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Summary. EhV-86 is a large double stranded DNA virus with a 407,339 base pair
circular genome that infects the globally important microalga Emiliania huxleyi.
It belongs to a new genus of viruses termed the Coccolithoviridae within the
algal virus family Phycodnaviridae. By plotting the EhV-86 genome against itself
in a dot-plot analysis we revealed three families of distinctly different repeat
sequences throughout its genome, designated FamilyA, B and C. FamilyA repeats
are non-coding, found immediately upstream of 86 predicted coding sequences
(CDSs) and are likely to play a crucial role in controlling the expression of the
associated CDSs. Family B repeats are GC rich, coding and correspond to possible
calcium binding sites in 22 proline-rich domains found in the protein products of
eight predicted EhV-86 CDSs. Family C repeats are AT-rich, non-coding and
are likely to form part of the origin of replication. We suggest that these repeat
regions are of fundamental importance during virus propagation being involved
with transcriptional control (Family A), virus adsorption/release (Family B) and
DNA replication (Family C).

Introduction

The majority of algal viruses characterised to date fall within the family
Phycodnaviridae. Members of this family share icosahedral morphology and
have been distinguished by the taxonomic affiliation of their algal host into six
genera (Chlorovirus, Prasinovirus, Prymesiovirus, Phaeovirus, Coccolithovirus
and Rhapidovirus) [31]. These viruses infect marine and freshwater algae and
have large double-stranded DNA genomes ranging from 150 kb to 560 kb. Three
Phycodnaviridae genome sequences are known in their entirety, namely, the
Paramecium bursaria chlorella virus, (PBCV-1) [25], Ectocarpus siliculosus
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virus, (EsV-1) [6] and the recently sequenced Emiliania huxleyi virus (EhV-86)
[30]. Emiliania huxleyi is a marine coccolithophorid found throughout the world’s
oceans. It is well known for its vast coastal and mid-oceanic blooms at temperate
latitudes and can cover 10,000 km2 or more. EhV-86 is a virus strain isolated from
a bloom in the English Channel in 1999 [29]. Initial characterisation revealed
a 407,339 bp length genome, with a 40.2% G+C content which is predicted to
contain 472 CDSs making it the largest member of the Phycodnaviridae sequenced
to date [30].

Double-stranded DNA virus genomes have been shown to contain homologous
or repetitive regions which are thought to play important roles in replication and
transcription [10, 11]. Indeed, a characteristic feature of the EsV-1 genome is the
presence of large blocks of repetitive elements comprising approximately 12%
of the genome [6]. These authors suggested that many of the repeats in EsV-1
may serve as origins of replication and remain unwound and single-stranded
for packaging into the virus capsid. Hence, explaining the reason for extensive
single-strandedness in extracted EsV-1 DNA [15]. Here, we report the preliminary
classification and description of homologous regions contained within the EhV-86
genome.

Materials and methods
The EhV-86 genome can be accessed via accession number AJ890364 in the GenBank
database. To identify repetitive sequences within the EhV-86 genome, a dot-plot analysis
was used (LBDotView Version 1.0, [14]). Such an analysis can compare one genome on the x
axis against another genome, or in this case itself, on the y axis indicating the precise location
and orientation of homologous sequences within the plot. Alignments were conducted using
ClustalW [24].

Results and discussion

Full genome analysis by dot-plot [13] revealed the presence of three distinct
families (designated A to C) of homologous regions contained within the EhV-86
genome (Fig. 1).

