
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Protist, Vol. 160, 137—150, February 2009
http://www.elsevier.de/protis
Published online date 11 November 2008

ORIGINAL PAPER

Partenskyella glossopodia gen. et sp. nov.,
the First Report of a Chlorarachniophyte
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A new chlorarachniophyte, Partenskyella glossopodia gen. et sp. nov., is described from a culture
isolated from the Mediterranean Sea pelagic waters and maintained as strain RCC365 at the Roscoff
Culture Collection (France). Vegetative cells of P. glossopodia are non-motile naked spherical cells.
However, flagellate and amoeboid stages are also present in its life cycle. The cells are 2—4 lm in
diameter containing a pale-green, cup-shaped chloroplast, 1—2 mitochondria, a nucleus, and a Golgi
apparatus. Vesicles containing storage product-like material are also present. The chloroplast is
surrounded by four membranes possessing a nucleomorph in the periplastidal compartment. The
minute cell size and the absence of a pyrenoid at any stage of the life cycle are unique characteristics
among the chlorarachniophytes, which justifies our proposition for a new genus for strain RCC365.
& 2008 Elsevier GmbH. All rights reserved.

Key words: Cercozoa; chlorarachniophytes; picoplankton; Partenskyella glossopodia; secondary
endosymbiotic alga; taxonomy.

Introduction

Chlorarachniophytes are marine photosynthetic
protists found widely distributed from temperate
to tropical coastal environments as well as in the
open ocean, whose cell forms are amoeboid,
coccoid or flagellate. The typical amoeboid cells
have several filopodia (pseudopodia) and the
flagellate cells have a single flagellum (Hibberd
and Norris 1984). Each cell possesses a nucleus
and several green plastids bound by four mem-

branes and containing chlorophylls a and b
(Hibberd and Norris 1984). The plastid is accom-
panied by a vestigial nucleus of a green algal
endosymbiont that was engulfed by the ancestral
cercozoan protist (host component) and inte-
grated as a plastid (Gilson and McFadden 1999;
Ishida et al. 1999; Keeling et al. 1998; Ludwig and
Gibbs 1989; McFadden et al. 1994; Van de Peer
et al. 1996). This vestigial nucleus is called a
nucleomorph and is located in the periplastidal
compartment, a space between inner two and
outer two of the four membranes that wrap the
plastid (reviewed in Archibald 2007; Ishida et al.
2007).
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The phylum Chlorarachniophyta was estab-
lished during a detailed reexamination of Chlorar-
achnion reptans Geitler by Hibberd and Norris
(1984). To date, this phylum contains 10 species in
six genera (Calderon-Saenz and Schnetter 1987;
Dietz et al. 2003; Geitler 1930; Ishida and Hara
1994; Ishida et al. 1996, 2000; Moestrup and
Sengco 2001; Ota et al. 2005, 2007a, b), and
several unnamed species are waiting to be
described. In the tree of life, this small algal group
is placed within the Cercozoa that includes many
amoebo-flagellates and filose amoebae such as
euglyphinids and cercomonads (Bass et al. 2005;
Cavalier-Smith and Chao 2003), and is a major
component of the Rhizaria, one of the super-
groups of eukaryotes (Adl et al. 2005; Cavalier-
Smith 2002).

The Roscoff Culture Collection (RCC, Vaulot
et al. 2004) maintains many pico/nano-planktonic
cultures from various open ocean regions like the
Mediterranean Sea and the Atlantic Ocean. It
contains, in particular, several unidentified chlor-
arachniophytes from the Mediterranean Sea, one
of which, RCC365, has a very small cell size. So
far no pico-sized chlorarachniophyte has ever been
described. In the present study, we provide mor-
phological and ultrastructural characterization of
strain RCC365 using light and transmission electron
microscopy, as well as nuclear SSU/SSU+LSU
rDNA phylogenetic analyses. Based on the results,
we formally describe the strain as a new genus and
species in the phylum Chlorarachniophyta. We also
provide data on its putative life cycle.

Description

Partenskyella S. Ota, Vaulot et Ishida gen. nov.

Diagnosis: Cellulae solitariae, amoeboideae; seu
globosae seu flagellatae. Chloroplasti subvirides,
pyrenoidibus carentia. Nucleomorphus in latere
concavo chloroplasti in spatio periplasti.

Cells solitary, coccoid, amoeboid, or flagellate.
Chloroplast pale-green to green, lacking a pyrenoid.
A nucleomorph is located at the concave side of the
chloroplast in the periplastidal compartment.

