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Diatoms are one of the most significant primary producers in the ocean, and the importance of viruses as
a potential source of mortality for diatoms has recently been recognized. Thus far, eight different diatom
viruses infecting the genera Rhizosolenia and Chaetoceros have been isolated and characterized to different
extents. We report the isolation of a novel diatom virus (ClorDNAV), which causes the lysis of the bloom-
forming species Chaetoceros lorenzianus, and show its physiological, morphological, and genomic characteris-
tics. The free virion was estimated to be �34 nm in diameter. The arrangement of virus particles appearing in
cross-section was basically a random aggregation in the nucleus. Occasionally, distinctive formations such as
a ring-like array composed of 9 or 10 spherical virions or a centipede-like array composed of rod-shaped
particles were also observed. The latent period and the burst size were estimated to be <48 h and 2.2 � 104

infectious units per host cell, respectively. ClorDNAV harbors a covalently closed circular single-stranded DNA
(ssDNA) genome (5,813 nucleotides [nt]) that includes a partially double-stranded DNA region (979 nt). At
least three major open reading frames were identified; one showed a high similarity to putative replicase-
related proteins of the other ssDNA diatom viruses, Chaetoceros salsugineum DNA virus (previously reported
as CsNIV) and Chaetoceros tenuissimus DNA virus. ClorDNAV is the third member of the closed circular ssDNA
diatom virus group, the genus Bacilladnavirus.

Diatoms (Bacillariophyceae) account for a large part of the
primary production of the oceans, and they are one of the most
significant oxygen producers on the planet (21, 41). Therefore,
understanding the dynamics of diatoms in nature would be
significant for biogeochemical sciences and fisheries studies.
Recently, virus infection has been recognized as one of the
significant factors affecting the dynamics of diatoms in nature
(28). Since the identification of the first diatom virus (19), at
least eight different diatom viruses have been isolated and
characterized to date. All of them are small icosahedral viruses
(22 to 38 nm in diameter) specifically infecting their respective
host diatom species.

Three of these diatom viruses are single-stranded RNA
(ssRNA) viruses, Rhizosolenia setigera RNA virus (RsetRNAV)
(19), Chaetoceros tenuissimus RNA virus (CtenRNAV) (26),
and Chaetoceros socialis f. radians RNA virus (CsfrRNAV)
(35). They harbor an ssRNA genome with two open reading
frames (ORFs; polyprotein genes) encoding putative replica-
tion-related proteins and capsid proteins. Phylogenetic analysis
based on the deduced amino acid sequence of the RNA-de-
pendent RNA polymerase domains strongly supported the

monophyly of these three viruses with a bootstrap value of
100% (35).

Three different diatom DNA viruses were also reported,
including the Chaetoceros salsugineum DNA virus (CsalDNAV,
previously reported as CsNIV) and the Chaetoceros tenuissimus
DNA virus (CtenDNAV), the genomes of which are composed
of a covalently closed circular ssDNA (ca. 6,000 nucleotides
[nt]) and a segment of linear ssDNA (ca.1,000 nt) (20), and the
Chaetoceros debilis DNA virus (CdebDNAV) with an ssDNA
genome of unknown structure (33). The partial genome se-
quence of CdebDNAV showed a considerable similarity to a
putative replication-related protein of CsalDNAV. Two fur-
ther diatom viruses infectious to Chaetoceros cf. gracilis and
Chaetoceros cf. wighmii, respectively, were also reported (2, 8).
Both of them are accumulated in the host nucleus; however,
their nucleic acid types are still unknown.

We report here the isolation and characterization of a new
ssDNA diatom virus, ClorDNAV, infecting the spring bloom-
forming diatom Chaetoceros lorenzianus Grunow, which is dis-
tributed in warm-water regions. The present discovery of the
new ssDNA diatom virus strongly supports the universality of
the diatom-infecting ssDNA virus group in nature.

MATERIALS AND METHODS

Algal cultures and growth conditions. The axenic clonal algal strain used in the
present study, Chaetoceros lorenzianus IT-Dia51 (Fig. 1A), was isolated from
surface water collected at Itsukaichi Fishing Port (34°21.320�N, 132°21.482�E) in
Hiroshima Bay, Japan, on 16 March 2007. This diatom strain was observed using
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transmission and scanning electron microscopy and identified as C. lorenzianus.
Algal cultures were grown in modified SWM-3 medium enriched with 2 nM
Na2SeO3 (7, 14) under a 12/12-h light-dark cycle of approximately 110 to 150
�mol of photons m�2 s�1 using cool white fluorescent illumination at 15°C.