Family A

Family A homologous regions (Fig. 1) consist of regularly spaced, variable sized
(30–300 bp) homologous regions found within a section of the EhV-86 genome
from 200 kb to 304 kb. Wilson et al. (2005) found this region was unusual since
it contained no gene homologues from the data base. The size of the homologous
repeats appears to increase towards the centre of this 104 kb region, with the
largest repeats found in the region 252 to 260 kb. The repeat units correspond
to the non-coding regions found directly upstream of 86 of the 151 predicted
CDSs annotated in this 104 kb region of the genome and are characterised by the
presence of a 5′ conserved GTTCCC(T/C)AA nonamer, usually directly followed
by a downstream ATG. Indeed, in 67 of 86 of these CDSs the proceeding ATG
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Fig. 1. Dot Plot analysis (IBDot) of the full length EhV-86 genome and grouping of repeat
families. Family A are found at 105 locations between 204 kb and 304 kb, Family B are
dispersed throughout the genome from 50 kb to 320 kb and Family C are found in 2 locations

at 144 kb and 150 kb

is predicted to indicate the start of translation. A search of the entire genome
for the sequence GTTCCC(T/C)AA revealed it was found at 106 locations, with
all but one being located within the 104 kb region identified previously in Fig. 1.
The precise location of the Family A homologous regions, i.e. immediately up-
stream of the ATG start codon, and their apparent non-coding nature suggests
that they could function as promoter elements essential for transcription [1]. If
this is the case, the highly conserved non-coding GTTCCC(T/C)AA nonamer
would provide an excellent candidate for a specific binding site for a transcription
factor.

ClustalW alignment of the 300 bp immediately upstream of each of the 86
CDSs (i.e. the promoter regions) associated with Family A repeats revealed a
conserved sub group of sequences (Fig. 2). These correspond to the upstream
regions of CDSs ehv294, ehv295, ehv296, and ehv297 which are located in the
centre of the 104 kb region and match up to the longer central homologous regions
identified. The apparent variation in size of homologous regions is presumably due
to deviations, in the 5′ region, from this ‘consensus’ sequence. Furthermore, these
highly conserved putative promoters appear to contain 2 more copies of the repeat-
ing nonamer further upstream separated by the 6 bp sequence ACGCCA (Fig. 2).
Localisation of this family of repeats, corresponding to likely promoters, to a
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Fig. 2. Alignment of the 300 bp immediately upstream from the predicted start of translation
of ehv294, ehv295, ehv296 and ehv297. The ATG start of translation codon is also shown.
An AT-rich region is denoted by grey shading. Nonamers are indicated in bold and are boxed.

Stars ( ) indicate conserved sequences

particular genomic region would suggest a form of highly coordinated expression
of a particular sub-set of CDSs. Since EhV-86 encodes its own RNA polymerase
[30], these sites may provide appropriate binding sites allowing the expression of
transcripts during the early stages of virus infection. Indeed, homologous regions
have been shown to be essential for transient gene expression and to act as cis
activators of early genes in baculoviruses leading to their designation as ‘super-
enhancers’ [5]. It is plausible that these repeat regions may indicate the location of
CDSs expressed at a particular stage in the life cycle of this virus i.e. immediate
early, early or late CDSs. Although there is no obvious TATA box, an AT-rich
region can be found sandwiched between the two nonamers, at approximately
−100 to the predicted start of transcription (Fig. 2). AT-rich regions 5′ to CDSs
have previously been identified in PBCV-1 [21]. However, searches did not reveal
any significant matches in the GenBank, EMBL or DDBJ database (BLASTN
2.2.11, 05/05).
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Table 1. Family B repeat proteins

CDS Size (amino Number of Expression Comments
acids) prolines confirmeda

ehv060 1994 334 no similar to calcium/calmodulin binding
protein from Paramecium tetraurelia
(e−13)

ehv062 194 46 no no database similarity
ehv137 516 178 no no database similarity
ehv192 2873 422 yes similar to calcium/calmodulin binding

protein from Paramecium tetraurelia
(e−14)

ehv204 621 351 yes no database similarity
ehv207 430 183 yes no database similarity
ehv364 2332 1014 yes no database similarity
ehv416 403 97 no similar to Drosophila sperm protein

(e−08)

aExpression confirmed by Wilson et al. [31]