Type species: Partenskyella glossopodia S. Ota,
Vaulot et Ishida.

Etymology: The genus name Partenskyella is
dedicated to Dr. F. Partensky who established
strain RCC365.

Partenskyella glossopodia S. Ota, Vaulot et Ishida
sp. nov.

Diagnosis: Cellulae solitariae, nudae rotundatae
vel flagellatae vel amoeboideae. Nucleus unicus,
ad peripheriam. Chloroplastus unicus, subviridis,
cupulatus, pyrenoidibus carentia. Cellulae nudae
rotundatae, 2—4 mm diam., dominans in cultura.
Propagatio vegetativa bifissione effecta. Cellulae
amoeboideae, pyriformis ad ampulliformis,
2—3 mm diam., lobopodio. Cellulae flagellatae, c.
3 mm diam.; flagello unico, 2—8 mm longo. Cystae
parietibus, c. 5 mm diam. Nucleomorphus in latere
concavo chloroplasti in spatio periplasti. Cellulae
planctonicae.

Cells solitary, naked rounded, amoeboid, or
flagellate. Single nucleus at cell periphery. Chlor-
oplast single, pale green, cup-shaped, lacking
pyrenoid. Naked rounded cells, 2—4mm in dia-
meter; dominant under the culture condition.
Vegetative propagation by division into two.
Amoeboid cells, pear- to flask-shaped, 2—3 mm
in diameter, with a lobopodium. Flagellate cells, c.
3 mm in diameter; with a single flagellum, 2—8 mm
in length. Cysts with cell wall, c. 5 mm in diameter.
A nucleomorph is located at the concave side of
the chloroplast in the periplastidal compartment.
Cells planktonic.

Holotype: One microscope slide (TNS-AL-56389),
deposited in the Department of Botany, the
National Museum of Nature and Science (TNS),
Tokyo.

Isotype: One EM block (TNS-AL-56390) in TNS.
These cells are derived from the same sample as
the holotype.

Type locality: Mediterranean Sea, Long:
151370E-Lat: 371240N, at about 5 m depth
below, 26 September 1999, collected by Par-
tensky F.

Habitat: Ocean surface water.

Distribution: Known only from the type locality.

Authentic culture: RCC365. This culture is main-
tained in the Roscoff Culture Collection at the
Station Biologique, Roscoff, France.

Etymology: glosso (tongue-shaped)+podia
(pseudopodium) refers to the shape of a pseudo-
podium in the amoeboid stage.
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Results

Light Microscopical Morphology

Under the culture condition used, Partenskyella
glossopodia showed four cell stages in its life
cycle: naked coccoid (Fig. 1A, B), flagellate
(Fig. 1C), amoeboid (Fig. 1D, E), and walled (cyst)
(Fig. 1F). The coccoid cells were spherical, some-
times slightly ellipsoid or ovate, 2—4 mm in
diameter (mean ¼ 2.8mm, n ¼ 30) (Fig. 2A, B).
The cells occasionally elongated a lobopodium
(tongue shaped pseudopodium) unilaterally, such
that the cells looked pear- or flask-shaped
(Fig. 2C, D). The maximum length of the lobopo-
dium was approximately 5mm. Flagellate cells
were spherical to cylindrical possessing a single
flagellum inserted laterally at the mid region of
the cell (Fig. 2E). Each stage of the cell posse-
ssed a single pale-green chloroplast which was
ellipsoid or kidney shaped (Fig. 2B—E). Cyst-like
cells that were somewhat larger than the vege-
tative cells (approximately 5mm in diameter)
were occasionally observed in old cultures
(cf. Fig. 1F). The cyst-like cell had a cell wall and
showed granular appearance in the cytoplasm
(Fig. 1F). No pyrenoids, vacuoles or red droplets

(e.g. Ota et al. 2005) were observed at any stage
of the life cycle.

Time-Lapse Video Observations and
Life Cycle

Time-lapse video observations revealed that the
vegetative cells reproduced by cell division,
forming two identical daughter cells (Fig. 3).
Cytokinesis occurred rapidly, within approximately
2—4 min (Fig. 3C—E). Whether the daughter cells
possessed a flagellum could not be observed
using the video system. Time-lapse video micro-
scopy also showed that the coccoid cell could
directly transform into an amoeboid cell (Fig. 4)
by elongating their lobopodium unilaterally
(Fig. 4A—C); then the cell showed a slight
wriggling motion (Fig. 4D—F).

