeptidase (M496L and N506L).

tRNAs
The MT325 and FR483 genomes were analyzed for 

tRNAs using the tRNAscan-SE program (Lowe and Eddy, 
1997). MT325 is predicted to encode 10 tRNAs: 2 for Asn and 
1 each for Arg, Gly, Ile, Leu, Lys, Phe, Thr, and Tyr (Table 3). 
These 10 tRNAs are clustered in a region of the MT325 ge-
nome, nucleotide sequence 134,513 to 135,567. FR483 is pre-
dicted to encode 9 tRNAs: 2 for Asn and 1 each for Arg, Gly, 
Ile, Leu, Lys, Thr, and Tyr (Table 3). These 9 tRNAs are also 
clustered in the FR483 genome, nucleotide sequence 141,848 
to 142,809. Presumably, the tRNAs are transcribed as a large 
polycistronic RNA and processed via intermediates to ma-
ture RNAs as they are in chlorella virus CVK2 (Nishida et 

al., 1999). MT325 and FR483, with the exception of tRNA-
Phe in MT325, code for the same tRNAs which are present 
in the same order. Only seven of the eleven tRNAs encoded 
by PBCV-1 are found in both MT325 and FR483. Therefore, 
three unique tRNAs are encoded by the Pbi viruses; tRNA-
Gly and tRNAThr in MT325 and FR483 and one tRNA unique 
to MT325, tRNAPhe (Table 3). Even though the orientation 
of the tRNA genes is the same in all fi ve sequenced chlorel-
la genomes, their order varies between the viruses. None of 
the tRNAs have a CCA sequence at the 3′ end of the acceptor 
stem. Typically, these three nucleotides are added post-tran-
scriptionally. 

One tRNA, tRNATyr, encoded by both the MT325 and 
FR483 genomes, contains a predicted 13-nucleotide intron 
from nucleotide 135,213 to 135,225 and 142,453 to 142,465, 
respectively. The insertion of a small intron in the tyro-
sine tRNA (anti-codon GTA) also occurs in NC64A virus-
es, PBCV-1 and NY-2A; however, tRNATyr is absent from the 
AR158 genome (Fitzgerald et al., 2007). Codon usage analy-
ses of a few viral-encoded proteins indicate a strong correla-
tion between the abundance of the viral-encoded tRNAs and 
their usage in viral proteins.

Nucleotide metabolism
MT325 and FR483 encode eleven enzymes involved in 

nucleotide metabolism. These enzymes are important giv-
en that the DNA concentration in PBCV-1-infected cells in-
creases at least four-fold following infection (Van Etten et al., 
1984). Therefore, large quantities of dNTPs must be synthe-
sized to support viral DNA replication. MT325 and FR483 en-
code the small (M653L and N651L) and large (M777L and 
M766L) subunits of ribonucleotide reductase, three thioredox-
ins (M445L, M448L, M449L, N453L, N457L, and N458L), 
two glutaredoxins (M241L, M423R, N241L, and N436R), 
dUTP pyrophosphatase (M264L and N269L), deoxycytidylate 
(dCMP) deaminase (M530L and N546L), and thymidylate 
synthase X (M034L and N034L). Interestingly, the two Pbi vi-
ruses MT325 and FR483 lack the gene for aspartate transcar-
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bamylase that is present in the three NC64A viruses (Fitzger-
ald et al., 2007).

Two MT325 and FR483-encoded enzymes, dUTP pyro-
phosphatase and dCMP deaminase, produce dUMP, the sub-
strate for thymidylate synthetase. The chlorella viruses, in-
cluding MT325 and FR483, lack a traditional thymidylate 
synthetase A. Instead, they encode a protein that is a mem-
ber of a newly recognized family of fl avin-dependent thymi-
dylate synthetases, ThyX (Graziani et al., 2004 and Myllykal-
lio et al., 2002).

