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The Ectocarpus siliculosus Virus-1, EsV-1, is the type-species of a genus of Phycodnaviridae, the phaeoviruses, infecting
marine filamentous brown algae. The EsV-1 genome of 335,593 bp contains tandem and dispersed repetitive elements in
addition to a large number of open reading frames of which 231 are currently counted as genes. Many genes can be assigned
to functional groups involved in DNA synthesis, DNA integration, transposition, and polysaccharide metabolism. Furthermore,
EsV-1 contains components of a surprisingly complex signal transduction system with six different hybrid histidine protein
kinases and four putative serine/threonine protein kinases. Several other genes encode polypeptides with protein–protein
interaction domains. However, 50% of the predicted genes have no counterparts in data banks. Only 28 of the 231 identified
genes have significant sequence similarities to genes of the Chlorella virus PBCV-1, another phycodnavirus. To our
knowledge, the EsV-1 genome is the largest viral DNA sequenced to date. © 2001 Academic Press

Key Words: Phycodnaviridae; Ectocarpus siliculosus; histidine kinase; phytochrome; integration; transposase; polysaccha-
ride metabolism.
INTRODUCTION

Ectocarpus siliculosus Virus (EsV-1) is the founding
member of a new genus of marine viruses, the phaeovi-
ruses. They infect filamentous brown algae (phaeos,
Greek: brown; Pringle, 1998). E. siliculosus is just one of
a large number of marine brown algal species, and each
of the eight host species that have been examined so far
harbors its own species-specific phaeovirus (Müller et
al., 1998). Phaeoviruses have an icosahedral morphology
with a dense nucleoprotein core surrounded by a multi-
layered protein coat. Their genetic material is large dou-
ble-stranded DNA, a feature that phaeoviruses share
with other viruses of the phycodnaviridae family whose
most prominent members are the well-studied plaque-
forming Chlorella viruses (Van Etten et al., 1991).

However, in contrast to Chlorella viruses with their
classic lytic infection cycle (Van Etten and Meints, 1999),
EsV-1 and other phaeoviruses are lysogenic. They initi-
ate their life cycle by infecting the free-swimming, wall-
less gametes or spores of their algal hosts. The viral
DNA becomes integrated into the host genome and is
transmitted to all cells of the developing alga (Müller,
1991a; Bräutigam et al., 1995; Delaroque et al., 1999). The
viral genome remains latent in vegetative cells, but is
expressed in cells of the reproductive algal organs, spo-
rangia, and gametangia. Massive replication of viral DNA
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occurs in hypertrophic nuclei and is followed by nuclear
breakdown and viral assembly which continues until the
cell is densely packed with viral particles (Lanka et al.,
1993; Müller et al., 1998; Wolf et al., 1998, 2000). Virions
are released into the surrounding sea water under con-
ditions that are also optimal for the release of spores or
gametes such as changes in temperature, light, and sea
water composition (Müller, 1991b). This synchronization
facilitates an interaction of viruses with their susceptible
host cells. EsV-1 is pandemic in E. siliculosus popula-
tions on the coasts of all oceans in the temperate climate
zones (Sengco et al., 1996; Müller et al., 2000).

A detailed investigation of EsV-1 is expected to be
rewarding for several reasons. One is that EsV-1 could
serve as a probe to investigate the molecular biology of
its host. For example, the cell-specific replication of viral
DNA implies that cells in reproductive organs express
factors essential for viral gene expression. It is likely that
these factors have not evolved to end the period of viral
latency, but to participate in the induction or mainte-
nance of the differentiated state of gametangia and spo-
rangia. The identification of these factors would there-
fore give important insights into the developmental pro-
gram of reproduction in marine algae. It can also be
expected that EsV-1 will be useful in biotechnology
(Henry and Meints, 1994; Müller et al., 1998). Integrated
latent viral DNA carrying a foreign gene should produce
high quantities of the product of that gene. This could be
technically exploited because latently infected algae re-
main somatically unaffected and can be mass-cultivated
at low cost.
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113DNA SEQUENCE OF THE E. SILICULOSUS VIRUS EsV-1 GENOME
There are also ecological reasons for further studies
on EsV-1 since this virus is widely distributed within all
Ectocarpus populations worldwide. Fifty to 100% of all
specimens within an Ectocarpus population usually

arry the latent viral genome (Sengco et al., 1996; Müller
t al., 2000). To explain this high degree of infection, it
as been proposed that EsV-1 evolved to reduce sexual

ecombination in favor of mitotic reproduction in its algal
ost (Müller et al., 1998), but this possibility has yet to be
ubstantiated by experiments.

Lanka et al. (1993) first showed that the viral genome is
large DNA molecule. Using pulsed-field agarose gel elec-

rophoresis, they detected the extracted virus DNA in three
ractions: a wide spectrum of DNA fragments in a size
ange of 10–60 kb; a prominent band of linear DNA of about
30 kb in length; and a second prominent DNA band that
emained close to the origin of the gel. Electron microscopy
nd restriction fragment analyses established that a major
ortion of EsV-1-DNA occurs in the form of an extended
ircle which does not enter the agarose gel during pulsed-

ield electrophoresis. The authors concluded that the natu-
al form of the viral genome is a double-stranded DNA
ircle that tends to break, giving rise to full-length linear
NA forms as well as DNA fragments. An additional feature
f EsV-1-DNA is multiple single-stranded regions (Lanka et
l., 1993), some of which may occur at specific sites in the
enome (Klein et al., 1994).

