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A novel single-stranded RNA (ssRNA) virus specifically infecting the bloom-forming diatom Rhizosolenia
setigera (R. setigera RNA virus [RsRNAV]) was isolated from Ariake Sea, Japan. Viral replication occurred
within the cytoplasm, and the virus particle was icosahedral, lacked a tail, and was 32 nm in diameter on
average. The major nucleic acid extracted from the RsRNAV particles was an ssRNA molecule 11.2 kb in
length, although smaller RNA molecules (0.6, 1.2, and 1.5 kb) were occasionally observed. The major structural
proteins of RsRNAV were 41.5, 41.0, and 29.5 kDa. Inter- and intraspecies host specificity tests revealed that
RsRNAV is not only species specific but also strain specific and that its intraspecies host specificity is diverse
among virus clones. The latent period of RsRNAV was 2 days, and the burst sizes were 3,100 and 1,010 viruses
per host cell when viruses were inoculated into the host culture at the exponential and stationary growth
phases, respectively, at 15°C under a 12-h–12-h light-dark cycle of ca. 110 �mol of photons m�2 s�1 with cool
white fluorescent illumination. To our knowledge, this is the first report describing the biological properties of
a virus infecting a diatom. Further studies on RsRNAV will be helpful in understanding the ecological
relationship between diatoms and viruses in nature.

Diatoms (Bacillariophyceae) are considered to be the most
widespread group of plants on earth. They are abundant not
only in all waters but also in soil and on moist surfaces of rocks
and plants (7). The contribution of diatoms to the world net
primary production was estimated to be as high as 20 to 25%
(40). Diatoms contain a great number of species and include
various harmful bloom-forming species such as Coscinodiscus
wailesii (21), Eucampia zodiacus (22), Rhizosolenia imbricata
(28), and Pseudonitzschia species (8). Thus, a large number of
studies regarding diatoms have been conducted (40).

The bloom-forming diatom Rhizosolenia setigera belongs to
the order Centrales and occurs widely throughout the world,
i.e., in the North Atlantic Ocean, North Sea, Baltic Sea, En-
glish Channel, Mediterranean Sea, and Pacific Ocean. In Ja-
pan, R. setigera is also commonly observed on the Pacific coast
in estuaries during all seasons (33). Blooms of R. setigera have
been frequently recorded during low-temperature seasons (au-
tumn, winter, and spring), when mainly larger cells of R. seti-
gera appear (33). A notable point is that R. setigera is one of the
main species forming diatom blooms from winter through early
spring in the Ariake Sea in western Kyushu, Japan, where
cultivation of the seaweed laver (Porphyra tenera) is of signif-
icant economic importance. Diatom blooms have often caused
depletion of nutrients and damaged P. tenera cultures due to
discoloration of the thalli (22, 26, 27). In particular, from the
end of 2000 through the beginning of 2001, a large diatom
bloom occurred in the Ariake Sea and led to an extremely poor
harvest of P. tenera and a revenue reduction of $108,000,000
compared to the year before (1999 to 2000) (28); R. setigera

was recorded as one of the major constituent algae within the
bloom (Y. Kawamura et al., personal communication; S. Oda
et al., personal communication).

Viruses or virus-like particles (VLPs) have been found in
more than 50 species in 12 of the 14 recognized classes of
eucaryotic algae (34, 38, 41). Since the late 1970s, the isolation
of more than 12 viruses that are infectious to marine eucaryotic
microalgae has been reported. The successful isolation and
maintenance of these microalgal viruses accelerated the stud-
ies on the roles of microalgal viruses in marine ecosystems, and
evidence indicating a possible relationship between the viral
infection and the dynamics of microalgae has gradually accu-
mulated (1, 2, 11, 17, 20, 34). In contrast, the relationship
between diatoms and viruses has scarcely been examined.
While a finding of VLPs in diatom-like cells was reported by
Proctor and Fuhrman (23), this was just a single account of a
transmission electron microscopy study of a field material. On
the other hand, although Suttle et al. (29, 30) found lytic
activity of a virus-sized fraction concentrated from a seawater
sample against the diatom Navicula sp. (order Pennales), the
algicidal factor was later revealed to be bacterial (A. M. Chan,
I. Kacsmarska, and C. A. Suttle, Abstr. Am. Soc. Limnol.
Oceangr., p. 121, 1997). Thus, as far as we know, no direct evi-
dence of viral infection in diatoms has been obtained to date.

