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Abstract. The evolution of viral genomes has re-
cently attracted considerable attention. We compare
the sequences of two large viral genomes, EsV-1 and
FirrV-1, belonging to the family of phaeoviruses
which infect different species of marine brown algae.
Although their genomes differ substantially in size,
these viruses share similar morphologies and similar
latent infection cycles. In fact, sequence comparisons
show that the viruses have more than 60% of their
genes in common. However, the order of genes is
completely different in the two genomes, suggesting
that extensive recombinational events in addition to
several large deletions had occurred during the sep-
arate evolutionary routes from a common ancestor.
We investigated genes encoding components of signal
transduction pathways and genes encoding replica-
tive functions in more detail. We found that the two
genomes possess different, although overlapping, sets
of genes in both classes, suggesting that different
genes from each class were lost, perhaps randomly,
after the separate evolution from an ancestral ge-
nome. Random loss would also account for the fact
that more than one-third of the genes in one viral
genome has no counterparts in the other genome. We
speculate that the ancestral genome belonged to a
cellular organism that had once invaded a primordial
brown algal host.
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Introduction

Viruses constitute a heterogeneous collection of bio-
logical agents whose common characteristic is that
they depend on metabolic functions of their cellular
hosts for multiplication. This basic tenet is realized in
nature by a bewildering variety of concepts. The ev-
olution of viruses is a fascinating field of research that
has recently attracted considerable attention (Gibbs
et al. 1995; Strauss and Strauss 2001; Iyer et al. 2001;
Bell 2001; Takemura 2001; Lawrence et al. 2002;
Hendrix 2002). A reasonable assumption is that vi-
ruses with either RNA or DNA genomes, and pos-
sibly even distinct groups of RNA- or DNA-
containing viruses, arose by different evolutionary
routes.

Here we consider a class of viruses with very large
and complex DNA genomes—phaeoviruses that in-
fect marine brown algal species (phaeos, Gr. brown).
Phacoviruses, together with the related but distinct
chloroviruses (infecting Chlorella species), are mem-
bers of the phycodnavirus family and share icosahe-
dral morphologies with internal lipid membranes and
large double-stranded DNA genomes (Miiller and
Knippers 2001). Specific phacoviruses are named
according to their host species in which they occur
(for a review see Miiller et al. 1998). All presently
known phaeoviruses infect free-swimming, wall-less
gametes or spores. The viral DNA becomes inte-
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grated into the cellular genome and is then trans-
mitted via mitosis through all cell generations of the
developing host. The viral genome remains latent in
vegetative cells and is only expressed in cells of the
reproductive algal organs, sporangia and gametangia.
Here the viral genome is massively replicated until the
cellular organelles break down and become replaced
by densely packed viral particles. Virions are released
into the surrounding seawater under stimuli such as
changes in light and temperature that also trigger the
release of spores and gametes. Thus, free virions ap-
pear in the same environment in synchrony with
susceptible host cells and, therefore, guarantee the
initiation of new infection cycles. Except for partial
or total inhibition of reproduction, infected algae
show no apparent growth or developmental defects,
and phaeoviruses are pandemic in several brown algal
species examined (Miiller et al. 1998).

Most phaeoviruses have DNA genomes in the 335-
kb size range like EsV-1, the Ectocarpus siliculosus
virus-1, whose nucleotide sequence has recently been
described (Delaroque et al. 2001). Exceptions are vi-
ruses of the brown algal genus Feldmannia. The
Feldmannia sp. virus, (FsV), infects an unidentified
Feldmannia species. It has genomes of 160-180 kb,
although its multiplication cycle is similar to that of
EsV-1 and other phaecoviruses (Henry and Meints
1992; Lee et al. 1995, 1998a,b; Ivey et al. 1996;
Krueger et al. 1996). Here we describe a second
Feldmannia virus, FirrV-1, which is endemic in the
species Feldmannia irregularis (Miller and Frenzer
1993). The DNA in FirrV-1 virions consists of a
linear DNA molecule of about 180 kb in addition to
many smaller DNA fragments of lengths between 170
and 10 kb (Fig. 1).

