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Seven species of polycystine radiolarians and one phaeodarian species were investigated in order to
determine the diversity of their associate organisms and their species specificity. Twelve partial 18S
ribosomal DNA (rDNA) sequences were obtained showing a high diversity of associates, both within
spumellarian and nassellarian radiolarians and among species. Two of the sequences obtained are
highly similar to Scrippsiella, a dinoflagellate genus already reported as a symbiont of polycystine
radiolarians. Nine of the new 18S rDNA sequences group with various alveolates. Some of these
groups include parasites, such as the lethal endoparasite Amoebophrya, while others consist of non-
annotated novel organisms found worldwide in various types of marine environments. We also
obtained a sequence from a bacillariophytan highly similar to the 18S rDNA of the diatom species
Diatoma tenue, which may derive from radiolarian food. Additionally, this is the first study to report on
a phaeodarian associate.
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Introduction

Polycystine radiolarians (including spumellarians  endoplasm and ectoplasm (Anderson 1983a; De

and nassellarians) and phaeodarians are single
celled, heterotrophic planktonic protists that thrive
in marine water masses. They are widely dis-
tributed in the ocean and are found throughout the
entire water column. Both polycystine radiolarians
and phaeodarians are characterized by having a
central capsule that divides the protoplasm into an
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Wever et al. 2001), and this was until recently one
of the most important criteria for grouping them
together under Radiolaria. However, 18S riboso-
mal DNA (rDNA) studies have shown that the
phaeodarians in fact belong to Cercozoa, a
diverse clade lacking distinctive morphological or
behavioral characters (Polet et al. 2004; Yuasa
et al. 2006).

While phaeodarians have never been observed
to harbor other living microorganisms (Kling and
Boltovskoy 1999), this is quite common for the
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polycystines (Anderson 1983a). Various types of
dinoflagellate, prymnesiophyte and prasinophyte
associations have been observed (though not at
the same time), with the dinoflagellates being
most common (Anderson 1976, 1983a; Anderson
et al. 1983).

When hosting phototrophic algae, these are
mainly kept within the polycystine extracapsulum
and held within the rhizopodial network surround-
ing the central cell body (Anderson 1983b), though
a few associates have also been observed within
the central capsule (Anderson and Matsuoka
1992). The endoplasmatic algae are often dis-
tributed in the outer cell periphery during daylight,
and repositioned around the capsular wall during
darkness (Anderson 1983a). Experiments show
that radiolarians containing phototrophic algae
survive longer in nutrient-sparse water than those
without. These radiolarian associates are therefore
assumed to be symbionts that play a nutritive role
for the radiolarians (Anderson 1983a).

However, some radiolarian-associate interac-
tions are not mutually favorable. Various types of
parasites have been found infecting the radiolar-
ians intracellularly or even intranuclearly. Hetero-
trophic dinoflagellate species of Merodinium and
Solenodinium, for example, have been observed
within the spumellarian species Collozoum inerme
and Thalassicolla sp., respectively (Anderson
1983a). After invasion, they begin dividing profu-
sely, causing the death of the radiolarian speci-
men. Amoebophrya, another well known, lethal
endoparasitic dinoflagellate, infects a large variety
of marine planktonic organisms including
acantharians and Sticholonche spp. (both groups
recently defined as radiolarians; Adl et al. 2005),
ciliates, chaetognaths, siphonophores, as well as
other dinoflagellates (Cachon 1964; Cachon and
Cachon 1987). Of the seven thus far recognized
species of Amoebophrya, some show a high
degree of host specificity, while others are known
for their broad host range (Park et al. 2004).
However, the Amoebophrya species concept is
still rather vague and there are strong indications
that the number of species will rise as molecular
studies continue (Gunderson et al. 2002). This may
also change our view on their host specificity.

Firm taxonomic identification of radiolarian
symbionts and parasites based on microscopic
studies are often difficult due to the lack (or
modification) of characteristic and reliable taxo-
nomic features (such as thecal plates, scales and
flagella). Therefore, molecular diagnostics are
useful due to the continuous increase of DNA
sequence data being added into publicly available

databases. Analyses of these data have already
shown some interesting results regarding radiolar-
ian associates. When studying dinoflagellate
symbionts in six different spumellarian species
from the Sargasso Sea (Collozoum caudatum,
Thalassicolla nucleata, Spongostaurus sp. plus
three unidentified species), Gast and Caron (1996)
found that all symbionts had identical 18S rDNA
belonging to the phototrophic dinoflagellate spe-
cies Scrippsiella nutricula. Other 18S rDNA studies
in the Sargasso Sea showed the presence of a
phototrophic prasinophyte (closely related to
Scherffelia and Tetraselmis) within Spongostaurus
sp. (Gast et al. 2000) and a non-pigmented,
possibly parasitic, dinoflagellate within Thalassi-
colla nucleata (Gast 2006).

These molecular analyses demonstrate that
even taxonomically divergent radiolarians can
contain the same type of symbiotic dinoflagellate
(i.e., Scrippsiella nutricula) and that the symbiont
may not be host-specific. They also confirm
ultrastructural studies that radiolarians may harbor
different algal symbionts and that they can be
infected by parasites.