Only a few EsV-1 genes have been isolated and de-
cribed so far. The gene gp1 encodes one of the three
nown structural glycoproteins (Klein et al., 1995), and
enes vp55 and vp74 code for major core proteins (De-

aroque et al., 2000a). A surprising discovery was that
nother constituent of the viral particle is encoded by a
ene, vhk-1, with high sequence similarities to bacterial
nd plant genes for histidine protein kinases, elements
f two-component signal transduction pathways. This
as the first time that a regulatory gene of this type was
etected in a viral system (Delaroque et al., 2000b).

We have continued our analysis of the EsV-1 genome
nd report now the entire sequence of 335,593 bp that
onstitute the viral DNA. The genome contains 231 major
pen reading frames and a number of interspersed re-
ions with repetitive DNA elements. The EsV-1 genome

s the second phycodnavirus genome to be sequenced;
he first is the Chlorella virus PBCV-1 genome (Van Etten
nd Meints, 1999). As expected, both viruses share a set
f genes, but differ in genome organization and in a large
umber of genes that are unique to one of the two
iruses. Comparisons give interesting insights into the
volution of algal viruses.

RESULTS AND DISCUSSION

escription of the viral genome

The viral DNA consists of 335,593 bp with 48.3% A1T

ucleotides in good agreement with previous estimates
ased on pulsed-field gel electrophoresis and chromato-
raphic separations of nucleotides (Lanka et al., 1993).
he percentage of A1T nucleotides is lower than the
1T content of other large DNA viruses such as chloro-
iruses (Van Etten and Meints, 1999), asfarviruses (Yáñez
t al., 1995), baculoviruses (Kuzio et al., 1999), and pox-
iruses (Bawden et al., 2000).

Inverted repeats at the genome ends. Alignments of
ndividually sequenced overlapping DNA fragments re-
ulted in one large contig leaving one gap that is bor-
ered on both sides by almost perfect inverted repeats of
.800 and 1.560 bp in length. Several attempts failed to
lose this gap by PCR reactions using primers corre-
ponding to sequences within the inverted repeat re-
ions. We therefore conclude that the inverted repeats
ark the ends of the viral genome and designate the first

ucleotide in the “right” inverted repeat as the start of the
equence map and the last nucleotide in the “left” in-
erted repeat as its end (ITR, inverted terminal repeats A
nd A9 in Fig. 1).

A linear map appears to be at odds with the earlier
esults which had been interpreted to indicate that the
sV-1 genome is circular (see Introduction; Lanka et al.,
993). To reconcile these apparently conflicting data we
ropose as one possibility that the complementary se-
uences in the right ITR-A and in the left ITR-A9 anneal to

form a cruciform structure which effectively closes the
DNA circle (Fig. 2A). In fact, a reexamination of earlier
restriction maps shows that AscI digestion gives two
major bands, 244 and 90 kb long, compatible with a
circular map, and two weaker bands of 220 and 26 kb
that, together with the 90-kb fragment, can be arranged

FIG. 1. Circular map of the EsV-1 genome. Inner circle, sites for
restriction endonucleases AscI and SfiI. Outer circle, nucleotide coor-
dinates and position of repeat regions (block rectangles: B, C, C9, etc.).
Triangles, the inverted terminal repeats, ITRs A and A9.
to give a linear DNA molecule ending in ITR-A and ITR-A9
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114 DELAROQUE ET AL.
(Figs. 2B and 2C). Furthermore, restriction of the EsV-1
DNA recovered from the slot of the pulsed-field gel (Fig.
2C, lane 1) gave fragments compatible with a circular
map, whereas restriction of the freely migrating EsV-1
DNA of unit length resulted in restriction fragments that
can be composed as a linear map (not shown). This
biochemical evidence would be consistent with the no-
tion that the ends of the EsV-1 genome may be linked by
cross-annealing of end sequences. However, it is also
possible that the ends of a fraction of the EsV-1 genomes
as isolated from viral particles are covalently closed
analogous to lambda and other temperate phages, while
another fraction of the EsV-1 genomes remains linear.