In order to compare the FirrV-1 genome with that
of EsV-1 we have sequenced a total of more than 190
kb of the FirrV-1 genome. We could identify 156
open reading frames (ORFs), 93 of which are struc-
turally related to genes in the EsV-1 genome (Dela-
roque et al. 2001). This high degree of sequence
similarity is not surprising given the close taxonomic
relationship between the two brown algal hosts, Ec-
tocarpus and Feldmannia, and the highly similar viral
infection cycles. However, we wondered why EsV-1
needs a 335-kb-genome with 231 genes to support a
life style very similar to that of FirrV-1 with its much
smaller genome. Our comparison of the two genomes
showed that EsV-1 harbors a number of genes with
apparently similar, possibly redundant, functions,
whereas the FirrV-1 genome has a much lower
number of functionally related genes. Based on these
and other observations, we conclude that features of
the extant viral genomes can be best explained by
assuming that they independently evolved by a loss of
genes from a common ancestor (“‘regression” [Luria
and Darnell 1967]). The surprising complexity of
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Fig. 1. Pulsed field gel electrophoresis of viral DNA. Virus par-
ticles were embedded in 1% low-melting point agarose and digested
with proteinase K. Electrophoresis was carried out in an 0.8%
agarose with 45 mM Tris—borate—-EDTA buffer (pH 8.0) using a
CHEF mapper system (Bio-Rad) at 14°C for 21 h (voltage gradi-
ent, 6.0 V- cm™!; included angle, 120°; linear switch time ramp,
5.5-36.5 s). Lane M, DNA size markers (concatemeric lambda
DNA); lane 1, Ectocarpus siliculosus virus-1 (EsV-1); lane 2, Feld-
mannia irregularis virus-1 (FirrV-1).

phaeoviral genomes is also interesting with respect
to recent arguments suggesting that a complex DNA
virus could be the “‘ancestor” of the eukaryotic nu-
cleus, and therefore constitute the basis for ‘“‘eu-
karyogenesis” (Bell 2001).

Materials and Methods
Genomic Sequencing of FirrV-1

The cultivation of algae, isolation and purification of viruses, and
pulsed field gel electrophoresis technique have been previously
described (Lanka et al. 1993; Kapp et al. 1997).

A FirrV-1 shotgun library was constructed according to the
procedure used for the EsV-1 genomic library (Delaroque et al.
2001). DNA sequencing was carried out with the Big Dye kit
(Perkin—Elmer) according to Sanger et al. (1977) and sequences
were analyzed on an ABI 377 sequencer (GATC Biotech, Kon-
stanz, Germany). The shotgun sequences were assembled with the
SeqManll Lasergene Software (DNASTAR Inc.) until a coverage
between 4 and 8 was reached. PCR was used to close gaps between
DNA segments, resulting in 16 contigs.

Analysis of Sequence Data

The ORFs were identified with the lasergene biocomputing software
package (DNASTAR Inc.) according to the same criteria used for
defining the EsV-1 ORFs (Delaroque et al. 2001). Homology
searches were carried out with the Blast program (Altschul et al.



[1990] scoring matrix blosum 62). Protein motifs were searched
against the SMART (Letunic et al. 2002), PROSITE (Falquet et al.
2002), and Pfam (Bateman et al. 2002) databases. Charged amino
acid clusters were found with the SAPS program (Brendel et al.
1992). Sequence alignments were performed with the Megalign
program (DNASTAR Inc.). A detailed analysis of the FirrV-1 genes
is available as supplementary material from N. Delaroque or under
http://link.springer.de/link/service/journals/00239/index.htm.

Nucleotide Sequence Accession Numbers

The DNA nucleotide sequences of the FirrV-1 contigs have been
deposited in GenBank under the following accession numbers:
AY?225133 (contig A), AY225134 (contig B), AY225135 (contig C),
AY225136 (contig D), AY225137 (contig E), AY225138 (contig F),
AY225139 (contig G), AY225140 (contig H), AY225141 (contig I),
AY225142 (contig J), AY225143 (contig K), AY225144 (contig L),
AY225145 (contig M), AY225146 (contig N), AY225147 (contig
0), and AY225148 (contig P).