The putative life cycle of Partenskyella glosso-
podia is summarized in Figure 5. Naked coccoid
cells were dominant in the culture. Coccoid cells
(amoeboid cells) reproduced by cell division
and were therefore vegetative cells. Some of
the naked coccoid cells transformed into amoe-
boid cells with a lobopodium and vice versa. In
older cultures (1—3 months old), some of the
coccoid cells became cyst-like cells which pos-
sessed a cell wall. Flagellate cells were not
dominant in cultures and perhaps do not repro-
duce vegetatively. Sexual reproduction was not
observed.

Ultrastructure

Vegetative cells were naked and spherical
(Fig. 6A). The nucleus, elliptical or kidney shaped,
was always parietal in position (Fig. 6A). The
chloroplast was kidney shaped in longitudinal
section and surrounded by four membranes
(Fig. 6A, B). The periplastidal compartment (the
space between the inner two and outer two
chloroplast membranes) was expanded on the
inner chloroplast surface and it contained the
nucleomorph (Fig. 6A, B). The chloroplast matrix
was traversed by stacks of two to three thylakoids
(Fig. 6B). One or two mitochondria with tubular
cristae were observed in the cytoplasm (Fig. 6C).
Serial sections revealed that the chloroplast was
often cup-shaped and that the nucleomorph was
sitting in the ‘cup’ (Fig. 6D—H). No pyrenoid was
observed in the chloroplast.

The nucleomorph was almost spherical in shape
and it was surrounded by double membranes that
possessed several pores or gaps (Fig. 7A, B).
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Figure 1. Line drawings of Partenskyella glossopo-
dia gen. et sp. nov. A, B. Naked ellipsoid or spherical
cells. C. Flagellated cells. D, E. Amoeboid cells with
a lobopodium. F. Cyst-like cell.
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Several electron opaque globules were observed
in the parietal region of the nucleomorph (Fig. 7B).
The Golgi apparatus was often located near the

chloroplast (Fig. 7C). Cyst-like or thicker walled
cells were sometimes observed (Fig. 7D, E). The
general cellular organization and ultrastructure of
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Figure 2. Light micrographs of Partenskyella glossopodia gen. et sp. nov. A. Low-magnification view of
vegetative cells. B. Higher-magnification view of the naked coccoid cell. C, D. Typical amoeboid cell. Short
lobopodium (Lp) is elongating unilaterally from the cell. E. Flagellate cell. A single flagellum (arrows) is
inserted in the middle region of the cell. C ¼ chloroplast.

Figure 3. Time-lapse video sequence of cell division of Partenskyella glossopodia gen. et sp. nov. Note the
cell (daughter cells) marked with arrows. The cell division takes approximately 2—4 min to complete. The
time-lapse sequence is shown at 2 min intervals.

140 S. Ota et al.



Author's personal copy

the cyst-like cells were basically similar to those of
vegetative cells. Vesicles containing storage pro-
duct-like materials were often observed in the
parietal region of the vegetative or walled cells
(Fig. 7D). Extrusome-like organelles were rarely
observed covering the plasmalemma, and com-
posed of a short, somewhat transparent, anterior
and a long posterior cylinder in the longitudinal
section (Fig. 7G). The flagellum consistently
inserted close to the nucleus (Fig. 7H). The
axonemal microtubules terminated in electron-
opaque disks located at the level of the plasma-
lemma (Fig. 7H). In whole mount observations,
flagellate cells were spherical and each cell had a
single flagellum (Fig. 7I). The flagellum measured
2—8mm in length (mean ¼ 4.4mm, n ¼ 18), and
terminated into a hair point (Fig. 7I).

Phylogenetic Analyses

The phylogenetic tree based on chlorarachnio-
phyte SSU rDNA sequences showed that the six
major clades previously known (Gymnochlora,
Lotharella1, Lotharella2, Chlorarachnion, Bigelo-
wiella, and Norrisiella) were recovered and sup-
ported by high bootstrap values (498%, Fig. 8).
However, RCC365 was excluded from these major
clades and formed a distinct lineage, although the
exact position of the RCC365 branch was not
resolved (Fig. 8).