The right inverted repeat, ITR-A, consists of three cop-
ies of a 527-bp repeat and a fourth copy of 285 bp
corresponding to a segment of the unit length repeats
(Fig. 2A). Likewise, the left inverted repeat, ITR-A9, also

ontains three identical 527-bp copies followed by a
13-bp incomplete copy. The repeat elements in ITR-A9
re interrupted by 36-bp gap sequences. Therefore, if

erminal cruciforms occur, they are predicted to contain
hort single-stranded loops in addition to 130-bp-long
rotruding single strands of sequences present in ITR-
9, but not in ITR-A (Fig. 2A).
Repetitive elements. The EsV-1 genome contains a

umber of regions with tandem repeats. An example is
egion B (see Fig. 1), which is mainly composed of 11
andemly oriented segments of 330 and 260 bp lengths.
imilarly, region C and the related region C9 (Fig. 1)
ontain numerous 65-bp elements, separated by a
62-bp single-copy element in region C (Fig. 3). In addi-

FIG. 2. A possible cruciform DNA conformation at the site of ring clo
repeats are continuous in ITR-A, but interrupted by 36-bp gaps in ITR-A
structure. (B) EsV-1 map with AscI restriction sites. (C) Pulsed-field agar
EsV-1 DNA (lane 2). The size of the DNA fragments are estimated acco

ote that unrestricted EsV-1 DNA partitions to three positions in the g
ragments.
ion, region C9 possesses thirteen 120-bp repeats. All
epeats in regions C and C9 begin with imperfect palin-
romes of 49 bp (Fig. 3). Upstream of these repeats in

egion C9 are four unrelated 186-bp tandem repeats
mbedded in a sequence context of unusually high G1C
ontent (61%, not shown). Arrays of direct repeats are
lso found in region D, G, and I of the EsV-1 genome (Fig.
; see also below, Fig. 5).

The function of these regions with tandem repeats
emains to be elucidated. We note though that other
arge viral genomes such as that of baculoviruses also
ontain multicopy tandem repeat regions interspersed
long the genome (Kuzio et al., 1999). The baculovirus

epeats are known to be important elements of transcrip-
ional enhancers and origins of viral DNA replication
Kuzio et al., 1999 and references therein). A possibility is

that the tandem repeats in EsV-1 also serve as origins
and remain in an unwound, single-stranded conforma-
tion upon packaging into the viral coat. This could ex-
plain the reason for the extensive single-strandedness in
extracted viral DNA (Klein et al., 1994).

Additional EsV-1 repeat regions consist of longer DNA
elements. Regions E and E9 (Fig. 1) are similar and are
composed each of two inverted ca. 2.600-bp sequences
which could encode a functional protein (see below).
Similarly, region F includes two inverted ca. 800-bp ele-
ments with coding potential.

Together, the repeat regions occupy approximately
12% of the EsV-1 genome, and an additional 22% of the
genome have no apparent coding potential such as re-
gion H (Figs. 1 and 5). Thus, only two thirds of the EsV-1

) Scheme of the inverted terminal repeats. Upper, the identical 527-bp
r, the inverted repeat sequences are aligned forming a cruciform DNA
l electrophoresis of unrestricted EsV-1 DNA (lane 1) and AscI-digested
o concatemeric l-DNA marker (not shown, but see Lanka et al., 1993).
e start (circular DNA), at 335 kb (linear DNA), and in the form of DNA
sure. (A
9. Lowe
ose ge
rding t

el: at th
genome may contain functional genes.
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115DNA SEQUENCE OF THE E. SILICULOSUS VIRUS EsV-1 GENOME
Genes

We define open reading frames (ORF) as potential
genes when they fulfill two criteria. First, they must be
equal or longer than 65 codons, and second they must
possess an upstream AT-rich element. The second cri-
terion is based on our observation that all four analyzed
EsV-1 genes have AT-rich sequences within 50 bp up-
stream of their putative ATG initiation codons (Fig. 4).
This is also a characteristic feature of the major ORFs in
the Chlorella virus PBCV-1 genome (Schuster et al.,

990), suggesting that these sites have an important
unction for the expression of phycodnavirus genes. As
n exception to these criteria, we count ORFs as genes
hen they have the potential to encode a protein with

imilarities to proteins in data banks. Following these
riteria the EsV-1 genome contains 231 major genes,

ncluding those for structural proteins that have been
reviously identified (Klein et al., 1995; Delaroque et al.,

2000a,b).
It is quite possible that our criteria are too strict. For

example, the relatively large ORFs in three dispersed

FIG. 3. Organization of the repeat regions C (top) and C9 (bottom). Re
repeats separated by a 562-bp gap, whereas region C9 is composed o
repeats with their imperfect palindromic elements (arrows) are shown

FIG. 4. A/T-rich upstream elements. Alignment of regions upstream o

(Delaroque et al., 2000a), and vhk-1 (Delaroque et al., 2000b). The A/T-rich el
repeat elements (R1–R3; see below) are not included in
the list of EsV-1 genes because they do not contain an
upstream stretch of AT-base pairs and show no similar-
ities to known gene sequences. Moreover, we expect
that the rapidly expanding data banks will soon contain
entries that could match several of the unassigned ORFs
in the EsV-1 genome and that future investigations of the
virus’ molecular biology may uncover functional genes
that we did not recognize in this first analysis of the viral
coding potential.

Presently, we have no indication for introns in potential
protein-coding genes, and we have no evidence for
tRNA-, rRNA-, or other RNA-coding genes. One hundred
eleven ORFs (48%) could encode proteins with similari-
ties to sequences in data bases. Of these only 28 are
similar to genes of the other sequenced phycodnavirus
DNA, the Chlorella virus PBCV-1 genome.