In the present paper, the isolation and characterization of
a novel virus infecting the bloom-forming diatom R. setigera
(R. setigera RNA virus [RsRNAV]) is described.

MATERIALS AND METHODS

Algal cultures and growth conditions. The algal strains used in this study are
shown in Tables 1 and 2; all of them were maintained at the National Research
Institute of Fisheries and Environment of Inland Sea, Hiroshima, Japan. Each
algal strain was grown in modified SWM3 medium enriched with 2 nM Na2SeO3

(4, 10) under a 12-h–12-h light-dark cycle of ca. 110 �mol of photons m�2 s�1
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with cool white fluorescent illumination at the temperatures shown in Table 1.
All of the R. setigera strains were incubated at 15°C. In the present experiments,
three strains of R. setigera (S2, S3, and RS0209A05) were used as hosts for
RsRNAV strains (R. setigera S3 was lost during the experiments).

Clonal pathogens used in the experiments. Surface water was collected off
Oura Port in the Ariake Sea, Saga Prefecture, Japan, on 24 April 2002, when an
unknown species of cryptophyta was dominant, and was sent to the laboratory
within 24 h of sampling. The seawater sample was gently filtered through a
0.2-�m-pore-size polycarbonate membrane filter (Nuclepore). Aliquots (0.2 ml)
of the filtrate were inoculated into exponentially growing cultures (0.6 ml) of the
22 diatom strains (Table 1) and were incubated at 15°C under the light conditions
described above. Control cultures were inoculated with SWM3. In the R. setigera
S3 culture inoculated with the filtrate, an apparent inhibition of algal growth was
detected. In order to obtain more viral isolates, an aliquot (0.6 ml) of fresh
R. setigera S3 culture was dispensed into 12 wells of a microplate (Costar 3513),
and 0.2 ml of the filtered seawater sample was inoculated. After incubation of the
wells under similar conditions, host cell lysis was observed in 10 of the 12 wells.
From each well where algal lysis had occurred, a clonal pathogen was obtained

through two cycles of the extinction dilution procedure (18, 31). Lysates in the
most diluted wells of the second assay were sterilized by filtration through
0.1-�m-pore-size polycarbonate membrane filters and transferred to an expo-
nentially growing culture of R. setigera S3. The resultant lysates were regarded as
the clonal pathogen suspensions. Nine clonal and axenic pathogens were ob-
tained (one was lost) and designated RsRNAV01 to RsRNAV09. For each
clonal pathogen, serial transfers of a lysed culture to an exponentially growing
culture of R. setigera were performed more than twice to verify its transferability.

An aliquot (5%, vol/vol) of each pathogen suspension was added to an expo-
nentially growing culture of R. setigera S3. Algal growth was monitored by optical
microscopy every day. Five days after inoculation, when cell lysis occurred, an
aliquot of each lysate was collected and its titer was estimated by the extinction
dilution method. Clonal pathogens RsRNAV01 and RsRNAV06, which had the
highest yields among the nine pathogenic clones, were principally examined in
the present experiments.

Transmission electron microscopy. Duplicate R. setigera S3 cultures were
inoculated with 0.5% (vol/vol) of a fresh RsRNAV01 suspension (�107 infec-
tious units ml�1). Control cultures were inoculated with SWM3. Subsamples

TABLE 1. Algal strains tested in the present study

Class Species Strain Cultivation
(°C)

Sensitivitya to:

RsRNAV01 RsRNA V06

Bacillariophyceae Rhizosolenia setigera S2b 15 � �
S3b 15 � NTc

RS0209A05 15 � �
Rhizosolenia imbricata R106b 15 � NT
Eucampia zodiacus a-1b 15 � �

EZ200101b 15 � �
Skeletonema costatum a-6b 15 � �

SC200112Ab 15 � �
SK-1b 15 � �

Ditylum brightwellii Dityb 15 � �
Stephanopyxis palmeriana SP199704b 15 � �
Chaetoceros curvisetum CC200111Ab 15 � NT
Chaetoceros denticulatum CDen200111Ab 15 � NT
Chaetoceros sociale CS200111Ab 15 � �
Chaetoceros tortissimum CT200112Ab 15 � NT
Chaetoceros debile CDeb200111Ab 15 � �
Chaetoceros didymum CDid200111Ab 15 � �
Chaetoceros affinis a-6b 15 � �
Chaetoceros sp. CM-4b 15 � �

CSP200101b 15 � �
Thalassiosira rotula TR200201b 15 � �

a-1b 15 � �
HT-2b 15 � �

Eustigmatophyceae Nannochloropsis sp. SFBB 20 � �
Chlorophyceae Oltmannsiellopsis viridis Olt2-4 20 � �
Dinophyceae Alexandrium catenella ACNG 15 � �

Gymnodinium catenatum GC16-6 15 � �
Gymnodinium mikimotoi G303ax-2 20 � �
Gymnodinium sanguinum GSUR 20 � �
Heterocapsa circularisquama HU9433-P 20 � �

HA92-1 20 � �
Heterocapsa triquetra Ht 20 � �
Prorocentrum micans 8304 20 � �
Prorocentrum triestinum Pt-7 20 � �
Scrippsiella sp. SCKR 20 � �

Euglenophyceae Eutreptiella sp. Eut-ax01 20 � �
Raphidophyceae Chattonella antiqua AR2 20 � �

Chattonella marina CmUR976 20 � NT
Chattonella ovata CoV 20 � �
Chattonella verrculosa M 15 � �
Fibrocapsa japonica Fib-1 20 � �

FE985 20 � �
Heterosigma akashiwo H93616 20 � �

KG95 20 � �

a �, algal lysis; �, no effect.
b Algal strains used for screening of lytic viruses.
c NT, not tested.
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were withdrawn at 0, 24, 48, 72, and 96 h after inoculation, fixed with 1%
glutaraldehyde, and harvested by low-speed centrifugation (2,000 rpm, 10 min,
4°C, TOMY LC-100 rotor). The cell pellets were postfixed for 3 h in 2% osmic
acid (in 0.1 M phosphate buffer [pH 7.2]), dehydrated in a graded ethanol series,
and embedded in Quetol 653 resin (Nisshin Em Co., Ltd.). Thin sections were
stained with 4% uranyl acetate and 3% lead citrate and observed at 80 kV with
a JEOL JEM-1010 transmission electron microscope.

Algicidal pathogens negatively stained with uranyl acetate were also observed
by transmission electron microscopy. Briefly, an algicidal pathogen suspension
was mounted on a grid (no. 780111630; JEOL Datum Ltd.) for 30 s, and excess
water was removed with filter paper (no. 1; Toyo Co., Ltd.); then 4% uranyl
acetate was mounted on the grid for 10 s and the excess dye was removed with
filter paper. After the grid was dried in a desiccator for 10 min, negatively stained
pathogens were observed by transmission electron microscopy (JEOL JEM-
1010) at an acceleration voltage of 80 kV. Particle diameters were estimated
from the negatively stained images.

Epifluorescence microscopy. Clonal pathogens RsRNAV01 and RsRNAV06
were observed at a magnification of �1,000 with an Olympus BX50 epifluores-
cence microscope after staining with DAPI (4�,6-diamidino-2-phenylindole) or
SYBR Gold (Molecular Probes) by a method described previously (3, 39).

Storage test. An exponentially growing culture of R. setigera S3 was inoculated
with RsRNAV01 and incubated for 5 days under the conditions given above. The
titer of the resultant fresh lysate was then estimated by the extinction dilution
method, and an aliquot of the lysate was kept at 4°C in the dark. Titration was
also conducted after 17 days of storage to verify the stability of the pathogen.

Analysis of RsRNAV nucleic acid and protein. Four hundred fifty milliliters of
exponentially growing R. setigera S2 (7.8 � 103 ml�1) was inoculated with 22.5 ml
of RsRNAV01 or RsRNAV06 (�107 infectious units ml�1) and lysed. The
resulting lysates were centrifuged at 4,500 � g for 10 min at 4°C, and then the
supernatants were sequentially passed through 8.0-, 0.8-, and 0.2-�m-pore-size
filters to remove cellular debris. Polyethylene glycol 6000 (Wako Co., Ltd.) was
added to the filtrates to obtain a final concentration of 10% (wt/vol), and then the
resulting suspension was stored at 4°C in the dark overnight. After centrifugation
at 57,000 � g for 1.5 h, the viral pellet was washed with 10 mM phosphate buffer
and again centrifuged at 217,000 � g for 4 h to collect the virus particles; they