The concatenated phylogenetic analysis of
SSU+LSU rDNA sequences showed better reso-
lution in terms of the position of the strain
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Figure 4. Time-lapse video sequence of coccoid/amoeboid cell of Partenskyella glossopodia gen. et sp. nov.
The coccoid cell transformed into an amoeboid cell with lobopodium (arrows), and the amoeboid cell show a
slight wriggling motion. The time-lapse sequence is shown at 6 s intervals.

Figure 5. Diagram of the putative life cycle of
Partenskyella glossopodia gen. et sp. nov. Solid-line
arrows indicate the processes confirmed in the
present study; broken-line arrows indicate predicted
processes.
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RCC365. The RCC 365 branch was grouped with
three clades (Bigelowiella, Norrisiella, and Chlor-
arachnion) with relatively good bootstrap support
(92%, Fig. 9). Within this monophyletic group, the
RCC365 branch clustered with the Chlorarachnion
clade, although the bootstrap support was not
high (Fig. 9).

Discussion

Partenskyella glossopodia belongs to the phylum
Chlorarachniophyta because of several morpho-
logical features, i.e. a green chloroplast with four
membranes, a single flagellum, a nucleomorph in
the periplastidal compartment, a mitochondrion
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Figure 6. Transmission electron micrographs of Partenskyella glossopodia gen. et sp. nov. A. General
ultrastructure showing a parietal nucleus (N), mitochondrion (M), chloroplast (C) with four surrounding
membranes. The nucleomorph (Nm) is in the periplastidal compartment (*). B. Transverse section of the
chloroplast showing lamellae with stacks of 1—3 thylakoids; the chloroplast is surrounded by the inner two
and the outer two membranes. Nucleomorph (Nm) located at the concave side of the chloroplast in the
periplastidal compartment. Some plastgranules (arrows) are present in the stroma. C. A mitochondrion with
tubular cristae. D—H. Selected sections from a series of 14 consecutive sections (section numbers are
indicated inside circles). The reconstructed cell did not possess any pyrenoids in the cup-shaped chloroplast.
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with tubular cristae, and the absence of an
eyespot. Phylogenetic analysis also supports
the placement of P. glossopodia in this phylum.
Table 1 shows a comparison of morphological,
ultrastructural and life cycle characteristics among
chlorarachniophyte genera. For generic-level clas-
sification, Ishida et al. (1996) proposed the
pyrenoid ultrastructure and nucleomorph position
to be the main diagnostic characters. Moestrup
and Sengco (2001) used a different diagnostic
characteristic for establishing the genus, Bigelo-
wiella, which was defined by the fact that the
flagellate form is the dominant vegetative stage.
Ota et al. (2007b) recognized all the described
genera, except for Cryptochlora for which ultra-
structural information is unavailable, using a
combination of electron microscopic and life cycle
characteristics: (1) pyrenoid ultrastructure, (2)
nucleomorph position, and (3) the type of cells in
dominant vegetative stage.

Based upon observations of strain RCC365,
Partenskyella grossopodia is characterized by (1) a
single, cup-shaped chloroplast that lacks a
pyrenoid, (2) a nucleomorph located in the cup
of the plastid, and (3) a main life cycle stage
consisting of naked and coccoid cells. This unique
set of characteristics readily distinguishes it from
all other chlorarachniophyte genera. Therefore, we
propose the establishment of a new genus
Partenskyella for strain RCC365. The simple
internal cellular organization and lack of pyrenoid
may be good taxonomic markers to distinguish
the genus Partenskyella, because all chlorarach-
niophytes described to date possess a projecting
pyrenoid (Calderon-Saenz and Schnetter 1987;
Dietz et al. 2003; Hibberd and Norris 1984; Ishida
and Hara 1994; Ishida et al. 1996, 2000; Moestrup
and Sengco 2001; Ota et al. 2005, 2007a, b).

Molecular phylogenetic trees based on the SSU
rDNA and the SSU+LSU rDNA concatenated
datasets display six major clades corresponding
to each described genus that were well supported
by high bootstrap values (498%), suggesting that
P. glossopodia does not belong to any of the major
clades, and may form a new lineage. This mole-
cular phylogenetic evidence also supports the
establishment of a new genus for strain RCC365.
In the SSU+LSU rDNA tree, P. glossopodia,
together with the Bigelowiella, Norrisiella and
Chlorarachnion clades, formed a monophyletic
clade with high bootstrap value. This suggests
that P. glossopodia is not an ancestral lineage
within the chlorarachniophytes, and therefore, the
character state of P. glossopodia (i.e. reduced cell
size and the absence of pyrenoid) is not plesio-

morphic but apomorphic. However, the branching
order among the lineages in this monophyletic
clade is still unresolved. Taxon sampling for the
present concatenated data analysis is probably
still not sufficient. The precise phylogenetic posi-
tion of P. glossopodia will require more molecular
data and taxon sampling.