Results and Discussion

Comparing Genomes

Phaeoviruses infecting the filamentous brown algal
hosts Ectocarpus siliculosus and Feldmannia irregu-
laris have similar electron microscopic structures and
indistinguishable lysogenic infection cycles. Thus, it
could be assumed that these viruses possess genomes
of similar sizes. However, the genome of EsV-1 is a
continuous DNA molecule of 335 kb with comple-
mentary ends that anneal to form a circular molecule
(Lanka et al. 1993; Delaroque et al. 2001), whereas
the genomes of the two known Feldmannia viruses,
FsV (Henry and Meints 1992; Ivey et al. 1996) and
FirrV-1, are much smaller. FirrV-1 DNA, prepared
from virions, consists of a linear molecule with an
electrophoretic length of about 180 kb and a spec-
trum of DNA fragments in the range of 10-170 kb
(Fig. 1).

To understand their genetic relationship better, we
decided to determine the sequence of the FirrV-1
genome and to compare it with the published EsV-1
sequence (Delaroque et al. 2001). The total length of
the sequenced FirrV-1 DNA was 191,667 bp, which
was distributed over several contigs. Numerous PCR
assays were performed to close the existing gaps in
the sequence, but a contiguous sequence corre-
sponding to the electrophoretically determined 180-
kb viral genome could not be obtained. A reason for
this may be that DNA fragments were much more
abundant than the 180-kb DNA molecule in our
preparations of virion DNA (Fig. 1). Since each one
of the sequences was determined several times (cov-
erage: 4-8), it can be concluded that the total 190 kb
of sequenced DNA contains most and probably all
FirrV-1 genes.

The experimentally determined FirrV-1 contigs are
ordered in Fig. 2 according to their sizes (A through
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P; see supplementary material online for details).
Surprisingly, several small contigs (I, J, K, L, N, O,
P) have sequences that are similar to regions in the
largest contigs, A and B (Fig. 2). These regions con-
tain the same genes in the same order but have only
between 50 and 80% codons in common (see sup-
plementary material online). It is thus likely that a
given FirrV-1 preparation includes virions whose
genomes deviate to a certain extent from the majority
type. Heterogeneity of viral genomes has also been
described for the related Feldmannia virus FsV-1
(Henry and Meints 1992; Lee et al. 1995, 1998a,b;
Ivey et al. 1996; Krueger et al. 1996) but has never
been encountered in EsV-1 DNA preparations.

A characteristic feature of the EsV-1 genome is
several large blocks of repetitive elements (Delaroque
et al. 2001), whereas FirrV-1 DNA appears to have
only a few regions with sequence repeats (Fig. 2),
although it cannot be excluded that the unclonable
parts of FirrV-1 DNA between contigs consist of
repetitive DNA.

We have searched for ORFs according to previ-
ously established criteria (Schuster et al. 1990; Dela-
roque et al. 2001). We identified 156 FirrV-1 genes
that are almost equally distributed between the two
complementary DNA strands (Fig. 2). The majority
of the FirrV-1 genes (93, or 60%) are structurally
related to EsV-1 genes, as expected for viruses that
have very similar multiplication cycles in taxonomi-
cally related host organisms. Surprisingly, however,
the order of the related genes is completely different
in the two viral genomes (Fig. 2), indicating that ex-
tensive recombinations must have occurred since the
divergence from a common ancestor.

The sequences of three short regions of another
Feldmannia virus. FsV, have been published (Lee
et al. 1995, 1998a,b; Krueger et al. 1996). The gene
order in two of these regions is exactly as in the
FirrV-1 genome, and the third sequenced FsV region
contains one deviation from the FirrV-1 gene order.