Given the diversity of associates found in
subtropical spumellarians, we wished to investi-
gate if this diversity is also present in high-latitude
cold water spumellarians. Additionally, we wanted
to add data for the other major polycystine group,
the nassellarians. Five species of spumellarians
(cf. Actinomma sp., Hexacontium gigantheumn,
H. pachydermum, Phorticium pylonium and Stre-
blacantha circumtexta) and two species of nas-
sellarians  (Androcyclas  gamphonyca  and
Ceratospyris hyperborea) were collected in the
Sogndalsfjord, on the west coast of Norway, in
order to determine their associate diversity and
specificity, both from the standpoint of aquatic
geography. Furthermore, we included one phaeo-
darian species (Challengeron diodon) to look for
possible associates, even though these have not
been observed earlier (Kling and Boltovskoy
1999).

Results and Discussion

The 12 different partial 18S rDNA sequences
obtained from our analysis of 5 species of solitary
spumellarians (cf. Actinomma sp., H. gigantheum,
H. pachydermum, P. pylonium, and Streblacantha
circumtexta), two species of nassellarians (Andro-
cyclas gamphonyca and Ceratospyris hyperborea)
and one phaeodarian species (Challengeron dio-
don) were between 1538 and 1708 nucleotides
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long (Table 1). Performing BLAST searches in
GenBank identified 11 of the sequences as
belonging to alveolates, while one was a diatom
classified under Fragilariophyceae. Only the al-
veolates were analyzed further. A phylogenetic
analysis based on the 18S rDNA sequences of 227
alveolates (Fig. 1; see also Supplementary Materi-
al) placed our 11 sequences among at least three
supported, distantly related lineages, indicating a
large associate diversity. We found no evidence
for the presence of chimeric sequences repre-
senting the three different primer-pair amplicons
for each sample; when analyzed again as separate
fragments, each grouped within the same lineages
reported above (results not shown). Additionally,
our phylogenetic tree (Fig. 1; Supplementary
Material) is largely congruent with previously
published trees of alveolates (e.g., Saldarriaga et
al. 2004). Some nodes are only poorly supported
or appear only in the strict consensus tree, but this
lack of resolution is also characteristic of earlier
studies. A more detailed description and discus-
sion of each of our eleven alveolate sequences
follows.

The Alveolate Sequences

The two dinoflagellate sequences obtained from
the spumellarian species P. pylonium are very
similar to each other and group with a jackknife
support value of 99. When searching for similar
sequences using NCBI MegaBLAST (Zhang et al.
2000), both show closest alignment to the marine,
photosynthetic dinoflagellate species Scrippsiella.
The relationship to Scrippsiella is also indicated in
our phylogenetic tree (Fig. 1), although it is not
statistically supported. If our sequences belong to
Scrippsiella, this confirms an earlier observation
by Gast and Caron (1996), who described Scripp-
siella (more specifically, S. nutricula) in symbiosis
with six taxonomically diverse spumellarian spe-
cies collected in the Sargasso Sea. A comparison
between the Scrippsiella nutricula sequence
(U52357; Gast and Caron 1996) and our asso-
ciated sequences from P. pylonium show an
identity of 96%, although they appear to belong
to different lineages of Scrippsiella. If our assump-
tions are correct that these two new sequences
represent Scrippsiella, this is the first report, to our
knowledge, that Scrippsiella has been observed
associated with neritic North Atlantic radiolarians.
It also suggests that Scrippsiella may not only be
restricted to surface dwelling spumellarians, but
perhaps also hosted in spumellarians living at
subsurface depths (50—250m). Whether Scripp-

siella is present in nassellarians as well remains to
be investigated.

Two of our ex nassellarian sequences’ (obtained
from Androcyclas gamphonyca and Ceratospyris
hyperborea) are also highly similar (identity of
97%). The MegaBLAST searches show closest
alignments with two non-annotated sequences of
Dinophyceae (DQ116021 and DQ116022) de-
scribed from the spumellarian species Thalassi-
colla nucleata (Gast 2006). The close sequence
similarity is reflected in our phylogenetic analysis,
which groups the four sequences together with a
jackknife support value of 100 (Fig. 1). Based on
cellular observations in which no pigments were
seen, Gast (2006) interpreted the Thalassicolla
nucleata associates to be non-phototrophic, pu-
tative dinoflagellate parasites. However, these
associates do not group with earlier described
Thalassicolla parasites such as Solenodinium
(member of Syndinales) or Caryotoma (member
of Blastodinales), nor any other known 18S rDNA
alveolate sequences. Our two new ex nassellarian
sequences do not provide any additional informa-
tion on their identity, since no ultrastructural
studies were performed. We are not aware of
any reports of nassellarian parasites from ultra-
structural studies that could provide an indication
of which taxonomic group of dinoflagellates these
sequences may belong to. It is therefore, as Gast
(2006) also pointed out, not possible to suggest a
name for these dinoflagellates other than Dino-
phyceae (incertae sedis). In any case, our data
support Gast’s (2006) assumption that these
radiolarian associates live intracellularly and are
not a result of sample contaminations. Further-
more, our findings reveal that these organisms
have a broad host range due to the fact that they
are found in both spumellarian and nassellarian
Radiolaria. They also seem highly tolerant of
different water characteristics, being present in
both subtropical water masses of the Sargasso
Sea and cold temperate waters within the Norwe-
gian fjords.