were then resuspended in 500 �l of TE buffer (10 mM Tris-HCl [pH 8.0] and 1
mM EDTA in distilled water). The viral pellet was treated with proteinase K (1
mg ml�1; Nippon Gene Co., Ltd) and sarcosyl (1%; International Technologies,
Inc.) in TE buffer at 55°C for 1.5 h. Nucleic acids were extracted with phenol-
chloroform and digested for 1 h with RNase A (Nippon Gene Co., Ltd.) (final
concentration, 0.1 �g �l�1) at 37 or 98°C or with DNase I (Promega Co., Ltd.)
(final concentration, 0.2 �g �l�1) at 37°C. RNase A treatment at 37°C digests
single-stranded RNA (ssRNA) but not double-stranded RNA (dsRNA), while
dsRNA denatures into ssRNA at 98°C and thus it digestible with RNase A.
Nucleic acid extraction mixtures held on ice without enzymatic treatment served
as controls. A formaldehyde-agarose gel (1%; 15 � 20 cm) (Seakem Gold
Agarose; BMA Inc.) was loaded with 20 �l of nucleic acid and electrophoresed
at 50 V for 14.5 h. Nucleic acids were visualized by SYBR Green II staining
(Molecular Probes, Inc.).

The virus suspension of each virus strain was mixed with a fourfold volume of
sample buffer (62.5 mM Tris-HCl, 5% 2-mercaptoethanol, 2% sodium dodecyl
sulfate [SDS], 20% glycerol, and 0.005% bromophenol blue) and boiled for 5
min; the proteins were then separated by SDS-polyacrylamide gel electrophore-
sis (80- by 40- by 1.0-mm 10 to 20% gradient polyacrylamide gel; 150 V) with an
XV Pantera system (DRC Co., Ltd.). Proteins were visualized by Coomassie
brilliant blue staining. Protein molecular mass standards (DRC Co., Ltd) ranging
from 6.5 to 200 kDa were used for size calibration.

Host range analysis. The interspecies host specificities of the isolated patho-
gens RsRNAV01 and RsRNAV06 were tested by adding aliquots of 5% (vol/vol)
fresh pathogen suspension to duplicate cultures of exponentially growing clonal
algal strains belonging to families Bacillariophyceae, Chlorophyceae, Dino-
phyceae, Euglenophyceae, Eustigmatophyceae, and Raphidophyceae (Table 1).
They were cultured under the conditions given above at the temperatures shown
in Table 1. The growth and evidence of lysis of each algal culture were monitored
by optical microscopy and compared to those of control cultures inoculated with
SWM3. Cultures that were not lysed after 14 days were considered to be unsuit-
able hosts for the pathogen. To test the intraspecies host range of the clonal
pathogens RsRNAV01 to -09, 22 additional R. setigera clonal strains were ex-
amined as potential hosts. Among the R. setigera strains shown in Table 2, strain
S15 was isolated from Nomi Bay, Kochi Prefecture, Japan, and all of the others
were from Ariake Sea, Fukuoka Prefecture, Japan. The sensitivity of each host
strain was examined as described above.

One-step growth experiment. In order to estimate the latent period and the
burst size of RsRNAV06, one-step growth experiments were designed according
to the methods given by Sandaa et al. (25). R. setigera S2 was inoculated with
RsRNAV06 in the exponential and stationary growth phases at multiplicities of
infection of 138 and 156, respectively. The algicidal effect was monitored by
enumerating the healthy host cells by optical microscopy, and the density of
RsRNAV06 was estimated by the extinction dilution method (18, 31). Incubation
conditions were as described above.

RESULTS AND DISCUSSION

Characteristics of pathogens. Nine clonal pathogens
(RsRNAV01 to RsRNAV09) causing lysis of R. setigera S3
were successfully isolated. As the pathogens retained algicidal
activity after filtration through a 0.1 �m-pore-size filter, they
were easily made free from bacterial contamination. The algi-
cidal activity was lost by treatment at 121°C for 15 min (data
not shown). These data demonstrate that the algicidal factors
were heat labile and smaller than 0.1 �m. The algicidal activity
of each pathogen was serially transferable to exponentially
growing R. setigera S3 cultures, which consistently resulted in
lysis (data not shown). The densities of algicidal factors in the
nine clonal pathogen suspensions were estimated at 3.50 � 107

to 3.85 � 108 ml�1, and RsRNAV01 and RsRNAV06, which
had relatively high yields, were selected as typical clonal patho-
gens and further examined in the following experiments.