An overview of the viral gene loci is given in Fig. 5. The
selected 231 major genes are numbered according to
their position in the virus genome irrespective of their
orientation. In fact, 133 genes are transcribed in a clock-

re represented as gray arrows. Region C mainly contains 65-bp direct
rray with 65-bp repeats and a second array with 120-bp repeats. Two

TG initiation codons in genes gp1 (Klein et al., 1995), vp55, vp27, vp74
peats a
f one a
f the A

ements are indicated by the gray boxes.
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FIG. 5. Gene map of the EsV-1 genome. ORFs transcribed rightward are located above the line and ORFs transcribed leftward are below the line.
enes with similar functions are colored according to the key. Large repeats are represented as arrows. The AscI and SfiI restriction sites are
ndicated as A and S, respectively. For details, see Table 1.
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117DNA SEQUENCE OF THE E. SILICULOSUS VIRUS EsV-1 GENOME
TABLE 1

The Coding Potential of the EsV-1 Genome

Abbreviations: TM, transmembrane domain; SP, signal peptide; MCC, mixed charge cluster; PCC, positive charge cluster;
NCC, negative charge cluster; CC, coiled-coil domain.

a Accession numbers are from the GenBank database.
b
 Pfam, prosite or Smart codes are in brackets (E-value , 1) as well as the accession number for the known EsV-1 proteins.
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wise and 98 in a counterclockwise direction relative to
the map as defined in Fig. 1.

The major EsV-1 genes with their coding potential and

TABLE 1
the results of database searches are summarized in
Table 1. In the following sections we consider some
groups of interesting functionally related genes.

Signal transduction. Probably the most surprising fea-

tinued
—Con
ture of the EsV-1 genome is that it contains no fewer than
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six genes for different hybrid histidine kinases, including
the vhk-1 gene that we have previously described as a
component of the viral envelope (Delaroque et al., 2000b;
Fig. 6).

Hybrid histidine kinases are members of a large pro-

TABLE 1
tein family of two-component systems that serve as stim-
ulus-response coupling mechanisms in bacteria, ar-
chaea, yeast, plants (Arabidopsis, tomato), and other
eukaryotes (fungi, Dictyostelium). Their main function is
to sense changes in the environment and to induce the
appropriate genetic responses (Stock et al., 2000). A

tinued
—Con
hallmark of the hundreds of known two-component sig-
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nal transduction enzymes is their modular design (Grebe
and Stock, 1999). The prototypic bacterial two-compo-
nent system consists of two separate enzymes, a histi-
dine protein kinase (HPK) and a response regulator. The

TABLE 1
histidine kinase has an aminoterminal domain for the
reception of signals (“sensing domain”) and a catalytic
domain (HPK domain) with highly conserved amino acid
sequence elements (homology boxes H, N, D, F, and G;
Fig. 6). Upon activation, a conserved histidine in homol-

tinued
—Con
ogy box H is autophosphorylated as a first step in signal
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transduction. The second step is the transfer of the
phosphoryl group from the histidine to an aspartate res-
idue in the response regulator protein with its conserved
receiver domain motifs (homology boxes 1, 2, and 3; Fig.
6). This then leads to a downstream effector that elicits

TABLE 1
the specific response (Hoch and Sihavy, 1995).
A variation of this molecular organization is the linkage
of the histidine kinase and the receiver domain on one
polypeptide chain known as a hybrid kinase. Hybrid
kinases are rare in bacteria. For example, Escherichia
coli expresses 30 different histidine kinases and 32 dif-

tinued
—Con
ferent response regulator proteins, but only five of these
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are hybrid kinases (Mizuno, 1997). In contrast, hybrid
kinases are the common form of two-component sys-
tems in eukaryotes (Stock et al., 2000). In agreement with
his, the putative six two-component enzymes encoded
y the EsV-1 genome are hybrid kinases. Five of the six

TABLE 1
nzymes contain long aminoterminal domains for the
reception of stimuli, including possibly light stimuli, since
the hybrid kinase encoded by ORF 181 has an aminoter-
minal extension with high similarity to the phytochrome
chromophore-binding domain found in corresponding
enzymes of plants, the nonphotosynthetic bacterium

tinued
—Con
Deinococcus, and the photosynthetic cyanobacterium
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Synechocystis (Davis et al., 1999; Kotani and Tabata,
998; Fig. 6). In Synechocystis, the photoreceptor is com-
osed of an amino terminal domain where the tetrapyr-

ole chromophore is covalently linked to a conserved
ysteine residue and a carboxyl-terminal HPK domain

TABLE 1
Yeh et al., 1997). This is related to the molecular design
f the EsV-1 ORF 181-encoded polypeptide (Fig. 6A).
owever, in contrast to the Synechocystis protein, the

putative EsV-1 protein does not contain a cysteine at the
right position in the conserved region. It is therefore
likely that the chromophore in the EsV-1 enzyme is at-

tinued
—Con
tached to an adjacent histidine residue (Fig. 6B) exactly
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as described for the photoreceptor from Deinoccocus
(Davis et al., 1999).