Unlike the NC64A viruses that encode a single glutare-
doxin and thioredoxin, MT325 and FR483 each have two glu-
taredoxins, with 28–30% amino acid identity between the two 
glutaredoxins encoded by the same virus; however, M423R 
and N436R have 93% amino acid identity while M241L and 
N241L have 95% amino acid identity to one another. The two 
Pbi viruses each encode three thioredoxins with 26–34% ami-
no acid identities between the thioredoxins encoded by the 
same virus. However, there is 98% amino acid identity be-
tween MT325 and FR483 thioredoxin homologs.

Protein kinases, phosphatases, and channel proteins
Both MT325 and FR483 encode several Ser/Thr protein 

kinases (Table 2) and a protein that resembles a dual-specifi c-
ity phosphatase (M313L and N318L). The large number of vi-
ral-encoded proteins involved in phosphorylation/dephosphor-
ylation suggests that they are involved in one or more signal 
transduction pathways that are vital for viral replication.

The algal viruses are the fi rst viruses to encode K+ chan-
nel proteins (called Kcv) (Kang et al., 2004). The MT325 Kcv 
(M183R) conducts a current when expressed in Xenopus oo-
cytes (Gazzarrini et al., 2006). It is interesting, however, that 
the predicted structure of the 95-amino acid MT325 Kcv dif-
fers from the 94-amino acid PBCV-1 Kcv (Gazzarrini et al., 
2006), yet both are capable of conducting currents in heterolo-
gous systems. FR483 lacks a Kcv homolog. However, FR483 
encodes a putative potassium ion transporter protein (N110R).

MT325 is unique among the chlorella viruses because it 
also encodes a functional aquaglyceroporin channel (called 
AQPV, M030R) (Gazzarrini et al., 2006). Genes encoding 
AQPV are absent in the three sequenced NC64A viruses and 
in Pbi virus FR483. MT325 also encodes an 871-amino-acid 
Ca2+-transporting ATPase (M535L). To date, a gene encod-
ing this protein has only been detected in one NC64A virus, 
AR158 (Fitzgerald et al., 2007).

Sugar- and lipid-manipulating proteins
MT325, and FR483 encode several proteins that have high 

identities to enzymes involved in manipulating sugars, syn-
thesizing polysaccharides, or transferring sugars to proteins 
(Yamada et al., 2006). Therefore, phycodnaviruses are unusu-
al in that, of the fi ve chlorella viruses sequenced, they all en-
code enzymes involved in sugar metabolism, but not always 
the same enzymes. Like PBCV-1, MT325 and FR483 each 
encode three enzymes, glucosamine synthetase (M037R and 
N035R), UDP-glucose 6-dehydrogenase (M719L and N712L), 

and hyaluronan synthase (M128R and N124R), which are in-
volved in the synthesis of hyaluronan, a linear polysaccharide 
composed of alternating β-1,4 glucuronic acid and β-1,3-N-
acetylglucosamine residues (DeAngelis et al., 1997 and Land-
stein et al., 1998). MT325 and FR483 also have four putative 
glycosyltransferases (Table 2) that are presumably involved in 
glycosylating their major capsid proteins.

MT325 and FR483 encode one enzyme, dTDP–glucose 
pyrophosphorylase (M174L and N177L), that is absent in the 
three NC64A viruses. MT325 and FR483 lack the two en-
zymes involved in converting GDP-d-mannose to GDP-l-fu-
cose, GDP-d-mannose 4, 6-dehydratase and GDP-4-keto-6-
deoxy-d-mannnose epimerase/reductase that exist in the three 
NC64A viruses (Fitzgerald et al., 2007). Furthermore, a d-lac-
tate dehydrogenase is encoded by MT325 (M026L) but is ab-
sent in FR483.