In spite of extensive gene shuflling, genes shared by
EsV-1 and FirrV-1 are not randomly distributed over
their respective genomes. Most noticeably, the left-
most 50 kb-region of the EsV-1 genome up to repeat
element C entirely lacks FirrV-1 gene orthologues
(Fig. 2). This particular region must have been lost
during the evolution of FirrV-1, possibly because the
25 EsV-genes in this region were dispensable for viral
multiplication in the Feldmannia host.

This may also be the case for a second genomic
region on EsV-1, between repeat elements F and G
(nucleotide coordinates, 260 and 290 kb; Fig. 2), that
lacks FirrV-1 orthologues. A third EsV-1 genomic
region without FirrV-1 orthologues resembles a
transposon that is bracketed by inverted repeats
which both contain genes encoding IS4-like trans-
posases (nucleotide coordinates, 198-223 kb; Fig. 2)
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Fig. 2. Gene maps. Comparison of the EsV-1 genome (taken
from Delaroque et al. 2001) with the sequenced FirrV-1 genomic
regions and the three published FsV DNA segments (Krueger et al.
1996; Lee et al. 1998a,b). The DNA sequences are shown as hori-
zontal lines, where thick rectangles represent regions of repetitive
elements (labeled A through I in the EsV-1 genome) and triangles
are the inverted repeats in the EsV-1 genome. Nucleotide coordi-
nates of EsV-1 are shown below its map. The lengths of contiguous
DNA sequences are indicated by the numbers (bp) in parentheses.
Each ORF is shown as a vertical bar. ORFs transcribed in the
rightward direction are located above the lines and ORFs tran-
scribed leftward are below. Short vertical bars represent ORFs
specific for a particular viral genome, and long bars show orthol-
ogous ORFs (connected by thin lines). Genes with similar functions
are colored according to the key. Major common genes are indi-
cated below the EsV-1 genome by thin arrows.

(Delaroque et al. 2001). While the putative transpo-
son with its inverted repeats does not occur in the
FirrV-1 genome, several of the enclosed genes are
conserved and have spread to other parts of the
FirrV-1 DNA.

The three EsV-1 genome segments without FirrV-1
orthologues together encompass about 110 kb of
DNA and contain many genes that are similar to
genes elsewhere on the EsV-1 genome (see supple-
mentary material online). It is therefore possible that
the genomic regions, present in EsV-1 but absent in
FirrV-1, contain redundant genes. This would, at least
partially, explain why FirrV-1 with a genome size of
only 180-190 kb is able to maintain a lifestyle indistin-
guishable from that of EsV-1 with its 335-kb genome.

In summary, almost two-thirds of the EsV-1 and
FirrV-1 genes are structurally related and have simi-
lar sequences. This is a strong argument that the two
viral genomes share a common ancestor, but the
different order of the conserved genes indicates that
extensive gene shuffling occurred during their sepa-
rate evolutionary routes. Gene shuffling could have
selective advantages as suggested by Zhang et al.
(2002). This process leads to rapid phenotypic im-
provement in bacteria. Thus, gene shuffling may be
the result not simply of random recombinatorial
processes, but of selection as well, and a phaeovirus
which invades a new algal species may benefit from
rearranging its gene order.

Comparing Genes

As mentioned above, EsV-1 and FirrV-1 have 93 re-
lated genes in common. Most of these genes share
between 31 and 50% of their codons, and only 15
genes have more than 50% identical codons (Fig. 3;
see also supplementary material online). These 15
genes could be particularly relevant for phaeoviral
replication. However, nine of the most highly con-
served genes encode proteins of unknown functions,
one gene (ORF F2 of FirrV-1) may encode a lipase,
and four genes have the potential to code for proteins
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involved in DNA metabolism including the small and
the large subunit of ribonucleotide reductase (A19
and A20), a helicase-like ATPase (B27), and the viral
processivity factor PCNA (A6). These genes are
considered in more detail below. Finally, a FirrV-1
gene (B50) with particularly high similarity (73%) to
an EsV-1 orthologue (ORF 116) could encode a
major capsid protein. Iyer et al. (2001) have found
related genes in each of four diverse classes of viruses
with large DNA genomes. A related gene has not
been found (and arguably does not exist) in cellular
genomes. Therefore, a comparison of the known
capsid gene sequences could illustrate the evolution-
ary relationship between viruses with large DNA
genomes. Not unexpectedly, phylogenetic analyses
show that the capsid genes of the two phaeoviruses,
EsV-1 and FirrV-1, are closely related to, but equally
distant from, the biologically similar Chlorella virus
(another phycodnavirus) and to the animal viruses
with large genomes (not shown) (Iyer et al. 2001).