Seven of our 18S rDNA sequences (derived
from the solitary spumellarians cf. Actinomma sp.,
H. gigantheum, H. pachydermum (two specimens)
and Streblacantha circumtexta, the nassellarian
species A. gamphonyca, and the phaeodarian
species Challengeron diodon) group together
(Fig. 1) with two recently discovered, ubiquitous

"Associates found in various radiolarians/phaeodarians are
referred to throughout the text as “associate-type ex
radiolarian/phaeodarian species” (e.g., “Scrippsiella sp. ex
Phorticium pylonium”).



groups of marine alveolates (Lopez-Garcia et al.
2001; Moon-van der Staay et al. 2001). These
novel microorganisms were first described from
deep-sea plankton in the Antarctic (Lépez-Garcia
et al. 2001), but have also been observed in
plankton of the Pacific (Guillou et al. 1999; Moon-
van der Staay et al. 2001), the Atlantic, and the
Mediterranean (Diez et al. 2001), in anoxic sedi-
ments around fumaroles in the Kagoshima Bay,
Japan (Takishita et al. 2005), and in hydrothermal
sediments at the Mid-Atlantic ridge (Lépez-Garcia
et al. 2003). Lopez-Garcia et al. (2001) named
them the “Marine alveolate Group- | and -II”, and
we have adopted these names here although our
corresponding clades include more accessions.
Six of our ex radiolarian/phaeodarian sequences
fall within the “Marine alveolate Group I”. Most of
the “Marine alveolate Group |” sequences are
from uncultured environmental samples, for which
no further identifications have been made. It is still
unknown whether these represent heterotrophic
organisms with an extreme tolerance and adapt-
ability to all marine environments, or if they
primarily live in water masses and are deposited
in the sediments, for example, as cysts. It is also
not clear whether they are solely free-living or if
they can be found in associations with other
organisms. Several phylogenetic analyses have
placed the “Marine alveolate Group 1I” between
two groups of parasites, the amoebophryans and
the perkinsozoans (Lopez-Garcia et al. 2003;
Moon-van der Staay et al. 2001; Takishita et al.
2005), lending to the suggestion that they may be
parasites (Moon-van der Staay et al. 2001).
Although there is still no solid evidence for such
a conclusion (Moreira and Lopez-Garcia 2002), it
is tempting to suggest that a parasitic origin of this
group would fit well with our observations.
Irrespective of the conclusion, to our knowledge,
our work represents the first report of a phaeodar-
ian associate.

One of our sequences (Associate 31 ex H.
gigantheum) groups with the “Marine alveolate
Group II” (Fig. 1). This highly supported clade
(jackknife support value of 100) includes, in
addition to several non-annotated alveolate sam-
ples from the Antarctic plankton (Lépez-Garcia et
al. 2001) and sediments of the Mid-Atlantic ridge
(Lépez-Garcia et al. 2003), sequences of the
heterotrophic dinoflagellate Amoebophrya. The
latter is a well-known endoparasite reported from
a large variety of marine planktonic organisms. It is
therefore reasonable to hypothesize that the 18S
rDNA sequence derived from this spumellarian
specimen is also from a parasite, possibly
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Amoebophrya itself. Direct parasitism by Amoe-
bophrya-like parasites in polycystine radiolarians
has, to our knowledge, not been reported earlier,
although it seems reasonable as Amoebophrya
has already been found to infect other radiolarians
such as acantharians and Sticholonche spp. No
molecular studies have so far been performed on
the Amoebophrya-type organisms found asso-
ciated with these two groups, so it remains
unknown whether our 18S rDNA sequences may
be most similar to the A. acanthometrae or A.
sticholonchae reported from acantharians and
Sticholonche (respectively), or to a different
species that may be specific to polycystine
radiolarians. Additional ultrastructural- and mole-
cular studies are needed to answer these ques-
tions.

Another explanation of these findings is that we
have observed a case of secondary parasitism,
i.e., that a parasite (e.g., Amoebophrya) is in fact
infecting radiolarian symbionts instead of the
radiolarian directly. This idea is supported by the
fact that several of the Amoebophrya-like se-
quences which group in our “Marine alveolate
Group II” have also been obtained from various
dinoflagellates (e.g., Scrippsiella, Gymnodinium,
Ceratium and Prorocentrum), and that a previous
study (Gast and Caron 1996) as well as our
present results suggest that radiolarians live in
symbiosis with dinoflagellates such as Scrippsiel-
la. All of the Amoebophrya-sequences ex other
dinoflagellates in our analysis group with a low
jackknife support (value of 51). This clade could
represent A. ceratii, since morphological studies
have shown that all Amoebophrya infecting other
dinoflagellates can be ascribed to this species
(Gunderson et al. 2002). However, molecular
studies have indicated that the “A. ceratii” species
concept is more complex than earlier assumed,
and that multiple species may be involved
(Gunderson et al. 2002; Janson et al. 2000;
Salomon et al. 2003). If our sequences represent
secondary parasitism, where Amoebophrya is
infecting a dinoflagellate symbiont hosted by a
radiolarian, one would assume them to be of the
A. ceratii-type, i.e., that they would group with
the other ex dinoflagellate sequences. Since this is
not the case, our results may suggest that
our potentially parasitic = Amoebophrya-like
dinoflagellates could be infecting a non-dinofla-
gellate radiolarian symbiont, or perhaps more
likely, that the relationship represent direct
parasitism (as described above) by a close relative
or different species of Amoebophrya than
A. ceratii.
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The Diatom Sequence