Finally, MT325 and FR483 encode 3 enzymes that are 
predicted to be involved in lipid metabolism, N-acetyl-trans-
ferase (M758R and N747R), patatin phospholipase (M219L 
and N222L) and lipoprotein lipase (M564L and N570L). 
These same enzymes are encoded by PBCV-1; however, none 
of them have been investigated for enzymatic activity. FR483 
encodes an alkyl sulfatase (N003L), which is not present in 
the other four sequenced chlorella virus genomes.

Cell wall-degrading enzymes
MT325 has fi ve ORFs and FR483 has four ORFs that may 

be involved in degrading Chlorella Pbi cell walls either dur-
ing virus infection or virus release. These proteins include two 
chitinases (M085R and M791R) in MT325 and one chitin-
ase (N779R) in FR483, a chitosanase (M091R and N087R), 
a β-1,3-glucanse (M124L and N199L), and a novel polysac-
charide lyase that cleaves chains of either β- or α-1,4 linked 
glucuronic acids (M289R and N293R). All of the cell wall-
degrading enzymes have functional homologs in PBCV-1 
(Yamada et al., 2006). Unlike most algae, Chlorella Pbi con-
tains chitin in its cell wall (Kapaun et al., 1992 and Kapaun 
and Reisser, 1995).

Restriction–modifi cation enzymes
Chlorella viruses contain different levels of 5-methylcyto-

sine (5 mC) and N6-methyladenine (6 mA) in their genomes 
(Van Etten et al., 1991). Therefore, it is not surprising that 
these viruses encode 5 mC and 6mA DNA methyltransferas-
es, e.g., NY-2A and PBCV-1 encode 18 and 5 DNA methyl-
transferases, respectively (Fitzgerald et al., 2007). MT325 and 
FR483 only encode a few DNA methyltransferases. MT325 
encodes one methyltransferase (M359L), which methyl-
ates cytosines. FR483 encodes three methyltransferases; one 
(N751L) is a 6 mA methyltransferase and two (N369L and 
N748L) are 5 mC methyltransferases.

Integration and transposition enzymes
Homing endonucleases are rare DNA-cleaving enzymes 

that are typically encoded by introns and inteins and cleave 
DNA infrequently. Homing endonucleases are classifi ed into 
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four families (Belfort and Roberts, 1997). MT325 encodes 14 
homing endonucleases; ten are members of the GIY-YIG fam-
ily and four are members of the HNH family. FR483 encodes 
15 homing endonucleases; nine are members of the GIY-YIG 
family and six are members of the HNH family (Table 2). It is 
unknown if the putative MT325- and FR483-encoded homing 
endonucleases are functional and/or if they have an essential 
role in the viral life cycle. Unlike the NC64A viruses, the two 
Pbi viruses do not encode transposases.

Polyamine biosynthetic enzymes
PBCV-1 was the fi rst virus to encode polyamine biosyn-

thetic enzymes, including two pathways for the synthesis of 
putrescine. Three of the four PBCV-1 enzymes, which are 
known to be functional (Van Etten, 2003), are also encoded 
by MT325 and FR483. These enzymes are an ornithine/argi-
nine decarboxylase (ODC) (M307L and N312L), an N-car-
bamoylputrescine amidohydrolase (M103L and N095L), and 
a homospermidine synthase (M233L and N232L). Howev-
er, agmatine iminohydrolase (M766L) is only encoded by 
MT325. ODC catalyzes the fi rst and rate-limiting step in poly-
amine biosynthesis, the decarboxylation of ornithine to pu-
trescine (Davis et al., 1992). The PBCV-1 ODC is the small-
est ODC characterized to date (372 amino acids) (Morehead et 
al., 2002). Unexpectedly, the PBCV-1 enzyme decarboxylates 
arginine more effi ciently than ornithine (Shah et al., 2004). 
MT325 and FR483 each encode a 372-amino-acid ODC that 
has 63% amino acid identity to its PBCV-1 homolog. The 
product of arginine decarboxylation is agmatine. PBCV-1 and 
MT325 each encode two enzymes, agmatine iminohydrolase 
and N-carbamoylputrescine amidohydrolase, which convert 
agmatine to putrescine (Nakada et al., 2001) (Baumann et al., 
submitted for publication). FR483 encodes N-carbamoylpu-
trescine amidohydrolase, but lacks agmatine iminohydrolase.