Picoplanktonic members of several major algal
groups, such as heterokonts, haptophytes, and
prasinophytes, have been reported from oceanic
environments (e.g. Booth and Marchant 1987;
Guillou et al. 1999, 2004). The present study
demonstrates for the first time that chlorarachnio-
phytes are present in pelagic picoplankton,
suggesting that parallel evolution of cell volume-
reduction has occurred recurrently in distantly
related lineages.

Benthic members of chlorarachniophytes are
known to be distributed mainly in the temperate
and tropical coastal regions (e.g. Calderon-Saenz
and Schnetter 1987; Hibberd and Norris 1984;
Ishida and Hara 1994; Ishida et al. 2007). How-
ever, little is known about the distribution of
planktonic members. Planktonic taxa have only
been described to date the Sargasso Sea and the
Mediterranean Sea (Moestrup and Sengco 2001;
Ota et al. 2007b; this study). Recently, several
chlorarachniophyte SSU rDNA sequences have
also been detected from picoplanktonic size
fractions of natural sea water samples (e.g.
Massana et al. 2004; Medlin et al. 2006; Not
et al. 2007). These recent studies suggested that
picoplanktonic chlorarachniophytes are distribu-
ted at least in three oceanic regions (the Med-
iterranean, Sargasso and North Seas). In Blanes
Bay (NW Mediterranean), two possible chlorar-
achniophyte SSU rDNA sequences (BL000921.31
and BL010625.12) were identified (Massana
et al. 2004). These chlorarachniophyte sequen-
ces shared more than 99.5% identity with a
SSU rDNA sequence from the Sargasso Sea
(SSRPE06) (Not et al. 2007). Those sequences
were, however, distinct from known chlora-
rachniophyte sequences from cultured strains,
including strain RCC365 (RCC365 and the Medi-
terranean sequences share only 87% identity as
determined by BLAST search). In addition to the
Mediterranean and the Sargasso Sea sequences,
Medlin et al. (2006) found two chlorarachniophyte-
like sequences from picoplankton samples at
Helgoland (German Bight, North Sea). These se-
quences (env.part.He000803.100 and env.part.
He000803.100) are relatively distinct from each
other (90% identities), so that they might corre-
spond to different taxa. During the PROSOPE
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cruise where RCC365 was isolated, a large
number of chlorarachniophyte sequences have
been recovered from picoplankton samples taken
at different stations (M. Viprey, pers. comm.). The

diversity of these chlorarachniophyte environmen-
tal sequences suggests that more undescribed
picoplanktonic chlorarachniophytes do exist in
marine environments.
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Methods

Sampling and culture condition: Strain RCC365 was
isolated by F. Partensky from o0.6 mm filtered seawater
collected at about 5 m depth in the Mediterranean Sea (Long.

151370E; Lat. 371240N) on 26 September 1999 during the
PROSOPE cruise. The strain was purified using a dilution
method and deposited to the RCC (http://www.sb-roscoff.fr/
Phyto/RCC/). The culture was grown in glass tubes or 50 mL
polystyrene tissue culture flasks (Asahi Technoglass, Tokyo,
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Figure 8. Maximum likelihood tree inferred using SSU rDNA sequences of chlorarachniophytes and colorless
cercozoans. The bootstrap values (450%) obtained by 100 pseudo-replicates re-sampled from the original
data are shown at nodes or right of OTUs. Branches with 100% bootstrap supports are shown in thick lines.
New sequences are shown in bold. Sequence for P. glossopodia was indicated by an arrow.