The last sequence obtained in this study is from
the spumellarian species H. pachydermum. This
sequence is identical (except for 1bp and 11
indels) to the pennate diatom D. tenue (GenBank
accession AJ535143; Medlin and Kaczmarska
2004) classified under Fragilariophycidae. D.
tenue is known to occur both in plankton and
benthos, usually in freshwater, although Cleve-
Euler (1912) described a variety that was re-
stricted to brackish conditions (Kelly et al. 2005).
Our suggestion is that this diatom specimen was
transported to the Sogndalsfjord via a river (or that
it lived near-shore in the brackish surface water),
and from there had been taken by fjord currents to
deeper waters where it settled through the water
column and was captured as food and consumed
by the radiolarian.

There is another more speculative, but possible
explanation for finding a diatom within a radiolar-
ian specimen. Different benthic and planktonic
species of Foraminifera, recently classified with
Radiolaria in the super-group Rhizaria (Adl et al.
2005), have been reported to host small, endo-
symbiotic, pennate diatoms of a variety of
taxonomically distantly related genera (Lee and
Anderson 1991; Lee et al. 1995; Mayama et al.
2000). Interestingly, one of these, i.e., Fragilaria,
also belongs to the Fragilariophycidae. Whether
radiolarians contain symbiotic diatoms in addition
to the already described dinoflagellates, prymne-
siophytes and prasinophytes cannot be confirmed
by the present study. Further investigations of H.
pachydermum specimens (and other polycystine
radiolarians), with possible isolation and cultiva-
tion of tentative diatom symbionts, are needed.

Conclusions

Twelve diverse, partial 18S rDNA sequences
analyzed in this study were retrieved from seven
species of polycystine radiolarians and one
phaeodarian species. Based on our methodology
we are confident that the analyzed sequences
come from inside the radiolarian/phaeodarian
cells, and are not a result of external contamina-
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tion. BLAST searches and phylogenetic analyses
show that our sequences group within the
Alveolata and the Bacillariophyta. They place
eleven of the sequences among three lineages of
alveolates, and close relationships with other
described symbiotic and parasitic organisms
support our conclusion that our sequences origi-
nate from living radiolarian/phaeodarian associ-
ates and not food. One sequence, however, from
Bacillariophyta, originates most likely from radi-
olarian food. To verify our various interpretations,
cellular examinations (TEM-studies) will be re-
quired.

Not only has our study demonstrated a large
diversity of tentative symbionts and parasites
within polycystine radiolarians/phaeodarians, it
has also shown that the associate type may vary
within the same species/genus. For example, the
two sequences ex Androcyclas gamphonyca
group in two very distantly related alveolate
clades, and the four sequences from Hexacontium
group within two separate, well-supported alveo-
late clades, as well as a diatom relative. Further-
more, this is the first study to report on a
phaeodarian associate. Phaeodarian associates
(either symbionts or parasites) have not been
reported on earlier.

Methods

Geological and hydrographical setting: One of
the world’s longest fjords, the Sognefjord, lies on
the west coast of Norway in the heart of the
Norwegian fjord country. It extends more than
205km inland and is at its deepest point 1308 m.
This fjord is connected to the Norwegian Sea via a
shallow area in the outer region, and is character-
ized by its many tributary fjords, carved out in the
bedrock through glacial erosion. The tributary
fiords are submerged valleys, some with a sill,
others without. The Sogndalsfijord is a tributary
system on the north side of the Sognefjord with a
sill depth of only about 26 m off Nornes. This fjord
basin is 11km long and is deepest off the
biological station at Skjaeret, with a 260 m water
depth.

Figure 1. A phylogenetic analysis of 227 alveolate 18S rDNA GenBank sequences including 11 samples new
to this study (the latter marked with bold text). Four sequences of ciliates were used as outgroups. For
graphic purposes, this representation of the strict consensus tree is a subset of sequences from a larger
analysis (see Methods and Supplementary Material). Where accessions from the latter tree have been
excluded, the total number of sequences at that node is indicated in parenthesis after the taxon name.
Jackknife values above 50% are shown below branches.



72  J.K. Dolven et al.

Profiles of temperature, salinity and oxygen in
the Sognefjord and its tributaries are typical for a
poorly mixed fjord environment (Swanberg and
Bjerklund 1987). The fjord system is characterized
by a low saline (brackish) surface layer overlaying
fully marine intermediate and bottom water
masses (Swanberg and Bjerklund 1987). This
strongly developed stratification is caused by a
high input of fresh water from land runoff (rivers
and snowmelt) and precipitation.

The influx of oceanic (North Atlantic) water is not a
yearly, but rather an eight year event (Hermansen
1974). It is therefore obvious that the radiolarian and
phaeodarian faunas are of a local neritic nature.
However, when an influx of North Atlantic water
does occur, the local faunas are recruited by new
faunal elements of an oceanic origin.