Next we compare two sets of genes with related
functions because they well illustrate the divergent
evolution of the two phaeoviral species. We choose
for comparisons the genes of hybrid histidine kinases
involved in signal transduction pathways and the
genes for DNA replication.

Signal Transduction. It was a surprising discovery
that phaeoviruses possess genes with the potential to
code for hybrid histidine kinases (Delaroque et al.
2000). Hybrid histidine kinases are members of a
large family of two-component systems that function
in stimulus—response transduction in bacteria, arch-
aea, yeasts, and plants but not in mammalian cells.
The main function of two-component systems is to
sense changes in the environment and to induce the
appropriate genetic response. Most cells express a
dozen or more different hybrid kinases (Stock et al.
2000; West and Stock 2001). While widespread in
bacteria and lower eukaryotes, (hybrid) histidine
kinases have not been found before in other viral
systems and appear to be a unique feature of
phaeoviruses.

The EsV-1 genome has no fewer than six genes for
hybrid histidine kinases and an additional gene for a
phosphoshuttle protein that is also a constituent of a
two-component signal transduction pathway. As de-
scribed in detail before, the sequences reveal features
of prokaryotic and eukaryotic enzymes (Delaroque
et al. 2000, 2001). In contrast, FirrV-1 has only three
hybrid histidine kinase genes plus one gene for the
phosphoshuttle protein (Fig. 4A). This gene and two
of the hybrid kinase genes are conserved between the
two viruses including a kinase (EsV-1 ORF 181) with
a phytochrome chromophore-binding domain as
found in corresponding enzymes from plants and
bacteria (Delaroque et al. 2001) (Fig. 4B). However,
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the third FirrV-1 hybrid kinase gene has no coun-
terpart in the EsV-1 genome.

While the two-component signal transduction sys-
tems may have important (although unknown) func-
tions in the phaeoviral life cycle, it is not at all obvious
why EsV-1 needs seven, but FirrV-1 only four genes, of
which one is not related to any one of the EsV-1 genes.
A possible interpretation is that the two viruses
evolved from a common ancestor which had at least
eight histidine kinase genes, of which four were deleted
during FirrV-1 evolution and one during EsV-1 evo-
lution (Fig. 4C). Thus, with respect to the hybrid kinase
genes, the extant viral genomes could be “frozen”
states of evolutionary processes (Gray et al. 1999).

We note that, in addition to hybrid histidine kin-
ases, phaeoviruses also have the potential to code for
another signal transduction system including a thre-
onine/serine protein kinase. The corresponding gene
is conserved between EsV-1 (Delaroque et al. 2001)
and FirrV-1 (supplementary material online) and has
also been detected in the related Feldmannia virus
FsV (Lee et al. 1998a).

DNA Replication. Even though phycodnaviruses
replicate in the nuclei of infected cells like other large
DNA viruses, they do not entirely depend on cellular
functions for DNA replication but encode some of
their own replicative enzymes.

A minimal set of replicative functions includes
initiator proteins and enzymes for double-strand
unwinding and for DNA synthesis (Table 1). Initiator
proteins recognize the start points of replication
(origins) and induce an initial unwinding of the
bound DNA duplex. Well-characterized viral initia-
tor proteins such as the large T antigen of simian
virus 40 (Simmons 2000) or the E1 and E2 proteins of
papilloma viruses (Lambert 1991), have no sequence

Fig. 3.  FirrV-1 genes and their simi-
larities to EsV-1 genes. The number of
ORFs in the FirrV-1 genome is plotted
versus the percentage of identical
codons.

similarities to known cellular functions. This could
also be true for phaeoviral initiator proteins and may
explain why data bank searches gave no information
as to which of the phaeoviral sequences could encode
an initiator protein.