Isolation of virus. Water samples (0.2 m above the bottom) were collected
from Itsukaichi Fishing Port (ca. 5 m in depth) in Hiroshima Bay on 20 April
2007. The samples were immediately filtered through a 0.2-�m-pore-size Dismic-
25cs filter (Advantec) to remove eukaryotic microorganisms and most bacteria.
An aliquot (0.5 ml) of the filtrate was inoculated into an exponentially growing
C. lorenzianus culture (1.0 ml) and incubated at 15°C using the lighting condi-
tions mentioned above. Algal cultures inoculated in SWM-3 served as controls.
From the cultures that showed apparent crash after inoculation of the filtrates
(see, for example, Fig. 1), the responsible pathogens were cloned through two
extinction dilution cycles (27, 37). Briefly, the algal lysate was diluted in modified
SWM3 medium in a series of 10-fold dilution steps. Aliquots (100 �l) of each
dilution step were added to eight wells in cell culture plates with 96 flat-bottom
wells (Falcon) containing 150 �l of an exponentially growing host culture. Then,
the algal lysate in the most diluted well in the first assay was carried over to the
second extinction dilution procedure. Finally, the resultant lysate in the final
endpoint dilution was used as a clonal lysate, in which the probability of two or
more viruses occurring (i.e., failure in cloning) was estimated to be �0.0106. The
lysate in the highest dilution well of the second assay was made free of bacterial
contamination by filtration through a 0.1-�m-pore-size polycarbonate membrane
filter (Whatman) and transferred to a fresh exponentially growing host culture.
To check its bacterial contaminations, the lysate was observed using epifluores-
cence microscopy after staining with SYBR-Gold. In brief, the lysate was fixed
with glutaraldehyde at a final concentration of 1%, and SYBR-Gold (Molecular
Probes) was added to each fixed sample at a final concentration of 1.0 � 10�4

dilution of the commercial stock. The stained samples were filtered onto a
0.2-�m-pore-size polycarbonate membrane filter (Nuclepore). The filters were
then mounted on a glass slide with a drop of low-fluorescence immersion oil and
covered with another drop of immersion oil and a coverslip. The slides were
viewed at a magnification of �1,000 with an Olympus BX50 epifluorescence
microscope. The resultant lysate was regarded as a clonal virus suspension and
later designated ClorDNAV01.

Host range. Interspecies host specificity of ClorDNAV was tested by adding
5% (vol/vol) aliquots of fresh lysate passed through 0.2-�m-pore-size filters
(Whatman) into duplicate cultures of 28 exponentially growing clonal strains of
the following algal species: Chaetoceros debilis, Chaetoceros salsugineum, Chaeto-
ceros socialis f. radians, Chaetoceros tenuissimus, Chaetoceros sp., Chaetoceros cf.

affinis, Chaetoceros lorenzianus, Chaetoceros cf. pseudocurvisetus, Detonula
pumila, Ditylum brightwellii, Eucampia zodiacus, Rhizosolenia setigera, Skel-
etonema sp., Stephanopyxis sp. (Bacillariophyceae), Nannochloropsis sp. (Eustig-
matophyceae), Teleaulax amphioxeia (Cryptophyceae), Alexandrium catenella,
Gymnodinium catenatum, Heterocapsa circularisquama, Heterocapsa triquetra,
Karenia mikimotoi, Prorocentrum micans, Scrippsiella sp. (Dinophyceae), Chatto-
nella antiqua, Chattonella marina, Chattonella ovata, Fibrocapsa japonica, and
Heterosigma akashiwo (Raphidophyceae). They were cultured under the condi-
tions mentioned above at 20°C, except for diatom cultures at 15°C. The growth
of each algal culture after virus inoculation was monitored by optical microscopy
and compared to that of control cultures inoculated in SWM-3. Cultures not
lysed at 14 days postinoculation (dpi) were considered to be unsuitable hosts for
ClorDNAV.

Transmission electron microscopy (TEM). An exponentially growing culture
of C. lorenzianus was inoculated with a ClorDNAV suspension at a multiplicity
of infection (MOI) of 3.2. A fresh host culture inoculated in SWM-3 served as a
control. An aliquot of cell suspension was sampled at 48 h postinoculation (hpi).
Host cells were then harvested by centrifugation at 860 � g at 4°C for 10 min and
fixed with 1% glutaraldehyde in SWM-3 for 4 h at 4°C. The cell pellets were
postfixed for 3 h using 2% osmic acid in 0.1 M phosphate buffer (pH 7.2 to 7.4),
dehydrated through a graded ethanol series (50 to 100%), and embedded in
Quetol 812 resin (Nisshin EM Co., Ltd., Japan). Ultrathin sections with silver-
gold reflectance were stained with 4% uranyl acetate and 3% lead citrate and
then observed at an acceleration voltage of 80 kV using a JEOL JEM-1010
transmission electron microscope. Serial gray colored ultrathin sections were also
stained with 3% uranyl acetate and 3% lead citrate and observed at 80 kV using
a JEOL JEM-1200EX transmission electron microscope.