Plankton sampling: Radiolarians (including
their intracellular associates) were collected in
the Sogndalsfjord at its deepest point (61°, 12/,
30” N, 07°, 06/, 24" E), just off the biological field
station at Skjeeret, during May/June in 2003 and
2004. A Juday-net with a closing mechanism and
63 um mesh size was used. The net was towed
obliquely at different depths (between 240—50m)
for about 15—30min. The upper water masses
were rich in phytoplankton, so the plankton net
was closed at 50m to avoid high concentrations
of phytoplankton in the samples, which would
mask the radiolarians and make it difficult to
separate them. The samples were stored in glass
jars containing filtered seawater from the field
station’s seawater inlet (brought up from about
100 m water depths, holding a temperature of ca.
8 °C and a salinity of ca 33 psu). In the laboratory
the plankton jars were stored in an aquarium to
optimize temperature conditions.

Sample analysis and molecular methods: The
radiolarians/phaeodarians were identified and
isolated from other plankton, cleaned in 0.2 um
Millipore-filtered seawater, and frozen. Each radi-
olarian/phaeodarian specimen was photographed
(Fig. 2, Table 1) and visible foreign external
material removed. As all our analyzed specimens
possess a silica test, we did no attempt to
separate the endoplasm from the ectoplasm.
Each individual was washed three times in distilled
water before being lysed with proteinase K. In
most cases we analyzed single specimens,
except for two cases where we pooled two
individuals of Phorticium pylonium (Associate 62/
66) and seven specimens of Hexacontium pachy-
dermum (Associate 68) respectively. Each sample
was analyzed directly, without first being cultured,
and no replicate runs were performed.

PCR amplifications were performed in a 50 uL
reaction volume using TaKaRa LA Tag-kit (TAKARA
BIO Inc., Japan) using two universal eukaryotic
primers (Table 2), i.e., the forward primer NSF83
(Hendriks et al. 1989) and the reverse primer B
(Medlin et al. 1988), and the following PCR cycling
profile: 95°C 3min, (95°C 1min, 55°C 2min,
72°C 3min) x 35. We performed a second PCR
amplifications in a 25uL reaction volume using
2 uL of the first PCR product as DNA template, the
AmpliTag DNA Polymerase buffer Il kit (Applied
Biosystems Foster City, California, USA), 1 mmol/L
of a dNTP blend, 0.04% bovine serum albumen
(BSA), 0.01 mmol/L tetramethylammonium chlor-
ide (TMACI), and 0.8 umol/L of each primer. The
18S rDNA region was this time amplified
using three pairs of universal eukaryotic primers
(Tabel 2), i.e. NSF83/NSR581 (Hendriks et al.
1989), NSF573/NSR1147 (Hendriks et al. 1989)
and NSF963/NSR1787 (Hendriks et al. 1989),
producing an overlap of ca. 10 and 200bp
respectively, for the three primer pair regions.
The following PCR cycling profile was used: 94 °C
3min, (94°C 50s, 47°C 50s, 72°C 1min) x 35,
72°C 10min. The PCR products were cleaned
using QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany) or exoSAP-IT (Amersham Bios-
ciences, Piscataway, USA) and directly se-
quenced using ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Applied
Biosystems) using the same primers as in the PCR
reaction. The products were analyzed using an
ABI 3100 automated sequencer (Applied Biosys-
tems) and the obtained sequences were edited
and assembled using the Sequencher ver. 4.1
software (GenCodes Corporation, Ann Arbor,
Michigan, USA).

Two samples (Associate 5 and Associate 11)
were processed at Tokyo Gakugei University, and
for these samples the first amplified PCR products
were purified using GFX PCR DNA and Gel Band
Purification Kit (Amersham Biosciences), ligated
into pGEM-T Easy Vector System (Promega,
Madison, USA) and cloned in Escherichia coli
JM109 Competent cells (Promega) before se-
quenced using a Shimadzu DSQ2000L with a
Thermo Sequences Fluorescent Labeled Primer
Cycle Sequencing Kit with 7-deaza-dGTP (Amer-
sham Biosciences). Three clones from each
sample were sequenced, using internal primers
NSF573, NSF1179, NSR581, NSR1147, pGEM-
Forward and pGEM-Reverse (Table 2), giving three
identical sequences.

The 12 analyzed radiolarian/phaeodarian sam-
ples did not yield any 18S rDNA from the host only
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Figure 2. Light micrographs of the radiolarians and the phaeodarian used in this study. A—D. cf. Actihomma
sp. (same individual, different focal planes). E. Hexacontium pachydermum. F—G. Hexacontium gigantheum
(same individual, different focal planes). H—I. H. pachydermum (same individual, different focal planes).
J—K. H. pachydermum (same individual, different focal planes). L—M. Ceratospyris hyperborea (same
individual, different focal planes). N—O. Androcyclas gamphonyca (same individual, different focal planes). P.
Challengeron diodon. Q. Streblacantha circumtexta. R. Phorticium pylonium. S. P. pylonium. T.

A. gamphonyca. Scale bars = 100 um.
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Table 2. 18S rDNA primer sequences used in this study.