In contrast, genes for other replicative proteins
could be readily identified as shown in Table 1. We
include in this comparison not only the two phaeo-
viruses, but also the Chlorella virus PBCV-1, a dis-
tantly related phycodnavirus (Van Etten and Meints
1999), because this gives interesting insights into the
replication machines of large viral genomes.

Each of the three phycodnaviruses is capable of
expressing a DNA polymerase with a 3'-5" proof-
reading exonuclease domain. The phycodnaviral
DNA polymerases have sequence similarities to the B
family of eukaryotic delta-type DNA polymerases
(Hiibscher et al. 2002). Villareal and DeFillippis
(2000) have placed phycodnaviral polymerase se-
quences near the root of a clade containing all euk-
aryotic delta-type DNA polymerases and concluded
that the phacoviral polymerases were close to the
evolutionary basis from which this type of eukaryotic
DNA polymerases evolved.

DNA polymerases require a primase for the
synthesis of RNA primers. Indeed, the three se-
quenced phycodnaviral genomes possess a gene re-
lated to bacteriophage genes of the Siphoviridae
family encoding a primase/helicase belonging to the
superfamily III of helicases (Gorbalenya et al.
1990). The primase/helicase sequences of the three
phycodnaviral genes share between 30 and 50% of
their codons with each other and about 25% with
the Siphoviridae genes but have no apparent simi-
larity to the bacterial primase (DnaG of E. coli)
or the eukaryotic primase (DNA polymerase o-
primase).
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number EsV-1 (aa) FirrV-1 (aa) Amino acid identity Features

1 14 (573) HPK, RR, signal peptide

2 65 (767) HPK, RR, signal peptide, transmembrane domains

3 88 (461) B9 (447) 871390 (22%) HPK, RR, component of the viral capsid

4 112(583) HPK, RR, signal peptide, transmembrane domains

5 113 (108) B52 (103) 27/108 (25%) Phosphoshuttle

] 181 (933) H1 (923) 239/957 (24%) HPK, RR, phytochrome chromophore attachment site
7 186 (680) HPK, RR, transmembrane domains

8 F1 (582) HPK, RR, PAS, PAC
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Fig. 4. Phaeoviral hybrid kinases and phosphoshuttle. A List of
ORFs encoding the putative hybrid kinases and a phosphoshuttle
protein present in EsV-1 and FirrV-1. B Comparison of the puta-
tive chromophore binding sites of ORF 181 (EsV-1) and ORF H1
(FirrV-1) with corresponding domains of plant phytochrome and
bacteriophytochromes. Arabidopsis thaliana phytochrome E
(PHYE; GenBank accession number P42498): Synechocystis sp.
Cphl (SyCphl; GenBank accession number Q55168); Deinococcus

RNA primers must be removed before strand li-
gation. A possible candidate for a phycodnaviral

E—— &7

-BsL 132
R T--R 129
117

3 456 7 8

3 56 8

77

FirrV-1

radiodurans  BphP (DrBphP; GenBank accession number
QI9RZAA4). Asterisks: cysteine and histidine to which the chromo-
phore is attached in the plant and bacterial phytochrome domains.
C Scheme indicating the possible evolution of EsV-1 and FirrV-1
from the common ancestor based on the phaeoviral hybrid histi-
dine kinase and phosphoshuttle genes. The numbered blocks cor-
respond to the ORFs listed in A. Shaded boxes: ORFs shared by
EsV-1 and FirrV-1.