Family B

Family B repeat regions (Fig. 1) are found clustered at eight locations throughout
the genome, contain multiple repeats of the nucleotides ‘CCN’ (typically in sets
of 3–5 repeats) and correspond to proline rich regions of the predicted CDSs
ehv060, ehv062, ehv137, ehv192, ehv204, ehv207, ehv364 and ehv416 (Table 1).
There are 1170 copies of the repeating unit CCNCCNCCN in the EhV-86 genome
of which 950 are found within these eight CDSs. These CDSs are commonly
found to be open in at least 5 reading frames in the regions where the repeats
occur. CDSs ehv204, ehv062, ehv416, ehv137 and ehv207 are predicted to encode
proteins of 621 (351), 194 (46), 403 (97), 516 (178) and 430 (183) amino acids,
respectively (numbers in brackets indicate the number of predicted prolines).
CDSs ehv192, ehv364 and ehv060 are unusually long and contain 2873, 2332
and 1994 amino acids (each remarkably maintained in an open reading frame)
containing 422, 1014 and 334 proline residues, respectively, distributed in 4 or
more domains. The predicted proteins typically contain long stretches of three
or four prolines interrupted by a serine or leucine. Using microarray analysis,
Wilson et al. 2005 revealed that CDSs ehv204, ehv207, ehv364 and ehv192
are expressed during infection [30]. There is no expression data for the other
CDSs.

Intriguingly, ehv192 and ehv364 flank the 104 kb central region, which con-
tains the family A putative promoters and corresponding CDSs. It is difficult
to determine the significance of this, however, it could be speculated that these
flanking CDSs act as sites for recombination and was a mechanism for transporting
this 104 kb region into the genome. Highly repetitive CDSs have previously
been suggested to act as recombinational hotspots [12]. Transcriptomic analysis
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revealed that, during infection, some of the most highly expressed CDSs are from
the central part of this family A repeats region [30].

The advantage of the family B repeats to the virus is unclear, particularly
since BLAST searches reveal no obvious homologues for the majority of these
CDSs (See Table 1; GenBank, 08/05). However, many proline-rich proteins have
been described in the literature previously, having been found in a diverse range
of organisms including ORF180 in the recently sequenced Mimivirus, the largest
virus sequenced to date [18]. Human salivary secretions contain groups of pro-
teins in which the proline content is typically from 20% to over 40% [16, 22].
Intriguingly, one group of these proline-rich proteins has been implicated in the
inhibition of calcification [20]. Indeed, the evidence for interactions between
proline-rich proteins and calcium is well documented. The crustacean DD4 protein
(14% proline), which is expressed during calcification of the exoskeleton, also
binds calcium [7]. While the role of DD4 in calcification remains to be elucidated,
it may be involved in transport or storage of Ca2+ or the formation of calcium
crystals. A photoreceptor cell protein found in drosophila, Calphotin, (20.6%
proline) [17] and the mammalian calreticulin family of proteins (containing proline
rich domains) [8] have also been identified as binding calcium. Furthermore, Both
ehv060 and ehv192 show similarity to a calcium binding protein from Paramecium
tetraurelia (Table 1). The wealth of evidence for the calcium-binding properties
of proline-rich proteins is interesting since this virus infects a cell that actively
sequesters calcium carbonate scales (coccoliths) onto its surface during active
growth [28]. Calcification is clearly an important process in E. huxleyi and it is
closely coordinated with the rest of cellular metabolism, including photosynthesis
[4]. Whether these 8 virus-encoded proline rich proteins are involved during the
initial infection of E. huxleyi or even during the later packaging and release of
virions through the coccolith secretion pathway is unknown, but certainly warrants
further investigation.