Length Reference

20 nucleotides Hendriks et al. (1989)
19 nucleotides Hendriks et al. (1989)
18 nucleotides Hendriks et al. (1989)
18 nucleotides Hendriks et al. (1989)
20 nucleotides Hendriks et al. (1989)
18 nucleotides Hendriks et al. (1989)
18 nucleotides Hendriks et al. (1989)

20 nucleotides
21 nucleotides

Medlin et al. (1988)
T. Yuasa (unpubl.)

Primer Sequence

NSF83 5- GAAACTGCGAATGGCTCATT -3’
NSF573 5'- CGCGGTAATTCCAGCTCCA -3
NSR581 5- ATTACCGCGGCTGCTGGC -3
NSF963 5'- TTRATCAAGAACGAAAGT -3
NSR1147 5'- CCGTCAATTYYTTTRAGTTT —3&
NSF1179 5-AATTTGACTCAACACGGG -3
NSR1787 5'- CYGCAGGTTCACCTACRG -3

B 5'-CCTTCTGCAGGTTCACCTAC —3
pGEM-F 5 -ACTCACTATAGGGCGAATTGG-3'
pGEM-R 5'- TCAAGCTATGCATCCAACG-3’

19 nucleotides T. Yuasa (unpubl.)

their associates. The nucleotide data from all 12
sequences have been entered the NCBI GenBank
under accession numbers DQ916399- DQ916410
(see Table 1).

Phylogenetic analyses: BLAST sequence simi-
larity searches (Altschul et al. 1990; Zhang et al.
2000) of the 12 retrieved sequences against the
non-redundant (nr) NCBI database (http://
www.ncbi.nim.nih.gov) confirmed that all se-
quences were eukaryotic. One sequence (Associ-
ate 58A) was identified as a diatom and was
excluded from the phylogenetic analyses. The top
100 alveolate hits with the highest expectation
values from individual BLAST searches of each of
the 11 sequences were chosen and used to create
a data matrix. Redundant sequences were deleted
and additional sequences of relevance were
added to this matrix, e.g., additional Amoebo-
phrya sequences, some eukaryotic environmental
samples earlier found to be close relatives of the
dinoflagellate lineage (Moon-van der Staay et al.
2001), and Oxyrrhis, suggested to be a derived
dinoflagellate (Cavalier-Smith and Chao 2004).
Four sequences of ciliates were obtained from
the European Ribosomal RNA database (http://
www.psb.ugent.be/rRNA/) and used as out-
groups. An alignment consisting of 231 18S rDNA
sequences was constructed with ClustalW ver.
1.83 (Thompson et al. 1994) and manually
adjusted using the program BioEdit ver. 7.0.2 (Hall
1999). Highly ambiguous positions in the align-
ment were excluded from our analyses, resulting
in a total of 1766 nucleotide characters. The data
set is available on request from the corresponding
author.

The matrix was subjected to parsimony analysis
using the program TNT (Goloboff et al. 2000) with
the following settings: new technology search,
stabilize consensus 2 times with factor 75 and
initial addseq =5. The 61 trees retained were

amplified further to 1000 trees with traditional
search and TBR branch swapping. To estimate
support for internal branches, parsimony jack-
knifing (Farris et al. 1996) was performed using
TNT. One thousand replicates were conducted,
each performing TBR branch swapping with five
random entry orders per replicate and a deletion
frequency of 36%. A representation of the strict
consensus tree using a subset of sequences from
the larger analysis (see Supplementary Material) is
shown in Figure 1.

To further evaluate the possibility of picking up
recombinant or chimeric sequences during the
second amplification, we modified our data matrix
so that the nine (alveolate) samples that had not
been cloned were each partitioned into three
separate sequence fragments representing the
three different primer pair amplicons. This second
data set was analyzed using the same parameters
as above. The phylogenetic positions of the three
sequence fragments from each individual in the
strict consensus tree (not shown) were compared
to our first analysis (Fig. 1; Supplementary
Material).

Acknowledgments

We thank three anonymous reviewers for critical
readings of the manuscript, and for providing
useful comments and suggestions on how to
improve the text. We also wish to thank Peter and
Kjartan Hovgaard and Vidar Trettenes of the Sogn
og Fjordane University College for their help with
plankton sampling. J.K. Dolven and C. Lindqvist
were financially supported by the Research
Council of Norway Grant Nos. 157834 and
27741 respectively. T. Yuasa was financially
supported by the Sasakawa Scientific Research
Grant (15-378 M). O. Takahashi was financially


http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.psb.ugent.be/rRNA/
http://www.psb.ugent.be/rRNA/

supported by the Grants-in-Aid for Scientific
Research (C) from the Ministry of Education,
Science, Sports, and Culture, Japan (Grant Nos.
12640452 and 15540449) and the Scandinavia-
Japan Sasakawa Foundation (03-18N).

Appendix A. Supplementary materials

Supplementary data associated with this article
can be found in the online version at doi:10.1016/
j-protis.2006.07.004.