RNase could be encoded by FirrV-1 gene A3 and its
orthologues in EsV-1 and in PBCV-1 (Table 1).
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Table 1.  Genes for replicative functions in phycodnaviral genomes; ORFs similar to those involved in a minimal eukaryotic replication

system
Expected in eukaryotic cells PBCV-1 EsV-1 FirrV-1
DNA polymerase AI85R 93 AlS8
Helicase-primase A456L 109 B27
DNA ligase AS544R — —
PCNA (proliferating cell nuclear antigen) A193L 132°¢ A6*
A574L — —
Replication factor C
Small subunit 1 (RFC-1) 87 —
Small subunit 2 (RFC-2) 182 —
Small subunit 3 (RFC-3) 187 —
Small subunit 4 (RFC-4) 224 —
Large subunit 1 (RFC-5) A417L — —
138° A26°
Topoisomerase AS583L — —
Single-stranded DNA binding protein ? ?
(heterotrimeric replication potein A; RPA)
RNase A399R — —
— 139° A3°

% The PCNA genes in EsV-1 (ORF132) and in FirrV-1 (ORF-A6) are more similar to PBCV-1 A193L than to A574L.
® The phaeoviral genes show no significant sequence similarities to the PBCV-1 genes.

Delta-like DNA polymerases require the sliding
clamp protein PCNA for processive DNA synthesis.
Interestingly, the two sequenced phaeoviral genomes
contain one gene, and the Chlorella virus genome two
genes for PCNA (Table 1). Processivity factors like
PCNA must constantly be loaded during discontin-
uous DNA synthesis on the lagging DNA strand. The
eukaryotic pentameric loading complex is known as
replication factor C (RFC) and is composed of one
large and four different small subunits. Interestingly,
only EsV-1 encodes all five RFC subunits, whereas
FirrV-1 and the Chlorella virus each possess a gene
for the large subunit only. Surprisingly, the large
phycodnaviral RFC subunit resembles an archaeal
RFC-like protein (Pisani et al. 2000; Bohlke et al.
2002), whereas the four small RFC subunits of EsV-1
have similarities to eukaryotic proteins (Mossi and
Hiibscher 1998).

Other essential replicative functions include a DNA
ligase, a topoisomerase, and a single-strand specific
binding (SSB) protein. Indeed, the Chlorella virus, but
not EsV-1 and FirrV-1, has genes with the potential to
code for a ligase and a topoisomerase (Table 1).
However, a candidate gene for a SSB protein has not
yet been identified in the phycodnaviral genomes.

Thus, the Chlorella virus encodes a most complete
set of replicative functions with the exception of the
small RFC subunits, whereas EsV-1 has the capacity
for the expression of the entire pentameric RFC
protein but lacks genes for a ligase and a topoisom-
erase, similar to FirrV-1, which, however, also lacks
genes for the small RFC subunits (Table 1).

Why do the three related phycodnaviruses encode
different components of the replication apparatus? A

parsimonious explanation is that a common ancestor
possessed all genes required for DNA replication and
that differential gene loss occurred during the sepa-
rate evolution of the extant phycodnaviral genomes.
This could also be the case for genes involved in
nucleotide metabolism. The Chlorella virus genome
has more than a dozen genes with possible functions
for the synthesis of DNA precursors (Van Etten and
Meints 1999). Only a few of these genes are also
found in the two phaeoviral genomes. An example is
a FirrV-1 gene for a deoxycytidine deaminase (ORF
A29), which is, however, not present in the EsV-1
genome. On the other hand, genes for the large and
the small subunit of ribonucleotide reductase are
present in the Chlorella virus genome as well as in
both phaeoviral genomes (and several other large
DNA viruses) (Blasco 1995). It is remarkable that
these two genes are highly conserved, while most
other genes for deoxynucleotide synthesis were lost.
An explanation would be that each viral type requires
a specific combination of virally and of cellularly
encoded replication functions. However, we see no
biochemical reason for this and find it more plausible
to assume that the extant viral genomes evolved
from a larger ancestor genome (with a full comple-
ment of replication genes) by gene losses of different
degrees.