In addition, the EsV-1 genome encodes a small protein
related to known histidine-containing phosphotransfer

TABLE 1
(HPt) domains (Fig. 6). In bacteria, HPt domains are
usually modules of hybrid kinases, but in eukaryotes
HPts are found as separate proteins serving as stations
in phosphoryl-transfer relay systems. For example, the
genome of Arabidopsis contains three different genes for

tinued
—Con
HPts (Miyata et al., 1998; Suzuki et al., 1998).
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The functions of the hybrid kinases in the EsV-1 infection
cycle are not known, but they could be somehow involved
in the regulation of the viral latency, as the related Chlorella
virus PBCV-1 with its lytic infection cycle has no genes for

TABLE 1
histidine kinase-like enzymes. PBCV-1 encodes instead six
different Tyr- and Ser/Thr-specific protein kinases while the
EsV-1 genome contains only four genes which could en-
code Ser/Thr-specific protein kinases of which one (ORF
111) has been previously described for another brown algal

tinued
—Con
virus (FsV) (Lee et al., 1998a).
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Thus, Chlorella viruses and phaeoviruses have the po-
tential to build up complex, but different, phosphate transfer
systems which could modify viral and host protein func-
tions, but also transmit external and internal stimuli. This
may also be the function of yet another protein encoded by
the genomes of both viruses, a potassium channel compo-
nent (Plugge et al., 2000) (EsV-1 ORF 223). In any case, the
presence of two types of signal-transducing protein ki-

TABLE 1
nases in EsV-1 is unprecedented for a virus.
DNA metabolism and DNA replication. To guarantee
the supply of deoxynucleotides in nonproliferating host
cells, large DNA viruses frequently encode enzymes with
functions in deoxynucleotide synthesis. For example, the
PBCV-1 genome contains more than a dozen genes
which could be involved in nucleotide metabolism (Van
Etten and Meints, 1999). In contrast, EsV-1 seems to
encode only an ATPase (ORF 26) as well as the small

tinued
—Con
subunit (ORF 128) and the large subunit (ORF 180) of



T
a

i
a
a
g
k
m
l
a
1
e
t
w
p
i
t

p
1
T
d
A
D
N
d
c

127DNA SEQUENCE OF THE E. SILICULOSUS VIRUS EsV-1 GENOME
ribonucleotide reductase, a key enzyme in deoxynucle-
otide synthesis.

Deoxynucleotides are the substrates for the EsV-1-
encoded putative DNA polymerase (ORF 93). Its pre-
dicted amino acid sequence is quite similar to those of
DNA polymerases encoded by other phycodnaviruses
(FsV) (Lee et al., 1998b; PBCV-1, Grabherr et al., 1992).

hese enzymes belong to the eukaryotic DNA-polymer-
se-d family (Villarreal and DeFilippis, 2000) and contain

a domain for a proofreading 39-59-exonuclease (Hüb-
scher et al., 2000). Curiously, EsV-1 seems to possess an
additional gene with the potential to code for a proof-
reading exonuclease (ORF 126), and this putative exonu-
clease shares 30% amino acid identity with the e-subunit
of bacterial DNA polymerase III.

We have also identified an EsV-1 gene (ORF 132) for
PCNA (proliferating cell nuclear antigen), the sliding clamp
processivity factor, and, more surprisingly, a series of five
genes (ORF 87, ORF 138, ORF 182, ORF 187, and ORF 224)

FIG. 6. The EsV-1 two-component system. (A) Schematic diagram o
rotein kinase (HPK) domain (stippled) contains the homology boxes H
, 2, and 3. HPt, His-containing phosphotransfer; TM, hydrophobic tran
op: comparison of the homology boxes in the viral histidine protein ki
omain. Bottom: the viral chromophore binding domain and His-con
rabidopsis thaliana phytochrome C (PHYC, GenBank Accession No.
einococcus radiodurans BphP (DrBphP, GenBank Accession No. Q
P_010046), Arabidopsis thaliana HP1, 2, and 3 (ATHP1, 2, 3, GenB
iscoideum RdeA (Dd-RdeA, GenBank Accession No. AAC61850). Aste
hromophore is ligated in the plant and bacteria counterparts.
that together could encode the heteropentameric replica-
tion factor C (RFC) required for the ATP-dependent loading
of PCNA (Mossi and Hübscher, 1998). The interesting point
here is that the Chlorella virus PBCV-1 also has genes for
DNA polymerase d and for PCNA, but not for RFC, but
nstead codes for other essential replication functions such
s a DNA ligase and a DNA topoisomerase II (Van Etten
nd Meints, 1999; Lavrukhin et al., 2000). Thus, each virus
enome contains genes for essential elements of the eu-
aryotic replication machine, but none has the full comple-
ent of replicative genes. In particular, both viral genomes

ack genes for a eukaryotic primase function, but possess
gene (ORF 109 in EsV-1; A456L in PBVC-1; Kutish et al.,

996) with some sequence similarities to bacteriophage-
ncoded primase–helicases. It will be of great interest

o determine whether this bacteriophage-like enzyme
ould provide the essential primase function required for
hycodnaviral DNA replication because this would be an

mportant piece of information concerning the evolution of
he replication machine of these large DNA viruses.

iral hybrid kinases and the phosphoshuttle component. The histidine
F, and G. The receiver domains (hatched) include the homology boxes
rane domains; N, amino terminal ends; C, carboxyl-terminal ends. (B)
nd photoreceptors. Note that phytochromes do not contain a receiver
phosphotransfer (HPt) are compared with corresponding proteins.