References

Adl SM, Simpson AGB, Farmer MA, Andersen RA,
Anderson OR, Barta JR, Browser SS, Brugerolle G,
Fensome RA, Fredericq S, James TY, Karpov S, Kugrens
P, Krug J, Lane CE, Lewis LA, Lodge J, Lynn DH, Mann DG,
McCourt RM, Mendoza L, Moestrup @, Mozley-Standridge
SE, Nerad TA, Shearer CA, Smirnov AV, Spiegel FW, Taylor
MFJR (2005) The new higher level classification of eukaryotes
with emphasis on the taxonomy of protists. J Eukaryot
Microbiol 52: 399—451

Anderson OR (1976) A cytoplasmic fine-structure study of
two spumellarian Radiolaria and their symbionts. Mar Micro-
paleontol 1: 81 —99

Anderson OR (1983a) Radiolaria. Springer, New York

Anderson OR (1983b) The Radiolarian Symbiosis. In Goff P,
Lewin R (eds) Algal Symbiosis: A Continuum of Interaction
Strategies. Cambridge University Press, Cambridge, pp
69—90

Anderson OR, Matsuoka A (1992) Endocytoplasmic micro-
algae and bacteroids within the central capsule of the
radiolarian Dictyocoryne truncatum. Symbiosis 12: 237 —247

Anderson OR, Swanberg NR, Bennett P (1983) Fine
structure of yellow-brown symbionts [Prymnesiida] in solitary
Radiolaria and their comparison with similar Acantharia
symbionts. J Protozool 30: 718—722

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)
Basic local alignment search tool. J Mol Biol 215: 403—410

Cachon J (1964) Contribution a létude des péridiniens
parasites Cytologie, cycles évolutifs. Ann Sci Nat Zool 6:
1—158

Cachon J, Cachon M (1987) Parasitic Dinoflagellates. In
Taylor FJR (ed) The Biology of Dinoflagellates. Blackwell
Scientific Publisher, Oxford, pp 571—610

Cavalier-Smith T, Chao EE (2004) Protalveolate phylogeny
and systematics and the origins of Sporozoa and dinoflagel-
lates (phylum Myzozoa nom no). Europ J Protistol 40:
185—212

Cleve-Euler A (1912) Das Bacillariaceenplankton in Gewas-
sern bei Stockholm. Ill. Uber Gemeinden des schwach
salzigen Wassers und eine neue Charakterart derselben. Arch
Hydrobiol 7: 500—514

DNA Evidence for Radiolarian Associates 75

Cortese G, Bjorklund KR (1998) Morphometry and taxonomy
of Hexacontium species from western Norwegian fjords.
Micropaleontology 44: 161—172

De Wever P, Dumitrica P, Caulet JP, Nigrini C, Caridroit M
(2001) Radiolarians in the Sedimentary Record. Gordon &
Breach Science Publishers, Amsterdam, The Netherlands

Diez B, Pedrés-Alié6 C, Massana R (2001) Study of genetic
diversity of eukaryotic picoplankton in different oceanic
regions by small-subunit rRNA gene cloning and sequencing.
Appl Environ Microb 67: 2932 —2941

Farris JS, Albert VA, Kallersjo M, Lipscomb D, Kluge AG
(1996) Parsimony jackknifing outperforms neighbor-joining.
Cladistics 12: 99—124

Gast RJ (2006) Molecular phylogeny of a potentially parasitic
dinoflagellate isolated from the solitary radiolarian, Thalassi-
colla nucleata. J Eukaryot Microbiol 53: 43—45

Gast RJ, Caron DA (1996) Molecular phylogeny of symbiotic
dinoflagellates from planktonic Foraminifera and Radiolaria.
Mol Biol Evol 13: 1192—1197

Gast RJ, McDonnell TA, Caron DA (2000) srDNA-based
taxonomic affinities of algal symbionts from a planktonic
foraminifer and a solitary radiolarian. J Phycol 36: 172—177

Goloboff P, Farris S, Nixon K (2000) TNT (Tree analysis using
New Technology) (BETA) version 10. Published by the authors,
Tucuman, Argentina.

Guillou L, Moon-van der Staay SY, Claustre FP, Vaulot D
(1999) Diversity and abundance of Bolidophyceae (Hetero-
konta) in two oceanic regions. Appl Environ Microbiol 65:
4528 —4536

Gunderson JH, John SA, Chanson, Boman W, Coats DW
(2002) Multiple strains of the parasitic dinoflagellate Amoebo-
phrya exist in Chesapeake Bay. J Eukaryot Microbiol 49:
469—474

Haeckel E (1887) Report on the Radiolaria collected by the
H.M.S. Challenger during the Years 1873—1876. Report on
the Scientific Results of the Voyage of the H.M.S. Challenger,
Zoology 18: 1803pp

Hall TA (1999) BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41: 95—98

Hendriks L, Goris A, Neefs J, Van de Peer Y, Hennebert G,
De Wachter R (1989) The nucleotide sequence of the small
ribosomal subunit RNA of the yeast Candida albicans and the
evolutionary position of the fungi among the eukaryotes. Syst
Appl Microbiol 12: 223—229

Hermansen OH (1974) Sognefjordens hydrografi og vannut-
veksling Cand Real Thesis in Oceanography. University of
Bergen, Norway

Janson S, Gisselson L-A, Salomon PS, Granéli E (2000)
Evidence for multiple species within the endoparasitic dino-
flagellate Amoebophrya ceratii as based on 18S rRNA gene-
sequence analysis. Parasitol Res 86: 929—933