Family C

Family C repeats consist of non-coding AT-rich (approx. 74%) repeating units
of approximately 324 bp. There are two clusters of units (designated α and β)
which are separated by approximately 6 kb at two locations (144 kb and 150 kb,
see Fig. 1) in the EhV-86 genome. Cluster α contains 2 copies of the repeating
unit (1 complete, 1 incomplete), while cluster β comprises 7 copies (5 complete,
2 incomplete) (Fig. 3). The proximal 3′ repeat unit in each cluster contains a
partial deletion in the 3′ end, βVII contains a 43 bp deletion and αII contains a

�
Fig. 3. Family C repeat sequences aligned using ClustalW. Palindromic sequences are marked
in bold and boxed. indicates the presence of conserved bases. α and β prefixes denote
repeat elements found in the first (∼144 kb) and second (∼150 kb) clusters of repeat units
respectively, Roman numeral suffixes denote the order the repeat units are found in within
the clusters
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50 bp deletion. A key structural feature of Family C repeats is the presence of a
conserved 11 bp palindromic repeat (CAATAAATAAC) in the 5′ region, which is
inverted and repeated twice (once perfectly and once with a 1 bp change) at the 3′
end of the repeated sequence.

GenBank and EMBL searches (05/05) for sequence similarity with the nu-
cleotide sequences of the 324 bp repeat did not retrieve any sequence with signif-
icant similarity (data not shown). AT-rich repeat regions can be characteristic
of virus genome origins of replication [9] and together with the presence of
palindromic sequences suggest that the Family C homologous region may be
the origin of replication (ori) for EhV-86. Indeed, the structure of this repeti-
tive region in EhV-86 resembles the origin of replication (oriP) in Epstein-Barr
Virus (EBV), another large dsDNA virus [19]. EBV is a human herpes virus
that maintains its genome extrachromosomally in infected cells [23]. OriP is
composed of two functional elements, the dyad symmetry (DS) and the fam-
ily of repeats (FR). FR consists of two repeat elements separated by approxi-
mately 1.8 kb, containing 4 and 20 binding sites for EBNA-1, respectively [19].
EBNA-1 is a virally encoded protein which contributes to oriP synthesis and
maintenance. The larger cluster contributes to transcriptional enhancement and
maintenance, whereas the smaller cluster is the site at which DNA synthesis is
initiated.

Genomes from algal virus strains EsV-1 and PBCV-1 both contain terminal
repeats (identical 2.2 kb inverted repeats in PBCV-1 and 1.8 kb and 1.6 kb almost
perfect inverted repeats in EsV-1), thought to play a crucial role in DNA replication
[26]. It is common for large, linear, double-stranded DNA viral genomes to
circularise via termini repeats to allow a rolling circle type of replication [2, 6, 27].
Initial characterisation and sequencing of the EhV-86 genome predicted a linear
genome of 407,339 bp. However, the presence of a predicted origin of replication
suggested to us that the EhV-86 genome may have a circular stage at some point
during its life cycle. This was confirmed by PCR using primers annealing to the
termini of the genome [30]. The genome appears to have either anA or a T (at equal
ratio) single base pair overhang at each of the termini of its genome, indicating a
possible method for circularisation of the genome. The EhV-86 genome contains a
putative DNA polymerase (ehv030), topoisomerase (ehv444) and three helicases
(ehv104, ehv356 and ehv430). In addition, the EhV-86 genome contains a DNA
ligase (ehv158), which, intriguingly, is located in the 6 kb gap between the two
AT rich clusters. This conformation of genes is characteristic of rolling circle type
method of replication [3].

Closing discussion

The in silico analysis performed in this study has provided unique insights into
many fundamental aspects of the EhV-86 life cycle. We have identified regions
of the genome which we believe to be involved with DNA replication (Family
C), transcriptional control (Family A) and virus adsorption/release (Family B).
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Clearly, the mechanism of EhV-86 replication needs to be further elucidated, but
the identification of a putative ori site and a possible method of circularising the
genome are important first steps. The presence of eight large, repetitive, proline
rich CDSs in one virus genome is intriguing. The calcium-binding properties of
proline-rich proteins is well documented and due to the calcium carbonate nature
of the host cell, their presence may provide a clue of vital importance to the
mechanism of virus adsorption and/or release. This clearly warrants further in-
vestigation. However, the identification of a family of possible promoter elements
localised to a 100 kb region of the genome is perhaps the most interesting product
of this analysis. The transcriptional, functional and evolutionary relevance of this
region is completely unknown but is likely to be crucial to the EhV-86 infection
cycle.
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