Homospermidine synthase synthesizes homospermidine, a 
rare polyamine, from two molecules of putrescine (Kaiser et 
al., 1999). The MT325 and FR483 homospermidine synthase 
homologs have a 69% amino acid identity to the functional 
PBCV-1-encoded enzyme.

Both PBCV-1 and the two Pbi viruses, MT325 and FR483, 
encode two other putative enzymes involved in amine metab-
olism, monoamine oxidase (M283R and N289R) and histi-
dine decarboxylase (M601L and N600L). The fi nding that all 
of the chlorella viruses sequenced to date encode fi ve of these 
six proteins suggests that they must serve an important role(s) 
in the viral life cycle.

Miscellaneous proteins
MT325 and FR483 also encode several other putative pro-

teins, including a Cu/Zn superoxide dismutase (M099R and 
N091R), an amidase (M101R and N093R), a fi bronectin-bind-
ing protein (M789L and N777L), and an ABC transporter pro-
tein (M404R and N421R). The Cu/Zn superoxide dismutases 
have 76% amino acid identity with a PBCV-1-encoded ho-
molog. This enzyme functions to convert superoxide radicals 
into molecular oxygen and hydrogen peroxide (Bannister et 

al., 1987). Presumably, the MT325- and FR483-encoded en-
zyme reduces light-induced superoxide accumulation. Final-
ly, MT325 and FR483 each encode an enzyme (M177L and 
N180L) that has some similarity to an enzyme from several 
Mycobacterium species that methylates rhamnose (Jeevarajah 
et al., 2002).

MT325 and FR483 structural proteins
MT325 ORF M463L and FR483 ORF N470L have the 

highest amino acid identities (96–99%) and are approximately 
the same size as the characterized major coat protein, Vp49, 
from Pbi virus CVG-1 (Plugge et al., 1999). Therefore, we as-
sume that M463L and N470L are the MT325 and FR483 ma-
jor capsid proteins, respectively. Four additional MT325 ORFs 
(M078R, M269L, M381R, and M748L) and 5 FR483 ORFs 
(N074R, N254L, N274L, N395R, and N737L) have 31–43% 
amino acid identities to Vp49 from CVG-1.

Identifi cation of gene families
A total of 68 of the MT325 ORFs resemble 1 or more oth-

er MT325 ORFs based on a blastp search with an E-value of 
less than 10− 10, suggesting that they might be either gene fam-
ilies or gene duplications. This number is somewhat mislead-
ing since some of these ORFs are grouped as families because 
they contain a common conserved domain, e.g., ankyrin re-
peats or a PAPK repeat, even though the amino acid sequence 
similarity of the rest of the protein is small. A total of 13 fam-
ilies have two members, 3 families have three members, 1 
family has fi ve members, 1 family has six members, 2 fami-
lies have seven members, and 1 family has eight members.

A similar analysis indicates that 68 of the FR483 ORFs re-
semble 1 or more other FR483 ORFs. A total of 10 families 
have two members, 3 families have three members, 2 fami-
lies have four members, 1 family has six members, 1 family 
has seven members, 1 family has eight members, and 1 fami-
ly has ten members.