Figure 7. Transmission electron micrographs of Partenskyella glossopodia gen. et sp. nov. A. Detailed profile
of a nucleomorph (Nm), surrounded by double-membranes. The arrows indicate the outer two chloroplast
membranes and the arrowheads indicate the inner two chloroplast membranes. B. Nucleomorph (Nm) having
several electron-opaque globules (arrowheads). The arrows indicate pores of the nucleomorph membranes.
C. A single Golgi body (G) is present near the chloroplast. D. Section of a walled spherical cell, showing the
cell wall. The arrowhead indicates the transverse section of a basal body near the nucleus. The boxed area is
enlarged in E. E. Higher magnification of cell wall (arrows). Arrowhead indicates a vesicle containing electron-
opaque material just beneath the cell wall. F. Typical vegetative cell having several vesicles containing
storage product-like materials (S) in parietal region of the cell. G. Longitudinal section of an extrusome-like
organelle. H. The flagellar transition region in longitudinal section. Arrow indicates the electron-opaque plates
located near the proximal of the axoneme microtubules. I. Whole-mount flagellate cell, showing a terminal
hair point (arrows).
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Japan) containing 10—20 mL ESM (Kasai et al. 2004), K (Keller
et al. 1987) or IMK (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) media, and incubated at 20 1C with 14:10
light:dark cycle under 20—40 mmol photons m�2 s�1 cool-
white illumination.

Light- and time-lapse video microscopy: For light
microscopy, living or fixed cells were observed under
Nomarski differential interference contrast optics using a
Leica DMR microscope (Leica, Wetzlar, Germany). For time-
lapse video microscopy, cells were grown for several days on
a small, sterile coverslip (e.g., 18�18 mm) placed in a culture
dish. Just before observation, the coverslip was placed on a
slide grass and a large coverslip (e.g., 24�24 mm) was
placed over the small coverslip. To reduce evaporation, the
edges of the large coverslip were sealed with ‘VALAP’, a 1:1:1
mixture of paraffin wax, lanolin and Vaseline (Pickett-Heaps
and West 1998). The cells were examined with Nomarski
differential interference contrast optics using the Leica DMLB
microscope or a Nikon Optiphot microscope (Nikon, Tokyo,
Japan). Video images were taken with a color 3CCD camera
(model:QIC-CLR-12, QImaging, British Columbia, Canada).

Transmission electron microscopy: Cells were slowly
mixed with a fixative solution containing 2.5% glutaraldehyde
and 0.25 M sucrose in 0.1 M sodium cacodylate buffer (pH
7.2). The cells were fixed 2 h at room temperature, followed by
centrifugation to concentrate the cells into a pellet. The
supernatant was removed, and the cells were washed six
times (5 min each) with 0.1 M sodium cacodylate buffer with
reduced sucrose (0.25, 0.1, and 0.05 M). After removal of the
supernatant, the pellet was postfixed in 0.5 or 1% osmium
tetroxide for 2 h at 4 1C. The pellet was rinsed twice with the
same buffer (0.1 and 0.05 M sodium cacodylate), and then
rinsed once with Milli-Q water, and dehydrated through a
graded ethanol series (20%, 40%, 60%, 80%, 95%, and
100%� 4; 15 min each) on ice. The cells were infiltrated with
1:2, 1:1, and 2:1 Spurr:ethanol resin (Polysciences, Inc.,
Warrington, PA, USA) for 1 h each, followed by incubation in

100% Spurr resin overnight at room temperature. The pellet
was allowed to sink in a fresh resin and was then polymerized
at 70 1C for 8—12 h. Ultrathin sections were cut on a Reichert
Ultracut S ultramicrotome (Leica, Wien, Austria) using a
diamond knife, and the sections were mounted on one-slot
or mesh copper grids coated with polyvinyl Formvar films, and
stained with uranyl acetate and lead citrate (Reynolds 1963).
For whole mount preparations, cells were fixed for a few
minutes with glutaraldehyde (1% final conc.) in 0.25 M
sucrose/0.2 M cacodylate buffer (pH 7.2). Then the cells were
mounted on copper mesh grids coated with polyvinyl Formvar
films, and washed with the Milli-Q water. The cells were
stained with uranyl acetate for about 30 s. Sections and whole
mount preparations were observed using a JEM-1010
transmission electron microscope (JEOL, Tokyo, Japan) at
80 kV.

DNA extraction, PCR, and sequencing: The cells were
collected from 300 mL of 2-weeks-old culture and total DNA
was extracted using a CTAB protocol as described by Ishida
et al. (1999). For polymerase chain reaction (PCR), approxi-
mately 50 ng of the total DNA was used as template. The
conditions of PCR reactions were as described in Silver et al.
(2007). The oligonucleotide primers used to amplify the SSU
and LSU rDNA were Nu-SSU-F (50-AACCTGGTTGATCCTGC-
CAG-30) and Nu-SSU-R (50-CYGCAGGTTCACCTACGGAA-30)
and Nu-LSU-F (50-ACCCGCTGAAYTTAAGCATAT-30) and Nu-
LSU-R (50-GGCTKAATCTCARYRGATCG-30). Amplified pro-
ducts were gel-purified, cloned using the TOPO TA cloning
kit (Invitrogen, Carlsbad, CA) or the p-GEMs T-easy vector
System (Promega KK, Tokyo, Japan) and sequenced with a
DNA sequencer (ABI Prism 3137, Perkin Elmer Corp., UK),
using the dye terminator method according to the manufac-
turer’s instructions (Dye-Terminator Cycle sequencing Core
Kit, Perkin Elmer Corp., UK).