ClorDNAV particles negatively stained with uranyl acetate were also observed
by TEM. Briefly, the virus suspension was mounted on a grid (no. 780111630;
JEOL Datum, Ltd., Japan) for 30 s, and excess water was removed using a filter
paper (no. 1; TOYO Co., Ltd., Japan). Then, 4% uranyl acetate was applied for
10 s, and excess dye was removed. After the grid was dried in a desiccator for �12
h, negatively stained ClorDNAV particles were observed by TEM at an accel-
eration voltage of 80 kV. Particle diameters were estimated based on the nega-
tively stained images.

Thermal stability. An exponentially growing culture of C. lorenzianus was
inoculated with ClorDNAV and incubated for 4 days. The lysate was passed
through a 0.2-�m-pore-size polycarbonate membrane filter (Whatman) to re-
move cellular debris. The titer of the resultant virus suspension was estimated by
using the extinction dilution method, and aliquots of the lysate were stored at 20,

FIG. 1. Chaetoceros lorenzianus. (A) Optical micrograph of intact cells. (B) Optical micrograph of ClorDNAV-infected cells at 3 dpi. Bars, 100
�m. (C) C. lorenzianus cultures of control (left) and ClorDNAV added (right) at 7 dpi.
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10, 4, �20, �80, and �196°C (in liquid nitrogen) in the dark without the addition
of cryoprotectants. After the initial titration, they were titrated after 50 days of
storage to determine the stability of the virus at each temperature. These were
single sample trials.

ClorDNAV nucleic acids. A 450-ml exponentially growing C. lorenzianus cul-
ture was inoculated with 5 ml of ClorDNAV suspension and lysed. The lysate was
passed through a 0.4-�m-pore-size polycarbonate membrane filter (Whatman) to
remove cellular debris. Polyethylene glycol 6000 (Wako Pure Chemical Indus-
tries, Ltd., Japan) was added to the filtrate to a final concentration of 10%
(wt/vol), and the suspension was stored at 4°C in the dark overnight. After
centrifugation at 57,000 � g at 4°C for 1.5 h, the pellet was washed with 10 mM
phosphate buffer (pH 7.2) and centrifuged at 217,000 � g and 4°C for 4 h to
collect the virus particles. Nucleic acids were extracted from the pellet by using
the DNeasy plant minikit (Qiagen, Hilden, Germany) and dissolved in 100 �l of
the EB buffer supplied with the kit.

Aliquots (7 �l) of the nucleic acids solution were digested with 0.025 �g of
RNase A (Nippon Gene Co., Ltd., Japan) at 37°C for 1 h, 0.5 U of DNase I
(Takara Bio, Inc., Japan) at 37°C for 1 h, or 0.7 U of S1 nuclease (Takara Bio,
Inc.) �l�1 at 23°C for 15 min according to the manufacturer’s protocol. With or
without treatment at 100°C for 2 min, followed by cooling on ice, nucleic acids
were electrophoresed in agarose gels (1.5%; SeaKem Gold Agarose; BMA, Inc.)
at 50 V for 1 h in parallel with the enzymatically treated samples. Nucleic acids
were visualized by using SYBR-Gold staining (Molecular Probes, Inc., Oregon).

Genome sequencing. Sequencing of the viral genome was performed as fol-
lows. For constructing cDNAs, the purified DNA was treated with a cDNA
synthesis kit (MMLV version; Takara Co., Ltd., Japan) using random primers
according to the manufacturer’s recommendations. The 5�-end of the resultant
double-stranded DNA fragments was phosphorylated using T4 polynucleotide
kinase (Takara, Ltd., Japan). The resultant cDNA fragments were electropho-
resed on an agarose gel and 1.0- to 1.5-kb fragments were extracted. The frag-
ments were ligated into the HincII-cleaved and dephosphorylated pUC118 plas-
mid vector (Takara, Ltd., Japan). The ligated double-stranded DNA (dsDNA)
fragments were transformed into Escherichia coli DH10B competent cells (In-
vitrogen) and sequenced by using the dideoxy method on an ABI 3730xl DNA
analyzer (Applied Biosystems). The resultant fragment sequences were reassem-
bled by using PGA (CAP4) v2.6.2 (Paracel).

The S1 nuclease-resistant fragment (�1 kbp) was excised from the gel by using
Quantum Prep Freeze-’N-Squeeze DNA gel extraction spin columns (Bio-Rad
Laboratories, Inc., Hercules, CA), purified using phenol-chloroform extraction,
and dissolved in ultrapure water. It was then blunt ended, phosphorylated using
a Mighty cloning kit (Blunt End; Takara Bio, Inc.), and ligated into HincII-
cleaved and dephosphorylated pUC118 plasmid vector (Takara Co., Ltd.). It was
sequenced by using the dideoxy method on an ABI Prism 3100 DNA analyzer
(Applied Biosystems).