We note, finally, that a distinguishing feature of
phacoviruses is a long latency period when the viral
DNA is integrated into the host genome and trans-
mitted from cell to cell during development (Miiller
1991; Brdutigam et al. 1995; Delaroque et al. 1999).
Consequently, the phaeoviruses EsV-1 and FirrV-1
encode a protein with similarities to the catalytic



domain of the bacteriophage-type integrase family of
site-specific recombinases (Nunes-Diiby et al. 1998).
Another phaeoviral gene with putative functions in
integration shares similarity with the bacteriophage
N15 protelomerase (Deneke et al. 2000, 2002; Ravin
et al. 2002). This enzyme is known to convert circular
into linear DNA, and vice versa. It is significant that
genes for an integrase and a protelomerase are not
present in the Chlorella virus genome. They are not
needed because of the strictly lytic infection cycle of
the Chlorella virus.

Conclusions

Genome sequences of three phycodnaviruses are now
known, namely, that of the chlorovirus PBCV-1 (Van
Etten and Meints 1999) and those of two phacovi-
ruses, EsV-1 (Delaroque et al. 2001) and FirrV-1 (this
work). In addition, several DNA short sequences of
the phaeovirus FsV have been described (Lee et al.
1995, 1998 a,b; Krueger et al. 1996).

First inspection reveals that these viruses are re-
lated because they share a significant number of or-
thologous genes (Van Etten et al. 2002). It is also
clear that the two phaeoviruses have more genes in
common and are therefore more closely related to
each other than each one is to PBCV-1. This is ex-
pected as PBCV-1 infects Chlorella and initiates a
lytic infection cycle, whereas EsV-1 and FirrV-1
evolved to perform lysogenic (latent) infections in
taxonomically related marine brown algal hosts. The
genes, shared by EsV-1 and FirrV-1, must include
those that are essential for the phacoviral infection
cycle. An example is the integrase gene, which is
probably required for the integration of viral DNA
into the host genome as a condition for the estab-
lishment of latency.

However, each virus has an additional number of
genes without counterparts in the related virus. In
fact, the EsV-1 genome contains about 75 more genes
than the FirrV-1 genome, and well over one-third of
the FirrV-1 genes have no orthologues in the EsV-1
genome.

This can be formally explained by one of two
models. The first model (“‘gain of genes’) assumes
that each evolving virus acquired specific sets of
genes. The genes may be necessary for an optimal
multiplication in the particular host organism. The
mechanisms could be multiple lateral gene transfers,
and indeed, phycodnaviral genomes contain elements
resembling eubacterial, archaeal, and eukaryotic
genes (Van Etten et al. 2002).

The second model (“loss of genes’’) proposes that
the two viral genomes are descendants of a common
ancestor. The large ancestral genome is thought to
include all the genes shared by the two viruses in
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addition to the genes which are specific for each virus.
Accordingly, the common ancestor, perhaps a single-
cell organism, invaded and may have first lived in
symbiosis with a primordial brown algal host and
later shed more and more of its genes when it began
to adopt a viral lifestyle in the evolving algal hosts.
As outlined above, this model explains best why the
two viral genomes contain different, although over-
lapping sets of hybrid kinase genes (see Fig. 4) and
why they have different combinations of replication
genes (see Table 1). We presently prefer this second
model and conclude that an original cellular ancestor
evolved by gene loss, recombinations, and other
mechanisms into the extant viruses with their unu-
sually complex genomes. This does not necessarily
imply that viral evolution led linearly from the cel-
lular ancestor to present-day viruses. Instead, the
evolution of phaeoviruses could have been “modu-
lar”” (Botstein 1980), and gene loss could be accom-
panied by the acquisition of gene segments from
various sources via lateral gene transfer. An example
of an acquired gene may be the major capsid gene
(ORF 116 in EsV-1, B50 in FirrV-1), of which
homologues are found in all large DNA viruses but
not in cellular organisms (Iyer et al. 2001). The pro-
posal that some viruses may have evolved from a
symbiotic cellular organism is not a new idea in vi-
rology (see: Blasco 1995). We believe, however, that
particularly clear traces of the process of genomic
simplification or “regression” can be found in the
genomes of extant phaeoviruses.
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