Phylogenetic analyses: Accession numbers of SSU and
LSU rDNA sequences used for the present phylogenetic
analyses are listed in Table 2. The sequences were aligned
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Figure 9. Maximum likelihood tree inferred using concatenated data set (SSU+LSU rDNA sequences) of
chlorarachniophytes and colorless cercozoans. The bootstrap values (450%) obtained by 100 pseudo-
replicates re-sampled from the original data are shown at nodes. Branches with 100% bootstrap supports
are shown in thick lines. New sequences (LSU DNA) are shown in bold. Sequence for P. glossopodia is
indicated by an arrow.
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Table 1. Comparison of life cycle stages, morphology and ultrastructure among chlorarachniophyte genera.

Chlorarachniona Cryptochlorab Lotharellac Gymnochlorad Bigelowiellae Norrisiellaf Partenskyella

Dominant vegetative
stage

Amoeboid Coccoid Amoeboid/coccoida Amoeboid Flagellate/amoeboid Coccoid Coccoid

Flagellate cell
(zoospore)

Present Present Present Absent Present Present Present

Stage after flagellate
stage

Amoeboid Coccoid Coccoid — Flagellate Coccoid Coccoid?

Reticulopodial
colony

Present Absent Present or absentg Absent Absent Absent Absent

Pyrenoid Present Present Present Present Present Present Absent
Pyrenoid
ultrastructure

Nm-containing typeh Unknown Deep slit typei tubular invagination
typej

Shallow slit typek Shallow slit typek —

Location of a
nucleomorph

In the pyrenoid Unknown Near the pyrenoid
base

Near the pyrenoid
base

Near the pyrenoid
base

Near the pyrenoid
base

Inside base of the
cup-like chloroplast

aHibberd and Norris (1984).
bBeutlich and Schnetter (1993), Calderon-Saenz and Schnetter (1987).
cDietz et al. (2003), Ishida and Hara (1994), Ishida et al. (2000), Ota et al. (2005).
dIshida et al. (1996).
eMoestrup and Sengco (2001), Ota et al. (2007a).
fOta et al. (2007b).
gL. globosa and L. amoebiformis do not form the reticulopodial colony.
hPyrenoid matrix is invaded deeply by periplastidial compartment, and a nucleomorph is located in the invagination of the pyrenoid.
iPyrenoid matrix is divided longitudinally into two halves by an invagination of the inner two of four chloroplast membranes.
jPyrenoid matrix possesses many tubular invaginations of an innermost chloroplast membrane.
kPyrenoid matrix is invaded longitudinally by shallow plate-like periplastidial compartment.
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automatically using CLUSTAL X version 1.83 (Thompson et al.
1997). The alignments were manually edited using the
MacClade 4.01 (Maddison and Maddison 2003). The con-
catenated data set of SSU and LSU rDNA sequences was
created manually. For the analyses of SSU and SSU+LSU
rDNA sequences, 1595 and 4372 unambiguously aligned
nucleotide positions were used, respectively. Because the
LSU rDNA sequence of Cercomonas longicauda was not
available, we alternatively used the LSU rDNA sequence of
Cercomonas sp. (DQ386165) in the concatenated analysis.
Maximum Likelihood (ML) analyses were conducted on the
both datasets using RAxML (Stamatakis 2006) with GTRMIX
model. For the RAxML analyses, the numbers of rate
categories was set to 25, and the best tree was searched
for from ten randomized maximum parsimony trees, and the
rapid hill-climbing algorithm were used. Statistical support for
the resulting topologies was assessed by bootstrapping with
100 pseudo-replicates re-sampled from the original data. In
the bootstrap analyses, GTRCAT model with 25 categories
was applied.
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the project ‘‘Souchothèque de Bretagne’’ of the
Contrat de Projet Etat-Région 2007—2013 funded
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