), Synechocystis sp. Cph1 (SyCph1, GenBank Accession No. Q55168),
, Saccharomyces cerevisiae Ypd1 (Sc-Ypd1, GenBank Accession No.
ccession Nos.: BAA37110, BAA37111, and BAA37112), Dictyostelium
hosphoaccepting amino acids. 1, cysteine and histidine to which the
f the v
, N, D,
smemb
nases a
taining

P14714
9RZA4)

ank A
risks, p
Comparisons of putative helicase genes also reveal a
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128 DELAROQUE ET AL.
curious mixture of eukaryotic and prokaryotic elements.
Two EsV-1 genes (ORF 23 and ORF 66) show sequence
elements known from eukaryotic DNA/RNA helicases,
including the signature DEAD-box motif. In contrast, the
putative helicase, encoded by ORF 29, is more related to
the RecD subunit of a bacterial RecBCD enzyme that
functions as helicase and nuclease in recombination
(Myers and Stahl, 1994).

Characteristic postreplicative modifications of Chlor-
lla virus genomes are extensive methylations of ade-
ine and cytosine bases (Van Etten and Meints, 1999).
his is reflected by the presence of three genes for
ytosine DNA methylases and two genes for adenine
NA methylases in the PBCV-1 genome (Van Etten and
eints, 1999). In contrast, the EsV-1 genome appears to

ack genes for DNA methylating enzymes even though
sV-1 DNA contains a few methylated bases (Lanka et
l., 1993). Interestingly, however, EsV-1 encodes an en-
yme with similarities to bacterial 5-methylcytosine-spe-
ific restriction nucleases (ORF 16). We speculate that

his enzyme together with other putative viral nucleases
ORF 119, ORF 139, ORF 168) may be required for the
reakdown of host cell nucleic acids that occurs upon

nduction of EsV-1 replication in sporangia and gam-
tangia of the infected host (Müller et al., 1998; Wolf et al.,
998, 2000).

Integration. A characteristic feature of the phaeovirus
ife cycle is the long latency period after infection when
he viral genome is mitotically transmitted from cell to
ell during development of the host. As suggested by
ork with EsV-1 (Delaroque et al., 1999) and the related

FIG. 7. Organization of a possible viral transposon. (A) Middle: a 29
transposase genes. Top and bottom: detailed structure of R1 and R2 wit
A related element R3 is located at nucleotide position 18,807–20,406 o
eldmannia sp. Virus (FsV, Van Etten and Meints, 1999), s
basis for the stable transmission is most likely the
ntegration of the viral DNA into the host cell genome. In
upport of this, the EsV-1 genome contains a gene (ORF
13) encoding a large protein with a 200 amino acid
egion at the carboxyl terminus that shows significant
imilarities to the catalytic domain of the integrase (Int)

amily of site-specific recombinases. Integrases cooper-
te with other proteins to integrate and excise large DNA

nto and out of the host genome (Landy, 1993). The
utative EsV-1 integrase shares with bacteriophage-type

ntegrases the two characteristic homology boxes that
unes-Düby et al. (1998) have identified in their compar-

sons of more than 100 site-specific recombinases.
The latent state of the EsV-1 genome could be deter-

ined by proteins with similarities to bacteriophage reg-
lators of lysogeny as encoded by ORF 117 and ORF 197

Table 1).
A possible viral transposon. The EsV-1 genome has

hree dispersed large repeats, termed R1, R2, and R3
Fig. 7), containing ORFs which we presently do not
ount as genes because they lack the upstream AT-rich
equence element and do not match any one of the
enes in data banks. More interestingly, repeats R1 and
2 are located downstream of putative genes with the
otential to code for a transposase of the bacterial IS4

amily (IS, insertion sequence; Rezsöhazy et al., 1993).
ndeed, the R1- and R2-transposase units are bracketed
y imperfect inverted repeats of 20 bp which are also

elated to the ends of IS4 elements found in bacterial
enomes (Fig. 7). Furthermore, R1 and R2 frame a
enomic segment of ca. 29 kb and could together con-

ment bracketed by the repeat elements R1 and R2 linked to putative
equences of the terminal inverted repeats (shown for element R1 only).
sV-1 map and not linked to a transposase gene (see Fig. 5).
-kb seg
h the s
titute one large viral transposon. Similar to bacterial
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transposons, the EsV-1 transposon could transmit func-
tions that are advantageous to the host. For example, the
putative EsV-1 transposon contains a gene (ORF 169)
with the potential to code for a pathogenesis-related 5
protein (PR5), also called thaumatin-like protein, a factor
known to be involved in plant defense mechanisms (Hu
and Reddy, 1997 and references therein).