Southern blot analysis was conducted to distinguish the viral (�) and comple-
mentary (�) sense of the viral genome DNA. On the basis of the predicted
sequence, a part of the ssDNA region (out of the S1 nuclease-resistant frag-
ment), �1 kb in length, was PCR amplified and ligated into the pCR4-TOPO
vector (Invitrogen, Inc.). Digoxigenin-labeled RNA probes specific for the viral
or complementary sense of the viral genome DNA were transcribed from the
constructed plasmid with T7 RNA polymerase or T3 RNA polymerase according
to the manufacturer’s protocols (Roche, Basel, Switzerland). The nucleotide
sequence of the ssDNA region of the ClorDNAV genome was determined by
means of Southern dot blot analysis using probes according to the method of
Mizumoto et al. (18). The signals were detected with a luminescence image
analyzer (LAS-3000 Mini; Fuji Photo Film, Tokyo, Japan).

PCR experiments. In order to confirm whether the virus genome forms cova-
lently closed circular DNA, three primer sets were designed based on its nucle-
otide sequence (see Fig. 7): D51V_in_F1 (5�-CCG GTG GCT CAA AC-3�) and
D51V_in_R1 (5�-GAA AAA AAA GTA TTT GTA TAT AAA TAA AAG-3�)
were designed to amplify a region of the S1 nuclease-resistant fragment (the
expected size of the amplicon was �0.9 kbp); D51V_out_F1 (5�-GTT TGA GCC
ACC GG-3�) and D51V_out_R1 (5�-CTT TTA TTT ATA TAC AAA TAC TTT
TTT TTC-3�) were designed to amplify the remaining (S1 nuclease-sensitive)
region of the circular DNA (the expected size of the amplicon was �5.0 kbp);
and D51V-AF1 (5�-TCC TAC ACT AAG TGG AAG GC-3�) and D51V-AR1
(5�-GAG ACC TTT TCA GCG TTC-3�) were designed to amplify a 1.2-kb
region straddling the S1 nuclease-resistant region (�1 kb) to determine whether
the circular DNA strand was covalently closed.

By using the first primer set, D51V_in_F1 and D51V_in_R1, PCR amplifica-
tion was conducted with 20-�l mixtures containing �540 ng of viral template
DNA, 1� ExTaq buffer (Takara Bio, Inc.), each deoxynucleoside triphosphate
(dNTP) at a concentration of 200 nM, 10 pmol of each primer, and 1 U of ExTaq

DNA polymerase using a GeneAmp PCR System 9700 (Applied Biosystems)
according to the following cycle parameters: 25 rounds of denaturation at 94°C
for 40 s, annealing at 50°C for 30 s, and extension at 72°C for 5 min. Using the
second primer set D51V_out_F1 and D51V_out_R1, PCR amplification was
performed with 20-�l mixtures using 1� Blend-Taq buffer (Toyobo) containing
�540 ng of template viral DNA, a 200 nM concentration of each dNTP, 10 pmol
of each primer, and 1 U of Blend-Taq using a GeneAmp PCR system 9700
(Applied Biosystems) according to the following cycle parameters: 10 rounds of
denaturation at 94°C for 30 s, annealing at 42°C for 30 s, and extension at 72°C
for 6 min; then, 10 rounds of denaturation at 94°C for 30 s, annealing at 47°C for
30 s, and extension at 72°C for 6 min; and finally, 10 rounds of denaturation at
94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 6 min. For the
PCR using the third primer set D51V-AF1 and D51V-AR1, amplification was
carried out with the same mixture conditions of the second reaction using a
GeneAmp PCR system 9700 (Applied Biosystems) according to the following
cycle parameters: 25 rounds of denaturation at 94°C for 30 s, annealing at 50°C
for 30 s, and extension at 72°C for 2 min. The amount of the DNA template was
enough for the amplifications in the present study. The PCR products were
electrophoresed in 1% (wt/vol) agarose ME gels in which the nucleic acids were
visualized by ethidium bromide staining.

Growth experiment. An exponentially growing culture of C. lorenzianus (45
ml) was inoculated with ClorDNAV at an MOI of 178. A C. lorenzianus culture
inoculated with an autoclaved viral suspension served as the control. An aliquot
of the cell suspension was sampled from each culture at 0, 1, 2, 3, 4, 5, 6, and 7
dpi. This experiment was a single trial. Cell counts were carried out with Fuchs-
Rosenthal hemocytometer by using optical microscopy (Nikon TE-300), without
fixation of the samples. The number of viral infectious units was determined
according to the extinction dilution method (27). Briefly, the samples used for
estimations of the viral infectious units were passed through 0.8-�m-pore-size
polycarbonate membrane filters (Nuclepore) to remove cellular debris. These
filtrates were diluted with modified SWM3 medium in a series of 10-fold dilution
steps. Aliquots (100 �l) of each dilution were added to 8 wells in cell culture
plates with 96 flat-bottom wells and mixed with 150 �l of exponentially growing
culture of host algae. The cell culture plates were incubated at 15°C under a
12/12-h light-dark cycle of 130 to 150 �mol of photons m�2 s�1 with cool white
fluorescent illumination and were monitored over 14 days for the occurrence of
culture lysis using optical microscopy (TE-300; Nikon). The culture lysis due to
a virus infection was usually observed as almost complete crashes of the host cells
in a well. We calculated their abundance from the number of wells in which algal
lysis occurred using a BASIC program (22). The burst size was calculated based
on amount of increased infectious titer per decreased host cell number in a same
period.