Jorgensen E (1900) Protophyten und Protozden in Plankton
aus der norwegischen Westkiste. Bergens Museums Aarbog
[1899] pp 51—112


dx.doi.org/10.1016/j.protis.2006.07.004
dx.doi.org/10.1016/j.protis.2006.07.004

76  J.K. Dolven et al.

Jorgensen E (1905) The Protist Plankton and the Diatoms in
Bottom Samples. VII. Radiolaria. In Nordgaard O (ed).
Hydrographical and Biological Investigations in Norwegian
Fiords. Bergens Museum, pp 114—142

Kelly MG, Bennion H, Cox EJ, Goldsmith B, Jamieson J,
Juggins S, Mann DG, Telford RJ (2005) Common Freshwater
Diatoms of Britain and Ireland: An Interactive Key. Environ-
ment Agency, Bristol (http://craticulanclacuk/EADiatomKey/
html/indexhtml)

Kling SA, Boltovskoy D (1999) Radiolaria Phaeodaria. In
Boltovskoy D (ed) South Atlantic Zooplankton. Backhuys
Publishers, Leiden, The Netherlands, pp 213—264

Lee JJ, Anderson OR (1991) Symbiosis in Foraminifera. In
Lee JJ, Anderson OR (eds) Biology of Foraminifera. Academic
Press, London, pp 157—220

Lee JJ, Morales J, Symons A, Hallock P (1995) Diatom
symbionts in larger foraminifera from Caribbean hosts. Mar
Micropaleontol 26: 99—105

Lépez-Garcia P, Rodriguez-Valera F, Pedros-Alio C, Mor-
eira D (2001) Unexpected diversity of small eukaryotes in
deep-sea Antarctic plankton. Nature 409: 603 —607

Lépez-Garcia P, Philippe H, Gail F, Moreira D (2003)
Autochthonous eukaryotic diversity in hydrothermal sediment
and experimental microcolonizers at the Mid-Atlantic Ridge.
Proc Natl Acad Sci USA 100: 697 —702

Mayama S, Nagumo T, Kuriyama A (2000) Isolation and
identification of endosymbiotic diatoms from planktonic and
benthic species of Foraminifera. Diatom Res 16: 3—10

Medlin LK, Kaczmarska | (2004) Evolution of the diatoms: V.
Morphological and cytological support for the major clades
and a taxonomic revision. Phycologia 43: 245—270

Medlin L, Hille JE, Shawn S, Sogin ML (1988) The
characterization of enzymatically amplified eukaryotic 16S-
like rRNA-coding regions. Gene 71: 491 —499

Moon-van der Staay SY, De Wachter R, Vaulot D (2001)
Oceanic 18S rDNA sequences from picoplankton reveal
unsuspected eukaryotic diversity. Nature 409: 607 —610

Moreira D, Lépez-Garcia P (2002) The molecular ecology of
microbial eukaryotes unveils a hidden world. Trends Microbiol
10: 31—-38

Park MG, YiH W, Coats DW (2004) Parasites and phyto-
plankton, with special emphasis on dinoflagellate infections. J
Eukaryot Microbiol 51: 145—155

Polet S, Berney C, Fahrni J, Pawlowski J (2004) Small-
subunit ribosomal RNA gene sequences of Phaeodarea
challenge the monophyly of Haeckel’s Radiolaria. Protist
1565: 53—63

Saldarriaga JF, Taylor FJR, Cavalier-Smith T, Menden-
Deuer S, Keeling PJ (2004) Molecular data and the
evolutionary history of dinoflagellates. Europ J Protistol 40:
85—111

Salomon PS, Janson S, Granéli E (2003) Multiple species of
the dinophagous dinoflagellate genus Amoebophrya infect the
same host species. Environ Microbiol 5: 1046 —1052

Swanberg NR, Bjorklund KR (1987) Radiolaria in the
plankton of some fjords in western and northern Norway:
The distribution of species. Sarsia 72: 231—244

Takishita K, Miyake H, Kawato M, Maruyama T (2005)
Genetic diversity of microbial eukaryotes in anoxic sediment
around fumaroles on a submarine caldera floor based on the
small-subunit rDNA phylogeny. Extremophiles 9: 185—196

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res 22:
4673—4680

Yuasa T, Takahashi O, Dolven JK, Mayama S, Matsuoka A,
Honda D, Bjerklund KR (2006) Phylogenetic position of the
small solitary phaeodarians (Radiolaria) based on 18S rDNA
sequences by single cell PCR analysis. Mar Micropaleontol
59: 104—114

Zhang Z, Schwartz S, Wagner L, Miller W (2000) A greedy
algorithm for aligning DNA sequences. J Comput Biol 7:
203—214

Available online at www.sciencedirect.com

ScienceDirect


http://craticulanclacuk/EADiatomKey/html/indexhtml
http://craticulanclacuk/EADiatomKey/html/indexhtml

	Molecular Diversity of Alveolates Associated with Neritic North Atlantic Radiolarians
	Introduction
	Results and Discussion
	The Alveolate Sequences
	The Diatom Sequence

	Conclusions
	Methods
	Acknowledgments
	Supplementary materials
	References