Of course, direct experiments are needed to determine
whether and how the IS4-related transposases function
in EsV-1-infected cells. If they help to boost the defense
of the host cells, as the presence of a thaumatin gene
suggests, it may be another piece of evidence explaining
the close, perhaps symbiotic, relationship between
EsV-1 and its host (Müller et al., 1998).

Polysaccharide metabolism. The first EsV-1 gene iden-
tified, gp1, was shown to encode a glycoprotein (Klein et
al., 1995) and to be highly conserved among phaeovi-
ruses (Müller et al., 1996; Sengco et al., 1996; Maier et al.,

998). Interestingly, recent BLAST searches revealed that
he gp1 sequence (ORF 226) has significant homologies

ith bacterial alginate mannuronan C-5-epimerases (Ta-
le 1). This enzyme could modify the structure of the host
lginate or could have alginate lyase activity degrading

he algal alginate.
In addition to the gp1 gene (ORF 226), at least two

ther genes may be involved in polysaccharide metabo-
ism. One gene (ORF 83) could encode a GDP-mannose/

DP-glucose dehydrogenase. Members of this dehydro-
enase family are known to provide precursors for many
lycosyltransferase such as hyaluronan synthase, algi-
ate synthase, and chitin synthase. In fact, the EsV-1
ene with a possible role in polysaccharide metabolism

ORF 84) could code for a protein with similarity to gly-
osyltransferases (Table 1). Although previously de-
cribed as a chitin synthase (Müller et al., 1998), it is
ore likely that the ORF 84 protein, together with the
RF 83 protein, may be somehow involved in alginate

ynthesis. If so, the gp1 epimerase could modify the
lginate product. Surprisingly, the EsV-1 GDP-mannose/
DP-glucose dehydrogenase is similar to bacterial en-

ymes, whereas the glycosyltransferase is related to
ukaryotic enzymes. A fourth gene which most probably
elongs to this group of functionally related genes is
RF 166, encoding a protein with a cellulose binding
otif.
Protein–protein interactions. The EsV-1 genome en-

odes several proteins with regions rich in hydrophobic
mino acids which together resemble helical transmem-
rane domains (TM, Table 1). Among these proteins are

hree of the hybrid kinases (Fig. 6A), and it would be of
nterest to determine whether these and the other TM-
ontaining proteins are constituents of the viral particle
nd embedded in a viral lipid layer (Wolf et al., 1998,
000).

A surprisingly large number of predicted EsV-1 pro-

eins contain classic protein–protein interaction domains C
uch as ankyrin repeats and ring finger domains (some
hich have been described before for EsV-1 by Dela-

oque et al., 2000a; and for the related Feldmannia sp.
irus by Krueger et al., 1996). In addition, two EsV-1
olypeptides (ORF 80 and ORF 173) have regions that

esemble parts of the bacterial DnaJ chaperone protein
Kelley, 1998), and two genes (ORF 28 and ORF 158)
ncode SET interaction domain originally identified in the
rosophila genes Suvr3–9, Enhancer-of-zeste, and
rithorax (Stassen et al., 1995; Tschiersch et al., 1994;
ones and Gelbart, 1993).

It seems that the wide distribution of interaction do-
ains among the viral proteins reflects a complex net-
ork between the viral and the host proteins. This net-
ork is apparently needed to coordinate the events dur-

ng the latent and the lytic part of the viral life cycle.

CONCLUSIONS

The EsV-1 sequence invites comparisons with that of
he other sequenced phycodnavirus genome, the Chlor-
lla virus PBCV-1 (Van Etten and Meints, 1999). The
sV-1 genome and the PBCV-1 genome are quite similar

n size (around 330 kb), but differ in organization as EsV-1
NA contains several tandem and dispersed repeats,
hereas the PBCV-1 DNA is mainly composed of single-

opy elements. This is one reason EsV-1 DNA has only
31 major protein-encoding genes compared to 376 in

he PBCV-1 genome. Only 28 genes in the EsV-1 and the
BCV-1 genome share sequence similarities. These in-
lude the genes for the major capsid protein (EsV-1 ORF
16), as well as replication proteins such as DNA poly-
erase, the processivity factor PCNA, the ATPase, and

wo helicases.
However, most genes shared by the two viruses have

nknown functions. In fact, the genetic differences be-
ween the two viral genomes may be more significant
han their similarities. Examples are the different sets of
nzymes involved in DNA synthesis and DNA modifica-

ion or in polysaccharide synthesis. Furthermore, EsV-1
ppears to rely mainly on hybrid histidine kinases for
hosphate transfer reactions, while PBCV-1 has more
enes with the potential to code for tyr- and ser-/thr-
pecific protein kinases. Furthermore, EsV-1 encodes

ust two proteins for transcriptional regulation, small
olypeptides with similarities to a/b/a domain of
FIID-18 subunit (ORF 193 and ORF 196), while PBCV-1
as several genes which could be involved in transcrip-

ional and translational regulation. However, the tran-
cription during the EsV-1 life cycle could be regulated

hrough chromatin-remodeling systems such as those
ontaining the polypeptides with SET, POZ/BTB (Broad
omplex, Tramtrack, and Bric-a-brac/poxvirus and zinc

inger; ORF 40), and BAF60b (ORF 129) domains, which
re absent in PBCV-1 (Bardwell and Treisman, 1994;

airns et al., 1996). Finally, EsV-1 has an elaborate set of



B

130 DELAROQUE ET AL.
genes for DNA integration and transposition, whereas
PBCV-1 just encodes a transposase (Van Etten and
Meints, 1999).