RESULTS AND DISCUSSION

Isolation of the viral pathogen. The isolated algicidal agent
retained its lytic activity after filtration through a 0.1-�m-
pore-size polycarbonate membrane filter (Whatman). The
lytic activity was serially transferable to exponentially grow-
ing C. lorenzianus cultures (data not shown). The cytoplasm
and photosynthetic pigments in the virus-infected C. loren-
zianus cells were significantly degraded compared to the
healthy cells (Fig. 1).

Host range. The host range of ClorDNAV was tested using 28
phytoplankton strains, including 14 diatom strains. ClorDNAV was
lytic to its host strain C. lorenzianus IT-Dia51 but not on any of the
other microalgal strains tested. The results indicate the considerably
high infection specificity of this virus.

Morphological features. Thin sections of healthy C. loren-
zianus cells showed the cytoplasmic organization and frustules
that are diagnostic of diatoms (Fig. 2A). In contrast, those of
C. lorenzianus cells sampled at 48 hpi showed the presence of
virus-like particles (VLPs), which were 32 	 3 nm in diameter
(n 
 48) and randomly assembled in the host nucleus (Fig. 2B
and C). No VLPs were found in the healthy control cultures
(Fig. 2A). Furthermore, the VLPs were observed in the culture
lysates by means of the negative staining method. The virion
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was icosahedral, 34 	 2 nm (n 
 48) in diameter, and lacked
a tail and an outer membrane (Fig. 2D), which is comparable
to the virions of CsalDNAV (20) and CtenDNAV (34), both
are 38 nm in diameter. Since (i) the algicidal pathogen was

transferable to a fresh culture of C. lorenzianus and (ii) the
VLPs were observed in the lysed culture but (iii) not in healthy
cultures, we conclude that the VLPs observed within the in-
fected cells and in the algal lysates were a previously unde-

FIG. 2. Transmission electron micrographs of ultrathin sections of Chaetoceros lorenzianus and negatively stained ClorDNAV particles.
(A) Healthy cell. (B and C) Cells infected with ClorDNAV at 48 hpi. Panel B shows virus-like particles (VLPs) accumulated in the host nucleus.
Panel C shows a higher magnification of the VLPs in the host nucleus. Arrows indicate ring formations of VLPs. Rod-shaped particles are also
observed. (D) Negatively stained ClorDNAV particles in the culture lysate. C, chloroplast; M, mitochondrion; N, nucleus; R, rod-shaped particles;
V, virus-like particles.
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scribed virus pathogenic to C. lorenzianus. This new virus was
termed C. lorenzianus DNA virus (ClorDNAV) after its host
species and the genome type (see below).

Other than the randomly assembled VLPs, distinctive arrays
of VLPs were also observed in the host nucleus. They were ring
arrays composed of 9 to 10 VLPs (32 	 2 nm, n 
 50),
occasionally with or without a few VLPs located inside the ring
(Fig. 2C). The VLPs were morphologically considered to be
ClorDNAV. Assuming that the rings are a cross-section of
spherically arranged VLPs, more particles could have been
observed inside the ring arrays considering the predicted thick-
ness of the thin section (60 to 90 nm). Since elliptically ar-
ranged VLPs were not observed, the origin of the ring array is
unlikely to be a hollow column. Preliminary analysis of the
VLPs’ arrangement by means of TEM tomography suggested
that the ring was simply composed of 10 VLPs (see Fig. S1 at
http://feis.fra.affrc.go.jp/intro/seigyo/ronbunhojo.htm). The ob-
servations of this ring array in the host nucleus would be the
first case as far as we know.