Conclusions

The 314,335-bp MT325 genome and the 321,240-bp 
FR483 genome, the smallest chlorella viral genomes se-
quenced to date and the fi rst viruses to be sequenced that in-
fect Chlorella Pbi, are predicted to encode 331 and 335 pro-
teins as well as 10 and 9 tRNAs, respectively. The putative 
protein-coding genes are relatively evenly distributed on both 
strands and intergenic space is minimal. Approximately 40% 
of the gene products have been identifi ed; some have pro-
karyotic characteristics whereas other resemble eukaryot-
ic proteins. Approximately 82% of these Pbi protein-coding 
genes have homologs in PBCV-1, suggesting that these pro-
teins are important in viral replication. However, some of the 
gene products are unique to MT325 (e.g., aquaglyceroporin), 
unique to FR483 (e.g., alkyl sulfatase and potassium ion trans-
porter) or unique to the Pbi viruses (e.g., dTDP–glucose py-
rophosphorylase). Finally, genes encoding several proteins in 
the three NC64A viruses are absent in the two Pbi viruses in-
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cluding, an ATP-dependent DNA ligase, aspartate transcarba-
mylase, GDP-d-mannose dehydratase, fucose synthase, glyc-
erophosphoryl diesterase and lysophospholipase.

Materials and methods

Viral DNA isolation and sequencing

Plaque-forming viruses MT325 and FR483 were isolat-
ed from fresh-water samples collected in Montana state (Au-
gust, 1996) and France (June, 1997), respectively. The MT325 
and FR483 host, Chlorella Pbi, was grown on FES medium 
(Reisser et al., 1986). The MT325 and FR483 viruses were 
produced, purifi ed, and the viral DNAs were isolated using 
methods and protocols developed for PBCV-1 (Van Etten et 
al., 1981, Van Etten et al., 1983 and Van Etten et al., 1991). 
MT325 genomic DNA was sequenced to 8-fold coverage and 
assembled at The Institute for Genomic Research (TIGR). The 
sequence of the FR483 genome was determined and assem-
bled at Agencourt Biosciences Co., Beverly, MA. The FR483 
genome was sequenced to a 8-fold coverage with a minimum 
quality value of 20 per base.

Genomic sequence analysis

A potential protein-encoding region was defi ned as a con-
tinuous stretch of DNA that translated into a polypeptide initi-
ated by an ATG translation start codon and extended for 64 or 
more codons using the standard genetic code. The ORF Find-
er program (http://bioinformatics.org/sms/orf_fi nd.html) was 
used to identify all potential ORFs that met this criterion. The 
ORFs were numbered consecutively starting at the beginning 
of the genome (as determined by alignment with the PBCV-
1 genome). The letter R or L following the number indicates 
that the orientation of the putative ORF is either left-to-right 
or right-to-left, respectively.

Dot plots of the virus major ORFs were created to deter-
mine the orientation of the MT325 and FR483 genomes rel-
ative to the PBCV-1 genome. Every major ORF was individ-
ually plotted against the PBCV-1 major ORFs using blastp 
(protein vs. protein). Similarities between the two ORFs with 
E-values of < 10− 3 are presented. Transfer RNA genes were 
identifi ed using the tRNAscan-SE program developed by 
Lowe and Eddy at Washington University School of Medicine 
(Lowe and Eddy, 1997). Gene families were identifi ed when a 
major ORF had an E-value of less than 10− 10 to another ORF 
within the same genome.

Analysis with public databases
Each ORF identifi ed was used in a search for homologs 

using the protein–protein BLAST (blastp) program (Altschul 
et al., 1990) against the non-redundant (NR) protein databas-
es at NCBI. The criterion used to search the NR database was 
as follows: Scoring matrix = blosum62. Each putative identi-
fi ed ORF was scanned for potential functional attributes using 
Pfam version 18.0 (Finn et al., 2006). Every identifi ed ORF 

was additionally scanned to determine if it belonged to a par-
ticular COG. In each of the analyses the top 10 results were 
recorded regardless of the E-values.

Nucleotide sequence accession number

The MT325 and FR483 DNA sequences have been depos-
ited in the GenBank database (accession numbers DQ491001 
and DQ890022, respectively) and the sequences can also be 
found at http://greengene.uml.edu/ 
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