Several of these integration/transposition genes of
EsV-1 have similarities to corresponding bacteriophage
proteins. In fact, the EsV-1 genome can be considered to
be an ensemble of genes of bacterial, bacteriophage,
and eukaryotic or archaean origins. As just mentioned,
the functions for DNA integration are related to bacterio-
phage enzymes, while functions for polysaccharide syn-
thesis and for DNA restriction are similar to bacterial
enzymes, and the hybrid histidine kinases and DNA
replication enzymes could be of eukaryotic or archaean
origin. How did the EsV-1 genome evolve? Could it be the
result of fusions of genomic segments from organisms of
three major branches of life? An intriguing alternative
possibility is that the EsV-1 DNA as well as the PBCV-1
DNA are remnants of a cellular genome that once lived in
symbiosis with their algal hosts, but gradually lost old
and gained new genes in response to the different se-
lection pressures exerted on them in their particular
environments. This scenario would explain among other
features why EsV-1 and PBCV-1 encode different, but
overlapping, functions essential for genome replication.

MATERIALS AND METHODS

Genomic sequencing of EsV-1

High molecular EsV-1 DNA was prepared from virus
particles embedded in agarose as previously described
(Lanka et al., 1993; Klein et al., 1995). DNA (10 mg) was
randomly sheared with a nebulizer following the proce-
dure of Pohl and Maier (1995). The fragments were sep-
arated on an agarose gel and the selected 1.2-kb fraction
isolated using the Qiaex II kit (Qiagen). Sticky ends were
filled out using Klenow polymerase, cloned in M13 vec-
tors, and used directly for transformation of competent E.
coli cells using standard protocols (Sambrook et al.,
1989). The plated bacteria were picked into 96-well mi-
crotiter plates and stored at room temperature. Plasmid
DNA was isolated from the shotgun clones using the
Biorobot 9600 (Qiagen) and sequenced manually in 96-
well microtiter plates according to the dideoxy-chain
termination method of Sanger et al. (1977) with the Big
Dye Kit (Perkin–Elmer). The sequences were run on an
ABI377 HT (Perkin–Elmer) for 4 or 12 h to achieve 600 or
800 bp read length, respectively. The data were extracted
using a Sequencing Analysis Software Package (Perkin–
Elmer).

Assembly and finishing

The shotgun sequences were assembled with the
SeqManII Lasergene Software (DNASTAR Inc.). Raw data
were produced until an average coverage of 6.43 in a

total of 26 contigs (.1 kb) was reached. The finishing
process was carried out in several phases: closing of
physical gaps (by performing PCR on genomic DNA with
primer pairs positioned on independent contig ends),
closing of sequence gaps (by sequencing the comple-
mentary strand at a respective site), and manual editing
of the entire sequence (with resequencing of particular
clones in positions of sequence ambiguities). A total
number of 141 oligonucleotides were required for PCR
and sequencing. The finishing phase resulted in one
final linear contig.

Analysis of sequence data

The open reading frames were identified with the
lasergene biocomputing software package (DYNASTAR
Inc.). Homology searches were carried out with the
BLAST program (Altschul et al., 1990, scoring matrix
blosum 62) against the nonredundant protein databases
at the NCBI. Protein motifs were searched against the
SMART (Schultz et al., 2000), PROSITE (Hofmann et al.,
1999), and Pfam (Bateman et al., 2000) databases.
Charged amino acid clusters and repeats were found by
using the SAPS program of Brendel et al. (1992). The
presence of putative signal peptides (Nielsen et al.,
1997), transmembrane domains (Fasman and Gilbert,
1990; von Heijne, 1992), and coiled coil domains (Lupas
et al., 1991) were identified. The intergenic regions were
also searched against DNA databases using the BLAST
computer program (Altschul et al., 1990).

Nucleotide sequence accession number

The EsV-1 genome sequence has been deposited in
GenBank under the Accession No. AF204951.

ACKNOWLEDGMENTS

We thank Ingo Maier for critical reading of the manuscript and an
anonymous reviewer for suggestions on the EsV-1 DNA ends.

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990).
Basic local alignment search tool. J. Mol. Biol. 215, 403–410.

Bardwell, V. J., and Treisman., R. (1994). The POZ domain: A conserved
protein-protein interaction motif. Genes Dev. 15, 1664–1677.

Bateman, A., Birney, E., Durbin, R., Eddy, S. R., Howe, K. L., and
Sonnhammer, E. L. L. (2000). The Pfam protein families database.
Nucleic Acids Res. 28, 263–266.

Bawden, A. L., Glassberg, K. J, Diggans, J., Shaw, R., Farmerie, W., and
Moyer, R. W. (2000). Complete genomic sequence of the Amsacta
moorei entomopoxvirus: Analysis and comparison with other poxvi-
ruses. Virology 274, 120–139.
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