An RsRNAV01 suspension containing 3.01 � 108 (95%
confidence interval, 1.25 � 108 to 7.26 � 108) infectious units
ml�1 was subjected to the storage test. After 17 days of pres-
ervation at 4°C in the dark, the titer was 3.50 � 108 (95%

TABLE 2. Intraspecies specificity of RsRNAV strains
against R. setigera strains

R. setigera
strain

Sensitivitya to RsRNAV:

01 02 03 04 05 06 07 08 09

RS030121A01 � � � � � � � � �
RS030121A02 � � � � � � � � �
RS030121A03 � � � � � � � � �
RS030121A04 � � � � � � � � �
RS030121A05 � � � � � � � � �
RS030121A06 � � � � � � � � �
RS030121A07 � � � � � � � � �
RS030121A08 � � � � � � � � �
RS030121A09 � � � � � � � � �
RS030121A10 � � � � � � � � �
RS030121A11 � � � � � � � � �
RS030121A12 � � � � � � � � �
RS030121A13 � � � � � � � � �
RS030121A14 � � � � � � � � �
RS030121A15 � � � � � � � � �
RS030121A16 � � � � � � � � �
RS030121A17 � � � � � � � � �
RS030121A18 � � � � � � � � �
RS030121A19 � � � � � � � � �
RS030121A20 � � � � � � � � �
RS030121A21 � � � � � � � � �
RS200111A � � � � � � � � �
RS0209A05b � � � � � � � � �
S2b � � � � � � � � �
S15 � � � � � � � � �
S3b � NTc NT NT NT � NT NT NT

a �, algal lysis; �, no effect.
b Typical strains mainly used as a host in the present study.
c NT, not tested.
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confidence interval, 1.47 � 108 to 8.30 � 108) infectious units
ml�1. These data show the high stability of RsRNAV.

Cultures and cells of R. setigera lysed by the pathogens be-
came pale, presumably due to the loss or degradation of pho-
tosynthetic pigments (Fig. 1). Although inoculation of the
pathogens did not cause complete lysis of host cultures, the
surviving cells did not regrow even when transferred to fresh
SWM3 medium. Thin sections of healthy R. setigera S3 cells
indicated that the cytoplasmic organization and the frustule
were diagnostic of diatoms (Fig. 2A). In contrast, electron
micrographs of R. setigera S3 cells inoculated with the patho-
gen RsRNAV01 revealed the presence of small VLPs in the
cytoplasm (Fig. 2B and C). No trace of these particles was
evident within healthy cells in the control cultures (Fig. 2A).
Moreover, icosahedral VLPs were observed in culture lysates
by negative staining (Fig. 2D).

Because (i) the algicidal pathogen was transferable to a fresh
algal culture, (ii) small VLPs were observed in the lysed cul-
ture, and (iii) the VLPs were not found in the healthy culture,
fulfilling Koch’s postulates, it was concluded that the VLPs
observed within the infected cells and in the algal lysates were
the pathogen of R. setigera, and they were both morphologi-
cally and physiologically considered lytic viruses; hence, the
pathogenic particle was termed R. setigera virus (RsRNAV)
after its host species.

Transmission electron microscopy observations revealed
that virus particles appeared only in the cytoplasm. Negative-
staining observations revealed that RsRNAV01 and RsRNAV06
were similar in appearance: they were icosahedral in shape; 32 �
2 nm (n � 40, 28 to 36 nm) and 32 � 1 nm (n � 40, 29 to 35
nm) in diameter, respectively; and lacked a tail and an outer
membrane (Fig. 2D). Thus, RsRNAV is apparently distinct in
size from other large viruses infectious to eucaryotic microal-
gae (	120 nm in diameter) that are included in the newly
defined family Phycodnaviridae (38). So far, several small algal
viruses distinct from the family Phycodnaviridae have been

reported: Heterosigma akashiwo nuclear inclusion virus
(HaNIV) (14), H. akashiwo RNA virus (HaRNAV) (32), Het-
erocapsa circularisquama RNA virus (HcRNAV) (37), and
VLPs within algal cells (2, 38).