In the ClorDNAV-infected host nucleus, we also observed
centipede-like arrays of 100- to 300-nm rod-shaped electron-
dense particles with a width of 20 	 1 nm (n 
 48) and a length
of 0.7 to 1.4 �m (Fig. 3 and 4) and paracrystalline arrays of
electron-dense particles with a diameter of 22 	 1 nm (n 
 48;
Fig. 4). Considering their similarity in size, it may be possible
that both cross-sections originated from the rod-shaped parti-
cles. The paracrystalline arrays of electron-dense particles
were observed through six serial thin sections, which was esti-
mated to be a cross-section of a gathering of rod-shaped par-
ticle at least 300 nm in total length (Fig. 4A to E). Conversely,
a three-dimensional structure observed using TEM tomogra-
phy also supported the idea that the centipede-like array was
composed of the rod-shaped particles (see Fig. S2 at http://feis
.fra.affrc.go.jp/intro/seigyo/ronbunhojo.htm). In contrast, no
rod-shaped particles were found in ClorDNAV lysates using
the negative staining method.

Several researchers have observed rod-shaped viruses in a
thin section of infected host cytoplasm. In the case of Plutella
xylostella granulovirus (PlxyGV) (Baculoviridae) harboring a
dsDNA genome and infecting the diamondback moth, an array
of rod-shaped particles are appeared in the host cytoplasm

during early steps of viral maturation process (1). The rod-
shaped particles of PlxGV are nucleocapsids, and finally they
become an enveloped form. Tobacco mosaic virus in the genus
Tobamovirus, harboring a ssRNA genome and infecting com-
mon plants, shows a various formations of rod-shaped particles
in the infected host cytoplasm and the matured virions are
composed of diverse-length rod-shaped particles (25). In these
viruses, however, the icosahedral virions are not produced,
which differ from the present results. The observations similar
to the present study, however, have been reported on an RNA
plant virus Solanum nodiflorum mottle virus, the genus Sobe-
movirus, harboring an ssRNA genome and 23 nm in diameter
(10). In the virus-infected leaf cells, virions are scattered
throughout the nucleus and cytoplasm, sometimes forming
crystalline arrays. In addition to these particles, linear or tu-
bular structures are presented in the virus-infected cells, but
they are not found in healthy cells (10). Eissler et al. (8)
reported the discovery of rod-like VLPs in virus-infected
Chaetoceros cf. wighmii cell nuclei, which are not found in the
lysate, and suggested that the rod-shaped array is one of the
morphological stages of virus maturation (8). The rod-shaped
particles in the infected C. lorenzianus cell nucleus would be
also unmatured virions, considering that these particles were
not observed in the lysate. We could not, however, exclude the
hypothesis that the rod-shaped particles are another virus in-
fecting C. lorenzianus and coinfect with ClorDNAV. To deter-
mine the relationship among these distinctively arranged
VLPs, immunohistochemical staining using a ClorDNAV-spe-
cific antibody would be useful in future studies.

Thermal stability. ClorDNAV suspensions containing 2.1 �
107 infectious units ml�1 were stored at different temperature
conditions. The infectious titers of the virus suspension after 50
days of storage at 20, 10, 4, �20, �80, and �196°C in the dark
were 15, 36, 105, 59, 79, and 45% of the initial titer, respec-
tively. Thus, no significant loss of infectivity was caused at any
of the conditions tested. The low sensitivities to temperature of
algal viruses are considered to be one of important characters
for their survivals in nature, as well as low light sensitivity (36),
crystalline arrays of virions (16), and the protective effect of
sediment for viruses (3, 15). In the case for a ssRNA virus
HcRNAV infecting Heterocapsa circularisquama (Dinophy-

FIG. 3. Transmission electron micrographs of an ultrathin section of a ClorDNAV-infected Chaetoceros lorenzianus cell (48 hpi). (A) Host
nucleus. Arrays of rod-shaped particles are observed in the nucleus. (B) Higher magnification of the rod-shaped particles. C, chloroplast; N,
nucleus; R, rod-shaped particles; V, virus-like particles.
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FIG. 4. Transmission electron micrographs of continuous serial gray-colored ultrathin sections (A to F) of a virus-like particle and an
electron-dense rod-shaped particle assemblage site in the nucleus of a ClorDNAV-infected Chaetoceros lorenzianus cell (48 hpi). The predicted
thickness of each section is �60 nm. The top of the rod-shaped particle assemblage is shown in panel A, and the end is shown in panel F. Arrows
indicate the same position of a horizontal section for a gathering of rod-shaped particle in the infected cell nucleus.
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ceae), having high thermal stability, the virus is assumed to
propagate its population during a host bloom period and sur-
vive in sediments during other seasons through a year in Ago
Bay, Japan, where the water temperature ranges from 9 to
27°C (31). The high thermal stability of ClorDNAV would be
one of the advantages for surviving in natural environments.