Genome and proteins. Denaturing gel electrophoresis re-
vealed that the major nucleic acids extracted from RsRNAV01
and RsRNAV06 were 11.2 kb in length (Fig. 3A). They were
sensitive to RNase A both at 37 and 98°C (data not shown)
but not to DNase I (Fig. 3B). These data indicate that the
RsRNAV genome is ssRNA, and they agree closely with the
results of epifluorescence microscopy that RsRNAV particles
were stainable with SYBR Gold but not with DAPI. As the
viral RNAs were not retained by a poly(A) tail purification
column but were recovered from the wash, the RsRNAV ge-
nome probably does not contain a poly(A) tail. Smaller RNA
molecules of 0.6 kb (Fig. 3A) and 1.2 and 1.5 kb (Fig. 3B) were
occasionally extracted from RsRNAV particles. Identification
of the smaller RNA molecules has not been completed. For
some other viruses, the viral genome consists of multiple
ssRNAs (as in the case of the genus Bunyavirus [6]) or genomic
RNAs of different lengths are packaged in separate virions (as
in the case of the genus Bromovirus [24]). However, because
the smaller RNA molecules were not always extracted, it is
unlikely that these smaller RNAs are viral genome. The other
possibilities are that (i) virions contain subgenomic RNAs as
well as genomic RNA (as in the case of the genus Aureus-
virus [15]) or (ii) defective interfering particle genomes ap-
peared as smaller RNA bands (13). Partial sequencing of the
RsRNAV06 genome is now under way (data not shown), and
it shows some similarity (E value of 10E-32 to 10E-18) to
HaRNAV (32), unidentified picornavirus-like viruses (5), un-
identified Chinese clam virus (12), Strawberry mottle virus
(36), and Taura syndrome virus (16), etc. Further character-
ization of the viral genome, however, is necessary both to
identify the smaller RNA molecules and to determine the
taxonomic position of RsRNAV.

FIG. 1. Optical micrographs of an intact cell (A) and an RsRNAV01-infected cell (B) of R. setigera and a transmission micrograph of its frustule
(C). Note that frustule pores of R. setigera are 91 � 6 nm (n � 10; 80 to 98 nm) in length and 73 � 6 nm (n � 10; 60 to 81 nm) in breadth (C).
Bars, 50 �m (A and B) and 100 nm (C).
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The size and number of structural proteins of the virus
particles were determined by SDS-polyacrylamide gel electro-
phoresis. Both RsRNAV01 and RsRNAV06 contained at least
three major polypeptides with molecular masses of 41.5, 41.0,
and 29.5 kDa (Fig. 4). Two lower-abundance bands (155 and
69 kDa) were detected only by the silver staining method (data
not shown).

Host range. The host ranges of the virus strains RsRNAV01
and RsRNAV06 were tested on 34 phytoplankton species,
including 23 strains of diatoms isolated from the coastal waters
of western Japan. RsRNAV01 and RsRNAV06 caused lysis
only of R. setigera strains and not any of the other microalgal
species tested (Table 1), showing that their infection specificity
was high. Moreover, not all of the combinations between R.
setigera strains and RsRNAV strains resulted in lysis (Table 2).
Among the tested strains of R. setigera (except S3, which had
been lost before the host range test), 12 were sensitive to all of
the RsRNAV strains, but the other 9 and 4 strains were sen-
sitive to only some and none of them, respectively. These data
suggest that RsRNAV is likely not only species specific but also
strain specific.

Based on the similarities between RsRNAV01 and
RsRNAV06 in host range, genome, and proteins, they are
considered to be very closely related to each other.

Viral replication. When viral inoculation was conducted at
either the exponential or stationary phase of the host cultures
(Fig. 5A), the increase in virus abundance was noticeable 2
days after inoculation (Fig. 5D and E). Thus, the latent period
of RsRNAV06 was estimated to be 2 days. The decrease in
host abundance was more obvious in the culture where viruses
were inoculated at the exponential growth phase than in that
where viruses were inoculated at the stationary phase (Fig.
5B). Considering that the multiplicity of infection was high
enough to make all of the sensitive cells infected, it can be
presumed that viral infection does not necessarily interrupt
binary fissions all at once. The abundances of hosts and viruses
at 1 to 3 days postinoculation were used to calculate the burst
size in each experiment (Fig. 5B to E). When viral inoculation
was conducted at the exponential and stationary phases of host
cultures, the burst sizes were estimated at 3,100 and 1,010
infectious particles cell�1, respectively. A follow-up experi-
ment gave almost similar results (2,120 and 960 infectious