Genome analysis. The intact ClorDNAV genome exhibited
two major bands of nucleic acids of approximately 5.5 and 4.5
kb (Fig. 5, lane 1). By heat treatment at 100°C for 2 min, the
larger band completely disappeared, but the smaller band re-
mained (Fig. 5, lane 5). These results suggest that the larger
and smaller bands are the viral genome of “covalently closed
circular form” and the “linear form of the same molecule,”
respectively. The linear form might have a higher electropho-
retic mobility than the closed circular form. Similar results
have been reported for CsalDNAV (20), although the
ClorDNAV DNA was more heat labile. Since both bands were
sensitive to DNase I but not to RNase A (Fig. 5, lanes 1, 2, and
3), the viral genome is considered to be DNA. In addition,
dsDNA of �0.9 kbp remained undigested after S1 nuclease
treatment (Fig. 5, lane 4), suggesting that the genome con-
tained both dsDNA and ssDNA regions, and the S1 nuclease-
resistant dsDNA region was successfully sequenced. Inward
and outward PCR experiments with the primer sets designed
to confirm the structure of the ClorDNAV-genome (see Ma-
terials and Methods) resulted in the amplification of bands
with the expected product sizes: �0.9 kbp (Fig. 6A) and �5
kbp (Fig. 6B). In addition, the third primer set used to confirm
whether the circular genome was covalently closed throughout
the dsDNA region also resulted in the expected product size of
�1.2 kbp (Fig. 6C). These results indicated that the genome
has a covalently closed circular form. On the basis of these
analyses, we concluded that the viral genome consists of a
covalently closed circular ssDNA (�5.9 kb) and a segment of
linear ssDNA (�0.9 kbp); the linear segment is complemen-
tary to a portion of the closed circle creating a partially double-
stranded genome (Fig. 7). Full sequencing of the ClorDNAV
genome revealed that the circular ssDNA and the dsDNA
regions are 5,813 and 979 nt in length, respectively (Fig. 7)
(DDBJ accession no. AB553581).

Three major ORFs (all �300 amino acids [aa]: 531 aa [VP3],
390 aa [VP2], and 331 aa [VP1]) were identified in the genome
(Fig. 7). The largest ORF showed a high similarity to the
putative replication-associated protein of CsalDNAV (E-

value 
 3e�136), CtenDNAV (6e�121), or CdebDNAV (8e�59)
and a comparatively low similarity to the replication-associated
protein of the beak and feather disease virus (8e�6) and the
replication protein of goose circovirus (2e�4), both belonging
to ssDNA viruses, family Circoviridae, genus Circovirus (29).
The other ORFs only showed relatively high similarities to
putative proteins of CsalDNAV and CtenDNAV (1e�16 to
2e�51). The similarity search results suggested the novelty of
the diatom ssDNA virus proteins. Another ORF, VP4 (223
aa), was identified in the dsDNA region (Fig. 7); however, it is
unlike any known proteins, even ORFs (208 and 232 aa) in the
dsDNA region of the other circular ssDNA diatom viruses
(CsalDNAV and CtenDNAV, respectively). The functions of
the ORF in a dsDNA region of closed circular ssDNA diatom
genome might be highly species specific or not inactive for viral

FIG. 5. Nucleic acids of ClorDNAV without enzyme or heat treat-
ment (lane 1), treatment with DNase I (lane 2), RNase A (lane 3), S1
nuclease (lane 4), and 100°C for 2 min (lane 5). Samples were elec-
trophoresed in an agarose gel with DNA molecular size markers (lanes
M and m).

FIG. 6. PCR products amplified with primer sets D51V_in_F1 and
D51V_in_R1 (A), D51V_out_F1 and D51V_out_R1 (B), and
D51V_AF1 and D51V_AR1 (C) (see the text and Fig. 7). The most
intense bands are the amplicons with the expected sizes. The faint
bands in panel B are probably amplified due to overlaps of the nucle-
otide sequence.

FIG. 7. Schematic genome structure of ClorDNAV. Primers used
in the PCR experiments are shown as open arrows (see the text and
Fig. 6). Gray arrows indicate the locations for ORFs VP1 to VP4, and
the gray colored box is the partially double-stranded DNA region.
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replications. Another hypothesis for the role of the dsDNA
region is that the linear ssDNA fragments just play as a primer
for viral genome replications, such as the case for a plant
circular ssDNA virus, Mastrevirus (Geminiviridae) (11).

Replication. In the growth experiment, a significant increase
in the abundance of the virus was observed from 2 dpi (Fig. 8);
thus, the latent period of ClorDNAV was estimated to be �48
h, whereas the decrease in host cell number was observed after
4 dpi (Fig. 8). Similar results have been observed for the
previously isolated diatom viruses (26, 33, 35). One possible
explanation for the time lag is the nonuniformity in the reac-
tion of cells in the virus-infected culture. The viral susceptibil-
ities of the host cells and their interactions are changeable due
to various host growth phases and conditions, e.g., logarithmic
and stationary phases, temperature and nutrients (6). Cell
phases also affect a host-virus system. The diploid-phase cells
of the coccolithophore Emiliania huxleyi are susceptible to the
giant phycodnavirus Emiliania huxleyi virus (EhV), but its hap-
loid-phase cells are not (9). The host cell conditions even in a
clonal culture might not be uniform, and consequently only a
portion of the cells are infected just after viral inoculations and
produce progeny viruses. In this case, a precise estimation of
the burst size is considered to be difficult. In the present study,
the burst size was estimated to be 2.2 � 104 infectious units
cell�1 using the host/virus abundance at 6 to 7 dpi (Fig. 8).
However, we should note that this parameter is changeable;
actually, it was estimated to be 5.5 � 103 infectious units cell�1