FIG. 2. Transmission electron micrographs of R. setigera cultures. (A) Thin section of a healthy cell; (B) thin section of a cell 96 h after addition
of the clonal pathogen RsRNAV01; (C) close-up of intracellular virus particles in panel B; (D) negatively stained virus particles in the culture
lysate. CH, chloroplast; M, mitochondrion; F, frustule.
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particles cell�1). These data support the idea that vigorously
growing algal host cells are preferable for viral replication
because of their higher biosynthesis activity (19). The burst size
and the latent period of RsRNAV were comparable to those of
HcRNAV109 (3,400 infectious units cell�1 and 24 to 48 h,
respectively) (37). However, this kind of comparison should be
interpreted with care, as these parameters of viral growth are affected by the physiological condition of the host cells and

crystallization of virus particles can cause an underestimation,
as the extinction dilution method was used for titration.

Implications. Diatoms are among the most important groups
of phytoplankton in the sea; they are global in distribution,
contain a large number of species, and include various harmful
bloom-forming species. The ecological significance of diatoms,
especially as primary producers sustaining larval growth, has
been well recognized (7, 40). In contrast, no direct evidence
showing the relationship between diatoms and viruses has been
reported, which has led to the idea that the cell covering of
diatoms could contribute to reduce the probability of viral
infection (41). However, our investigation demonstrates that
viruses that infect and cause lysis of diatoms are also a com-
ponent of the natural marine viral community. As frustule
pores of R. setigera are larger than RsRNAV (Fig. 1C), they are
also considered a possible route of viral infection. In the case
of dinoflagellates, viruses infecting the harmful bloom-causing
alga H. circularisquama (HcV and HcRNAV) were also iso-
lated (35, 37); thus, it is likely that cell coverings such as a
frustule, a theca, or an amphiesma do not necessarily prevent
viral infection. The host-virus system obtained in the present

FIG. 3. (A) Nucleic acids isolated from RsRNAV01 (lane 3) and
RsRNAV06 (lane 4). RNA molecular size markers are shown in lanes
1 and 5, and Sendai virus RNA (15.8 kb) is shown in lane 3 to estimate
the lengths of viral RNAs. A smaller faint band (0.6 kb) is also ob-
served (arrowhead). (B) Nucleic acids extracted from RsRNAV06
without (lane 2) or with (lane 3) DNase I treatment at 37°C for 1 h. No
host DNA is found in lane 3 (arrow). RNA molecular size markers are
shown in lane 1. Smaller RNA bands (1.5 and 1.2 kb) extracted from
RsRNAV particles are also observed.

FIG. 4. Major structural proteins of RsRNAV. Proteins extracted
from RsRNAV01 and RsRNAV06 were loaded in lanes 2 and 3.
Molecular mass markers are shown in lane 1.

FIG. 5. (A) Growth curve of R. setigera S2 used for the one-step
growth experiments. (B and C) Changes in density of R. setigera S2
cells with (closed circles) or without (open circles) viral inoculation. (D
and E) Changes in viral titer. RsRNAV06 inoculation was performed
in the exponential growth phase (A [open arrow], B, and D) and the
stationary phase (A [closed arrow], C, and E) at multiplicities of
infection of 138 and 156, respectively. The error bars indicate standard
deviations (B and C) or 95% confidence limits (D and E).
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study is expected to be important for understanding the rela-
tionship between diatoms and viruses in the natural marine
environment.

A few RNA viruses infecting microalgae have been isolated:
the dsRNA virus MpRNAV, infecting Micromonas pusilla
(Prasinophyceae) (C. P. D. Brussaard et al., personal commu-
nication); the ssRNA virus HaRNAV, infecting H. akashiwo
(32); and the ssRNA virus HcRNAV, infecting H. circularis-
quama (37). The finding of RsRNAV strengthens the idea that
the diversity of microalgal viruses is higher than previously
envisaged. Considering the high mutation rates of RNA viruses
due to the lack of the proofreading and repair processes that
increase the fidelity of RNA replication (9), their diversity and
roles in aquatic environments are also of great interest.
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