in the second set of experiments at an MOI of 165. In addition,
these data should be translated with care because the burst size
can be affected by MOI, e.g., viruses infecting Chlorella-like
green algae and the marine haptophyte Phaeocystis pouchetii
(4, 39). Still, it is considered that the burst size of ClorDNAV,

103 to 104 infectious units cell�1, is higher than those of the
other diatom DNA viruses with 101 to 102 infectious units
cell�1 (20, 33, 34).

Implications. Since the discovery of the first diatom-infect-
ing virus RsetRNAV in 2004, seven viruses have been isolated
that cause lysis of different diatom species. Some of them have
been grouped into one of two virus genera, Bacillarnavirus or
Bacilladnavirus, which have been recently accepted by Inter-
national Committee on Taxonomy of Viruses (http://talk
.ictvonline.org/). The members of the genus Bacillarnavirus are
ssRNA diatom viruses (RsetRNAV, CtenRNAV, and
CsfrRNAV) (19, 26, 35). The genus Bacilladnavirus is now only
composed of CsalDNAV; however, recently isolated ssDNA
virus CtenDNAV is considered to be a possible member (34).
In the present study, we isolated and characterized a novel
ssDNA virus ClorDNAV that is specifically infectious to the
bloom-forming diatom C. lorenzianus. Considering the mor-
phological, physiological, and genomic characteristics of
ClorDNAV, this virus is the third member of the genus Bacil-
ladnavirus. Studies on the diversities of ssDNA viruses in the
ocean have been reported through virus culturing and metag-
enomic studies in the last several years, and they provided a
new knowledge on marine viruses (24, 34, 38). Diatoms are one
of the major photosynthetic eukaryotes on earth (21), and the
total number of their species is estimated to be ca. 105 (17).
Due to the huge biomass and numbers of diatom species, the
ssDNA diatom viruses may represent a vast marine virus group
both in diversity and in quantity.

The specific increases of diatom viruses have been observed
during its host bloom period (30). Diatom viruses, therefore,
are considered to be significant for their host population dy-
namics, as suggested in many other algal host-virus systems (5,
6). The burst size of ClorDNAV is higher than other ssDNA
diatom viruses, and it seems advantageous for the virus prolif-
erations in natural waters. The increases of C. lorenzianus are
occasionally detected in Hiroshima Bay, Japan; however, con-
comitant increases of its viruses have not been observed thus
far (unpublished data). There might be a strategy of C. loren-
zianus for escaping from viral infections. C. lorenzianus is
known to form a resting spore (12), which is considered to be
significant for a survival during unfavorable conditions (13, 23).
The spores or resting stage cells of Chaetoceros cf. gracilis, C.
debilis, and C. socialis f. radians have been found in the respec-
tive virus inoculated cultures, and they might be potentially
important for their survival from the viral infections (2, 33, 35).
In the present study, however, the virus inoculation alone
seemed not to be inducible for the spore formations of C.
lorenzianus. Other hypotheses might involve clonal diversities
for virus sensitivity among host populations (37), viral resis-
tance mechanisms at cellular levels (9, 32), and mutations (40).
Although C. lorenzianus is a common and an important species
in marine biological processes (12), its ecology in natural en-
vironments has been scarcely understood. More extensive
knowledge should be accumulated through viral studies in the
future.

Furthermore, the characteristic arrangement of virions (ring
formation and centipede-like array) inside the nucleus is also
of great interest from the viewpoint of the relationships with
ClorDNAV particles. The preliminary structural analysis of
the viral protein using sodium dodecyl sulfate-polyacrylamide

FIG. 8. Changes in cell numbers of C. lorenzianus with (f) or
without (�) virus inoculation and the virus titer (E). The number of
host cells and viruses were estimated by direct counting using micros-
copy and the extinction dilution method, respectively (see the text).
Virus inoculation was performed at 0 h in an exponentially growing
host culture at an MOI of 178. The error bars in the virus titers indicate
the 95% confidence interval.
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gel electrophoresis indicated that ClorDNAV contains only
one major polypeptide of 225 kDa (unpublished data), which is
considerably different from the results observed for the previ-
ously reported ssDNA viruses composed of two or three major
polypeptides of 30 to 46 kDa (20, 33, 34). Elucidation of these
interesting features of ClorDNAV awaits future study.
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